
 

 

 

 

 

OPTICAL METASURFACES FOR POLARIZATION 

GENERATION, DETECTION AND IMAGING 

 

 

Yuttana Intaravanne 

Submitted for the degree of Doctor of Philosophy 

 

Heriot-Watt University 

School of Engineering and Physical Sciences 

June 2022 

 

 

 

 

 

 

The copyright in this thesis is owned by the author. Any quotation from the 

thesis or use of any of the information contained in it must acknowledge this 

thesis as the source of the quotation or information  



i 

 

ABSTRACT 

Like phase and amplitude, polarization is a fundamental property of light, which can 

reveal hidden information and has been used in many research fields, including material 

science, medicine, target detection and biomedical diagnosis. Polarization generation, 

detection and imaging are of importance for fundamental research and practical 

applications. Although conventional optics can perform these tasks, it suffers from a 

complex system, large volume and high cost, which cannot meet the continuing trend of 

miniaturization and integration. Optical metasurfaces, the two-dimensional counterparts 

of metamaterials, are planar nanostructured interfaces, which have recently attracted 

tremendous interest in realizing ultrathin and lightweight planar optical devices. Optical 

metasurfaces can manipulate light’s amplitude, phase and polarization in a desirable 

manner, providing a new and compact platform to generate, detect and manipulate light’s 

polarization. This thesis utilises optical metasurfaces to realise and experimentally 

demonstrate novel optical devices for polarization generation, detection and imaging. Due 

to the simplicity of the design and fabrication, this thesis is mainly focused on geometric 

optical metasurfaces, which are superior to other types of metasurfaces. 

2D and 3D polarization structures are generated based on a metalens approach. A ring 

focal curve, an Archimedean spiral focal curve, and seven-segment-based decimal 

numbers are experimentally demonstrated in 2D space, while a 3-foil knot, a 4-foil knot, 

and a 5-foil are realized in 3D space. The geometric metasurfaces are designed based on 

colour and phase multiplexing and polarization rotation, creating various 3D polarization 

knots. Various 3D polarization knots in the same observation region can be achieved by 

controlling the incident wavelengths, providing unprecedented polarization control with 

colour information in 3D space. Novel polarization detection is experimentally 

demonstrated through optical holography, light’s orbital angular momentum, and optical 

ring vortex beams. The measured polarization parameters such as major axis, ellipticity, 

and handedness are in good agreement with the theoretical prediction. A multifunctional 

microscope is proposed and developed to image different objects, including biological 

samples such as cheek cells and beef tendons. For the same sample, five images with 

different optical properties are obtained on the same imaging plane, which can 

simultaneously perform edge imaging, polarimetric imaging, and conventional 

microscope imaging. Benefiting from the ultrathin nature, compactness and 

multifunctionality of the optical metasurface devices, the integration does not excessively 
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increase the volume of the optical system. With its promising capabilities and potential 

for expandability, we believe our microscope will herald an exciting new era in 

biomedical research. 

The ultrathin nature of optical metasurfaces and their unprecedented capability in light 

control have provided a compact platform to develop ultrathin optical devices with novel 

functionalities that are very difficult or impossible to achieve with conventional optics. 

The metasurface platform for polarization detection and manipulation is very attractive 

for diverse applications, including polarization sensing and imaging, optical 

communications, optical tweezers, quantum sciences, display technologies, and 

biomedical research as well as wearable and portable consumer electronics and optics 

where miniaturized systems are in high demand. 
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CHAPTER 1  INTRODUCTION 

Although traditional optical elements can manipulate the properties of light such as 

amplitude, phase, and polarization, they cannot meet the requirement of device 

miniaturization and system integration due to the bulky size. Thus, there is an urgent need 

for ultrathin and flat optical elements. Metamaterials are artificial media, whose 

properties are determined by their geometric structures instead of constituent components 

[1]. Optical metamaterials have opened new avenues in the field of optics by introducing 

unprecedented optical phenomena such as optical cloaks [2], thermal-IR resonators [3], 

negative refractive index elements for terahertz frequencies [4], low loss microwave 

lenses [5], and wireless strain sensors [6]. However, metamaterials operating at much 

shorter wavelengths especially in the visible range are still far from reaching their full 

potential, chiefly because of the limitation in 3D fabrication at nanometre resolution. 

Optical metasurfaces, the emerging field of 2D metamaterials, have captured the attention 

of the scientific community over the last ten years. The optical metasurfaces do not 

require complicated three-dimensional nano-fabrication techniques but can control light 

propagation in equally dramatic ways. In comparison with spatial light modulators whose 

functionalities can be dynamically changed by either microelectromechanical [7] or liquid 

crystal (LC) technology [8], optical metasurfaces are ultrathin and ultraflat, and have sub-

wavelength pixel sizes. Benefiting from the unique properties, optical metasurface 

devices can perform the extremely challenging optical tasks that are impossible with 

commercial spatial light modulators.  Furthermore, the optical metasurfaces can also be 

integrated with LCs in order to tune their functionalities, which can function as tuneable 

spatial light modulators, but the dimension is dramatically decreased [9]. In this chapter, 

the current progress of optical metasurfaces and their applications will be reviewed. 

1.1. Optical Metasurfaces 

Since the advent of the generalised law of reflection and refraction in 2011, the directions 

of reflected and refracted beams can now be controlled at the interface between two 

optical media in a desirable manner [10]. The desired control can be realized by 

introducing a digitised phase shift at the interface (+Φ/+-) as explained in Equation 1.1. 

 �. sin 2. − �3 sin 23 = 4567 898:  (1.1) 
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where �. and �3 are the refractive indices of the two media. 23 and 2. are the incident and 

transmitted angles of a light beam at a wavelength of ;<, respectively. With a phase 

gradient shown in Figure 1.1, the anomalous reflection and refraction can be generated, 

and their 2. can be arbitrarily designed. These phenomena are unusual and difficult to 

obtain with conventional optical devices. An optical metasurface can produce a digitised 

phase profile generated with an abrupt phase change which can control the wavefront of 

light during its propagation. In the last several years, various types of optical metasurfaces 

have been proposed and experimentally demonstrated for developing novel devices with 

unusual functionalities. 

 
Figure 1.1 Anomalous reflection and refraction with phase discontinuity at the interface between two media 
proposed by Yu et al in 2011 [10]. 

1.2. Various Types of Metasurfaces 

The evolution of optical metasurfaces with a sub-wavelength resolution is shown in 

Figure 1.2. The first version of metasurfaces consists of plasmonic resonators with  V-

shaped gold nanostructures, which have been introduced to generate an abrupt phase shift 

at the interface between two optical media [10]. Upon the illumination of incident linearly 

polarized (LP) light at a specific wavelength, the phase shifts can be tuned from 0 to 2 

by using an appropriate orientation and opening angle between two arms as shown in 

Figure 1.2a. The V-shape nanostructure is a wavelength-dependent phase shifter. Hence, 

a dipole gold nanostructure has been proposed to perform a broadband operation under 

the illumination of circularly polarized (CP) light [11]. In this design, all nanostructures 

are identical, but spatially varying orientation angles to provide the abrupt phase shift 

ranging from 0 to 2 as shown in Figure 1.2b. The phase shift is twice the orientation 

angle and can be + or – depending on the helicity of the CP light. This additional phase 

shift is known as a Pancharatnam–Berry (PB) phase, which is also called a geometric 

metasurface (the details are discussed in Chapter 2). Since a metallic material like gold is 
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a lossy material in the visible domain, only a small fraction of the CP light can be 

converted into the PB phase. In the subsequent investigations, the conversion efficiency 

has increased up to 80% by using a multilayer design, including a dielectric spacer 

sandwiched between a gold ground film and a gold nanostructure [12]. The multilayer 

design is also based on a PB phase shifter as shown in Figure 1.2c. This design is suitable 

for developing reflective optical devices, whereas a high efficiency for transmissive 

operation is still needed. A silicon-based nanopillar has been proposed to realise an 

efficient phase shifter for transmissive devices upon the illumination of LP light [13]. 

This metasurface utilises dielectric nanopillars with different dimensions to provide a 

propagation phase upon the illumination of LP light as shown in Figure 1.2d. Afterward, 

a TiO2 nanopillar has been reported to generate a PB phase shift (Figure 1.2e). The 

dimension of the nanopillars has been optimised to operate as a half-waveplate for 

maximum conversion efficiency [14]. Geometric metasurfaces can provide multichannel 

functionality depending on the helicity of incident CP light (left-circularly polarized 

(LCP) or right-circularly polarized (RCP)). However, the generated phase shifts for both 

LCP and RCP light are relative to each other. To independently obtain a phase shift from 

LCP and RCP, the combination of the propagation phase and the PB phase has been 

proposed [15]. The nanopillars used in this design are comprised of spatially varying 

orientation angles and dimensions as shown in Figure 1.2f. In the last few years, many 

novel optical devices and their attractive applications have been proposed and 

experimentally demonstrated by utilising the aforementioned optical metasurfaces. 

 

Figure 1.2 Evolution of optical metasurfaces. (a) Plasmonic resonators with V-shape nanostructures [10]. 
(b) A geometric metasurface with gold nanorods [11]. (c) A multilayer geometric metasurface with gold 
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nanorods [12]. (d) A propagation phase-based metasurface with silicon nanoposts [13]. (e) A geometric 
metasurface with TiO2

 nanopillars functioning as half-waveplates [14]. (f) A combination of a propagation 
phase and a geometric phase with TiO2 nanopillars [15]. 

1.3. Applications of Metasurfaces 

1.3.1. Phase Gradient and Beam Steering 

A phase gradient metasurface is a simple design for steering a light beam by utilizing the 

generalised law of reflection and refraction as shown in Equation 1.1. The incident light 

can be steered in an arbitrary direction by imparting the constant value of +Φ/+-. More 

than bending the light beam, the benefit from the phase gradient based on the PB phase 

is polarization detection. As the PB phase provides the same phase shift for both CP lights 

but with different signs, the LCP and RCP components of the incident light can be 

separated [16]. 
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Figure 1.3 Beam steering metasurfaces and their applications. (a) A plasmonic [16] and (b) dielectric-
based [17] phase gradient metasurfaces for detection of circularly polarized light. (c)-(d) Integrated 
metasurfaces for on-chip polarimetry [18, 19]. (e) A phase gradient metasurface for weather sensing [20]. 
(f) Phase gradient metasurfaces for wireless communication [21]. 

For a plasmonic metasurface, the conversion efficiency is relatively low. Thus, the non-

converted part in the middle is strong compared to the converted part as shown in Figure 

1.3a. With a dielectric metasurface, it is shown that the converted part is higher as 

illustrated in Figure 1.3b [17]. The early demonstrations of phase gradient metasurfaces 

can only detect CP light. Therefore, three metasurfaces constituting the metagratings have 

been used for the infrared region to completely characterise the polarization state of light 

[18]. The metagratings consist of three types of beam-steering metasurfaces for steering 

LCP and RCP, LP light beams along the vertical and horizontal directions, and LP along 

45° and -45° as shown in Figure 1.3c. The metasurfaces working in the visible region 

have also been demonstrated as shown in Figure 1.3d [19]. Those metasurfaces can be 
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used to perform full polarization measurement, which tell the information of polarization 

states of light, i.e., orientation angle of the major axis, ellipticity, and handedness. In 

Figure 1.3e, the nanostructures have been designed to switch the steered direction when 

the device is immersed in water [20]. This idea has been used to detect dry and wet 

weather with a repeatable routine. Similarly, a large scale of phase gradient metasurfaces 

has been introduced for an optical wireless broadcast as shown in Figure 1.3f [21]. 

Approximately 14 broadcasting channels have been experimentally demonstrated with up 

to 100 and 10 Gbps for upstream and downstream, respectively. 

1.3.2. Metalenses 

Unlike traditional lenses, optical metasurface-based lenses or metalenses provide abrupt 

phase shifts using an array of nanostructures rather than a curved-surface medium. In 

2012, the metalens has been demonstrated with an array of V-shape nanoantennae for 

operation in a telecom domain as shown in Figure 1.4a [22]. A PB phase-based metalens 

was also proposed in the same year. Beyond its usual functionality, the PB phase-based 

metalens provides dual-polarity, which can disperse or focus a light beam [23]. The 

focusing mode can be obtained by using RCP as the incident beam, creating a focusing 

line on a real focal plane. On the other hand, the focusing line can be seen on a virtual 

focal plane if the incident light is LCP as illustrated in Figure 1.4b. 

General metalenses provide an aberration-free property for monochromatic light, 

however, they demonstrate high dispersion for broadband wavelength, leading to 

chromatic aberration. Therefore, an achromatic metalens has attracted considerable 

attention from the research community. Based on the optimization between required and 

implemented phase change, a metalens with chromatic dispersionless operation over 60-

nm bandwidth has been achieved [24]. The additional phase shift has been carefully 

designed for the compensation of the chromatic aberration covering the desired 

bandwidth to achieve a broadband achromatic metalens. This compensated phase shift is 

independent of the geometric phase. This provides an extra degree of freedom to control 

a phase profile for the development of achromatic metalenses over the near-infrared 

region (Figure 1.4c) [25], visible region (Figure 1.4d) [26], and visible region with group 

delay nearly to be zero (Figure 1.4e) [27]. 
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Figure 1.4 (a) Aberration-free ultrathin metalens [22]. (b) Dual polarity metalens [23]. Broadband 
achromatic metalenses for (c) infrared [25], (d) visible [26], and (e) visible with group delay nearly to be 
zero [27]. 

The unique properties of metalenses, including ultra-thin elements, high dispersion, and 

polarization-sensitive devices have played an important role in many crucial optical 

systems. A dual focusing metalens with different helicity of CP light has been used for 

multispectral chiral imaging (Figure 1.5a) [28]. High dispersion of metalens has been 

designed to focus at an off-axis point for an ultra-compact spectrometer (Figure 1.5b) [29, 

30]. A polarization-sensitive lens has been used for polarimetry to detect full polarization 

states of light (Figure 1.5c) [31, 32]. An ultra-thin platform of metalens has allowed us to 

develop a near-eye display for augmented reality (Figure 1.5d) [33, 34]. A metalens with 

high dispersion has been integrated into an optical endoscope for optical coherence 

tomography, where the focusing points have been controlled by scanning the operation 

wavelength (Figure 1.5e) [35]. Inspired by a jumping spider, two different focal lengths 

have been integrated into a single lens to form two different images on a detection plane 

for depth sensing with the measured distance in a range of 10 cm (Figure 1.5f) [36]. 
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Figure 1.5 Applications of metalenses. (a) Multispectral imaging [28]. (b) An ultra-compact spectrometer 
[29, 30]. (c) Optical polarimetry [32]. (d) a near-eye display for augmented reality [33]. (e) an optical 
endoscope for optical coherence tomography [35]. (f) A depth sensor [36]. 

1.3.3. Holograms 

A classical hologram is a recoded pattern that includes a spatially varying phase and 

amplitude of an object using interference between the object and reference beams. The 

next generation of the hologram uses the computer generation approach to calculate the 

phase distribution of an interesting object and transform it into controllable spatial light 

modulators for the generation of dynamic holograms. However, the bulky size and low 

resolution of pixel number have been considered. Therefore, optical metasurface-based 

holography has been breaking through these limitations [37]. After the generation of 
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phase distributions by numerical calculation, a choice of phase generator has been 

selected, e.g., a propagation phase [13], a geometric phase [38], or a combined phase [15]. 

Many reports show that all phase generators can be potentially used to generate a 

holographic image. Figure 1.6a, the three-dimensional holographic image has been 

reconstructed by geometric phase-based metasurface under the incident CP light [38]. 

Similarly, Figure 1.6b illustrates a unique functionality of a PB phase-based 

metahologram. In this design, the reconstructed images for these two polarizations can be 

switchable by changing the helicity of incident CP light [39]. With a propagation phase 

(Figure 1.6c), the holographic images can be independently obtained with two orthogonal 

linear polarizations [13]. 

 

Figure 1.6 Metaholograms and their applications. (a) An optical 3D holography [38]. (b) A helicity 
dependent hologram [39]. (c) A polarization-switchable hologram [13]. (d) A colourful hologram [40]. (e) 
A colourful vectorial hologram [41]. (f) A controllable digital hologram [42]. (g) A hologram for security 
platform [43]. (h) A hologram for gas sensing [44]. 

A hologram is considered a better candidate for display-related technology due to the 

appearance of holographic images which can be seen easily by the naked eye. To design 
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a spectacular holographic image, a generation of a full-colour hologram has become a 

research interest. One approach is the use of a geometric phase based on dielectric 

nanopillars as shown in Figure 1.6d. Three sets of nanopillars have been designed to be a 

wavelength-selective pixel to respond to the incident CP light for only three common 

wavelengths, i.e., red (R), green (G), and blue (B). Thus, the RGB holographic image can 

be created [40]. In Figure 1.6e, the complex amplitude produced by a pair of aluminium 

nanostructures has been introduced to generate a full-colour hologram. In this design, all 

three wavelengths associated with the designed colours have provided the same 

holographic images. Only in a view zone, the combination of three colours can be 

observed [41]. In contrast, incident and deflected angles of three colours have played a 

key role in the reconstructed colour images. With the aid of a liquid crystal (LC) cell, the 

reconstructed images can be dynamically changed by electrical signals. In Figure 1.6f, 

the device consists of seven metaholograms, which have been individually switched 

on/off to create seven-segment digital numbers on a projected plane [42]. The LC cell can 

also be used to sort the out-coming information from the metahologram (Figure 1.6g), 

promising an application for the security platform [43]. In Figure 1.6h, a gas-sensitive LC 

cell has been integrated with a metahologram to instantaneously show an alarm signal 

when the gas leak is detected [44]. 

Unusual functionalities of metaholograms can be obtained with a composite unit cell or 

a super cell (more than one nanostructure in the cell). In Figure 1.7a, the metahologram 

has displayed different holographic images when a surrounding medium has been 

changed from the air to oil. This is due to the resonance mode of two gold nanostructures 

that provide a different reflection efficiency for different surrounding media at a specific 

wavelength [45]. Four identical c-silicon nanostructures have provided up to six degrees 

of freedom (three arbitrary amplitudes and another three for arbitrary phases) to design 

three sets of a printing-holographic image as shown in Figure 1.7b [46]. With two pairs 

of identical poly-silicon nanostructure, a full-colour vectorial hologram can be developed 

[47]. The reconstructed holographic images can be selectable by different polarization 

angles of the incident LP light as shown in Figure 1.7c. 
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Figure 1.7 Metaholograms with composite unit cells. (a) Surrounded-medium-dependent holography 
[45]. (b) Six degrees of freedom holography [46]. (c) Full-polarization degree of freedom holography [47]. 

1.3.4. Optical Vortex Beams 

Light traveling through a free space can rotate around a propagation axis. This rotation is 

a behaviour of angular momentum of light, which can be spin angular momentum (SAM) 

and orbital angular momentum (OAM). SAM refers to circular polarization, and OAM 

refers to the twisting of a wavefront. OAM can be generated by using a spiral phase plate, 

resulting in an azimuthal distribution of the phase profile of a light beam. The azimuthal 

phase distribution can be described as exp @Aℓ2), where ℓ @B1, B2, B3, … ) is the 

topological charge and θ is the azimuthal angle. A higher value of the topological charge 

corresponds to a faster twisting of the wavefront around the propagation axis. The 

capability of optical metasurfaces that can generate a spatial phase change opens a new 

opportunity to generate OAM beams as shown in Figure 1.8 [48]. The fundamental OAM 

beams have been experimentally demonstrated with a V-shape plasmonic resonator [10] 

(Figure 1.8a), a PB-phase-based gold nanorod (Figure 1.8b) [11], a PB-Phase-based 

silicon nanopillar (Figure 1.8c) [49], and a combination-phase-based TiO2 nanopillar 

(Figure 1.8d) [50]. Furthermore, a multichannel superposition of OAM beams with 

different ℓ has also been reported [51]. 
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The metadevices involving the OAM generation and detection have brought fascinating 

applications in a real scenario. As shown in Figure 1.9a, a metadevice can be used to 

perform the Fourier transform for edge enhancement [52]. Figure 1.9b, the OAM of light 

has increased the optical bandwidth for communication with ℓ dependent output 

information [53]. In Figure 1.9c, the metadevice up to 200 channels (using ℓ = B50) has 

been experimentally demonstrated to display holographic videos at two different image 

planes [54]. 

 

Figure 1.8 The evolution of OAM beams generated by optical metasurfaces [48]. Generation of a 
fundamental OAM beam with (a) V-shape-based metasurface [10], (b) PB-phase-based gold nanorods [11], 
(c) PB-phase-based silicon nanopillars [49], and (d) combined phase-based metasurface [50]. 
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Figure 1.9 Applications of metasurfaces involving in OAM beams. (a) Edge enhancement [52]. (b) 
Optical communication [53]. (c) Video display [54]. 

1.3.5. Polarization Manipulation 

As we know, traditional wave retarders such as half-waveplates (HWP) and quarter-

waveplates (QWP) can be used to manipulate the polarization of light. However, they 

have a bulky size and are unable to spatially control the polarization states with a sub-

wavelength resolution. Optical metasurfaces provide an ability to spatially manipulate a 

polarization state of light with a pixel size less than an operation wavelength. By utilising 

geometric metasurfaces, spatially linear polarization profiles can be realised. With the PB 

phase, the rotation angle of each polarization direction is two times the orientation angle 

of a corresponding nanostructure. Due to a uniform intensity, the polarization profile 

cannot be seen by direct observation. Thus, the aid of an analyser is required for 

modulation to see the intensity distribution. The intensity distribution is proportional to 

the square of the cosine of angle θ between the transmission axes of the analyser and the 

polarizer, i.e., F =  F< cos6 2. It is worth mentioning that the intensity distribution can be 

seen on a surface of a metadevice. As shown in Figure 1.10a, a polarization profile 

encoded with a grayscale image has been hidden in a uniform intensity of a light beam. 

When an analyser is used, the grayscale image is revealed [55]. By utilising the dielectric-

based colour filter, colour image concealment can be realised as shown in Figure 1.10b 

[56]. A dual-channel metasurface has been designed to provide two different images when 
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the transmission axis of an analyser is 90° or 45° with respect to (w.r.t.) the x-axis as 

shown in Figure 1.10c. In this design, each nanostructure is associated with both 

modulated intensity for 90° and 45° of the transmission axes of the analyser [57]. The 

combination of the PB phase and propagation phase has been utilised to demonstrate 

multifunctionality by encoding vectorial holograms into polarization profiles [58]. The 

information can be revealed by using an analyser as illustrated in Figure 1.10d. Lensing 

can also be encoded into a polarization profile as depicted in Figure 1.10e [59]. So far, 

the intensity distribution can be revealed by assisting crossed, parallel, 45° polarizers. 

Recently, arbitrary angles of a polarizer and analyser can be designed by utilising a 

composite unit cell of two nanostructures [60]. As an example in Figure 1.10f, the 

transmission axes of an analyser can be 17 and 73. The potential applications of such 

metasurfaces are optical anti-counterfeiting and image encryption. 

 

Figure 1.10 Metasurfaces for spatial polarization manipulation. (a) Grayscale image hidden in the light 
beam [55]. (b) Colour image encoded into a metasurface [56]. (c) Two-channel grayscale images [57]. (d) 
Polarization holography encoded into grayscale images [58]. (e) Nanoprinting-based metalens [59]. (f) 
Nonorthogonal grayscale mages [60]. 
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1.3.6. Nonlinear Metasurfaces 

As mentioned in the previous sections, light manipulation by optical metasurface-based 

devices is based on a linear regime. In other words, the frequencies of input and output 

light beams remain the same. In this section, optical metasurfaces for nonlinear devices 

will be discussed. There are many geometries of nanostructures that respond to the 

exciting electric field (namely fundamental wave: FW) and provide nth harmonic 

radiation. The harmonic order n can be selected based on the rule of � = I	 B 1 , where 

l is an integer, m refers to the m-fold of a nanostructure, and the “+” and “” signs express 

the spin states of FW and harmonic radiation with same and opposite spins, respectively 

[61]. Such m-fold rotational symmetry can be used to generate harmonic waves (HW) 

with a geometric phase of @� − 1)2J or @� + 1)2J for the nth HW as shown in Figure 

1.11a, where J represents the LCP (+) and RCP () light [61, 62]. 

 

 

Figure 1.11 (a) Configuration of nonlinear elements for harmonic generation [62]. (b) Nonlinear phase 
gradient [63]. (c) Nonlinear hologram [64]. (d) Multilayer nonlinear holography [65]. (e) C3 for nonlinear 
metalens [66]. (f) OAM manipulation [67]. (g) Dielectric-based nonlinear metasurface [68]. 
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Regarding the several output signals from a onefold element in Figure 1.11a(left), dual 

beam steering [63] and optical holography [64] for the second harmonic frequency can 

be generated. One has the same polarization state as the incident and another has the 

opposite state as shown in Figure 1.11b-c. In Figure 1.11d, the nonlinear metasurface has 

paved the creation of volumetric information by reconstructing different holographic 

images along the z-direction [65]. The imaging through the nonlinear metalens has also 

been demonstrated subsequently [66] (Figure 1.11e). Three focused OAM beams with 

different topological charges can be simultaneously generated, one from linear @22J) and 

two @2J K�+ 32J) from nonlinear phenomenon [67] (Figure 1.11f). Not only plasmonic-

based metasurfaces providing nonlinearity, but a dielectric-based metasurface with 

silicon nanostructures can also produce the third harmonic generation [68]. As shown in 

Figure 1.11g, high fidelity of polarization-dependent holographic images can be obtained. 

1.4. Aim and Objectives 

Optical metasurfaces have revolutionized the optical design in both linear and nonlinear 

optics. In addition, device miniaturization and system integration are two continuing 

trends. The ultrathin nature of optical metasurfaces and their unprecedented capability in 

light control have provided a compact platform to develop ultrathin optical metasurface 

devices with novel functionalities that are very difficult or impossible to achieve with 

conventional optics. Due to the simplicity of the design and fabrication, this thesis is 

mainly focused on geometric optical metasurfaces, which are superior to other types of 

metasurfaces. Polarization is one of the fundamental properties of light, which has been 

used in many research fields. The work in this thesis includes nanostructure design, 

engineered functionality design, sample fabrication, device characterisation, and 

applications of developed metadevices. The metadevices were developed for polarization 

generation, detection and imaging as illustrated in Figure 1.12 and can be enumerated as 

follows. 

1. Polarization generation in two and three-dimensional spaces, including 

1.1. Two-dimensional polarization structures 

1.2. Three-dimensional polarization structures 

1.3. Wavelength-selective digital numbers 

1.4. Nonlinear polarization profile 

2. Polarization detection with novel methods, including 

2.1. Hybrid hologram 
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2.2. Light’s orbital angular momentum 

2.3. Optical ring vortex beams 

3. Polarization Imaging for a multifunctional microscope, including  

3.1. Polarization and edge imaging 

3.2. Investigation of biological samples 

3.3. Large-area imaging 

 

Figure 1.12 Schematic diagram of the aims of this thesis. 

1.5. Thesis Outline 

This thesis starts with an introduction part in Chapter 1 to introduce and give relevant 

backgrounds of metasurfaces and their applications. Chapter 2 includes the methods and 

relevant theoretical backgrounds used to design, develop, and also characterise the optical 

metadevices. From Chapters 3 to 5, this thesis is involved in the experimental details 

about our developed optical metadevices. In other words, Chapter 3 is focused on the 

utilisation of metalenses to generate polarization structures in 2D and 3D spaces. Chapter 

4 includes the demonstration of the metadevices to detect a polarization state of an 

incident light beam using hybrid holography, optical vortices, and light’s orbital angular 

momentum. Chapter 5 consists of a practical application of the metasurfaces to 

simultaneously perform circular polarization detection and edge detection in a single 

optical system. Finally, the main conclusions to the developed metadevices and a personal 

outlook for future applications of metasurfaces are given in Chapter 6. 
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CHAPTER 2  FUNDAMENTALS OF GEOMETRIC 

METASURFACES AND DEVICE FABRICATION 

In the first chapter, the state-of-the-art in metasurfaces and their emerging applications 

have been reviewed. In this chapter, the methods and relevant theoretical backgrounds 

used to design, develop, and characterise the optical metadevices reported in this thesis 

will be presented. We give details on polarization states of light, the generation of 

geometric phases with metasurfaces, and the design and fabrication procedure of our 

developed metadevices. The details of our experimental setup to test the metadevices and 

dynamically control the polarization state of the incident light beam as well as compress 

the strong intensity of the unwanted light beam are also given. 

2.1. Polarization States of Light 

Geometric metasurfaces are polarization-sensitive devices, whose functionalities can be 

obtained by controlling the helicity of the circularly polarized (CP) light. CP light is 

referred to the electromagnetic field that has a constant magnitude and rotates at the same 

rate in a plane perpendicular to the propagating direction. CP light can be either left-

circularly polarized (LCP) light when the rotation direction is anticlockwise (Figure 2.1a) 

or right-circularly polarized (RCP) light when the rotation direction is clockwise (Figure 

2.2a). Linearly polarized (LP) light is the electromagnetic field that has a magnitude 

changing with time on a single plane that is perpendicular to the propagating direction. 

LP light is composed of LCP and RCP light with equal amplitude as shown in Figure 

2.1c. In case the amplitudes of LCP and RCP light are inequality, the superposition of 

these two CP components becomes elliptically polarized (EP) light as shown in Figure 

2.1d. Left-elliptically polarized (LEP) light is generated when the amplitude of the LCP 

light is higher than the RCP light. Right-elliptically polarized (REP) light is generated 

when the RCP light is higher than the LCP light. Thus, the geometric metasurfaces can 

also be operated under the illumination of both LP light and EP light.  
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Figure 2.1 Polarization states of light. (a) Left-circularly polarized (LCP) light. (b) Right-circularly 
polarized (RCP) light. (c) Linearly polarized (LP) light decomposed into LCP and RCP. (d) The same for 
elliptical polarized (EP) light. 

Fully polarized light beams can be represented by Jones vectors as shown in Table 1, and 

Jones matrices are used to represent optical elements as shown in Table 2. In an optical 

system, the output polarization of light after travelling through an optical element can be 

described by using the product of the Jones matrix of the optical element and the Jones 

vector of the incident light. 

Table 1 Jones vectors for various polarization states. 

Polarization Jones Vector 

LP light in the direction of angle 2 w.r.t. the x-axis L cos 2sin 2  M 

LP light in the direction of angle 0° w.r.t. the x-axis L 10  M 

LP light in the direction of angle 90° w.r.t. the x-axis L 01  M 

LP light in the direction of angle +45° w.r.t. the x-axis 
1√2 L 11  M 

LP light in the direction of angle −45° w.r.t. the x-axis 
1√2 L 1−1  M 

RCP light 
1√2 L 1−A  M 

LCP light 
1√2 L 1A  M 
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Table 2 Jones matrices for optical elements. 

Optical Element Jones Matrix 

Linear polarizer with transmission axis at 2 
w.r.t. the x-axis Q cos6 2sin 2 cos 2    sin 2 cos 2sin6 2  R 

Arbitrary phase retarder with phase 
difference of S and fast axis at 2 w.r.t. the 
x-axis 

TU3V6 Q cos6 2 + T3V sin6 2@1 − T3V) sin 2 cos 2    W1 − T3VX sin 2 cos 2sin6 2 + T3V cos6 2  R 

Quarter-wave plate with fast axis at 2 w.r.t. 
the x-axis 

TU37Y Q cos6 2 + A sin6 2@1 − A) sin 2 cos 2    @1 − A) sin 2 cos 2sin6 2 + A cos6 2  R 

Half-wave plate with fast axis at 2 w.r.t. the 
x-axis TU376 L cos 22sin 22    sin 22− cos 22  M 

 

2.2. Geometric Phase 

Several optical devices have been reported with metasurfaces based on optical scatters [10], 

but the feature size of the antennae has to be carefully designed to obtain the desired phase 

changes ranging from 0 to 2 with a fixed wavelength. To simplify the nanofabrication 

and broadband response, this thesis will focus on a geometric metasurface that can 

produce an abrupt phase shift by using an identical nanoantenna, but spatially varying an 

orientation angle (Z). In general, the space-variant birefringence property of a nanoantenna 

can be written as, 

 [@Z) = �@−Z) \ [: 00 [] ^ �@Z) (2.1) 

where [: = _-TA�-  and [] = _]T3`a are the transmission along x and y-direction. The 

rotation matrix here is given by 

 �@Z) = b cos Z sin Z− sin Z cos Z c (2.2) 

With the incident LCP light beam, 
d√6 e1A f, the transmitted light can be written as, 

 [@Z) ∙ �gh = ijkia6 ∙ �gh + ijUia6 ∙ T36l ∙ �gh (2.3) 

Here, there are two components generated by the nanoantenna in a unit cell. The first 

component is the light beam with the same helicity as the incident beam (also called the 

non-converted part). The second component is the light beam with the opposite helicity 
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and additional PB phase shift of 2Z (converted part). The terms 
ijkia6  and 

ijUia6  are the 

propagation phases which are relative to the width, length, and thickness of the 

nanoantenna. With the incident RCP light beam, 
d√6 e 1−Af, the transmitted light can be 

written as, 

 [@2) ∙ �gh = ijkia6 ∙ �gh + ijUia6 ∙ TU36l ∙ �gh (2.4) 

The transmitted light in Equation 2.4 is also similar to Equation 2.3, but the additional PB 

phase shift is −2Z. As obviously shown in Equations 2.3 and 2.4, the non-converted parts 

can be eliminated by using the nanoantenna providing _: ≅ _] and �] − �: = Bn to 

obtain a maximum conversion efficiency. Then only the strongly converted part with an 

abrupt PB phase shift B2Z can transmit through the designed unit cell. 

2.3. Geometric Phase with a Gold Nanorod 

The reported metadevices in this thesis have been mostly exploited by transmissive 

metasurfaces with a single layer of rectangular gold nanostructures. We can use silver 

instead of gold to obtain a higher conversion efficiency [57], but the disadvantage is that 

silver samples are much easier to get oxidized. This can affect the performance of the 

developed metadevices. With a gold nanostructure, it is difficult for optimisation to obtain �] − �: = Bn. Here, we consider a gold nanostructure (or a gold nanorod) as a polarizer 

with poor quality [11, 23]. In this scenario, a poor polarizer is a combination of a perfect 

polarizer and a piece of normal flat glass slab that can only add a uniform phase profile 

(not a spatially variant phase profile). In this thesis, the metadevices and other optical 

elements are treated with the Jones vectors and Jones matrices to represent the 

polarization state of the light beam and the functionality of an optical element. Thus, the 

Jones matrix of each nanorod (opq8) can be written as 

 opq8 = r b  1 00 1  c + s b  �tu6 Z uA� Z �tu ZuA� Z �tu Z uA�6 Z   c, (2.5) 

where Z is an orientation angle of each nanorod w.r.t. the x-axis. The unit matrix b  1 00 1  c 

represents the flat glass slab. A and B are the coefficients of the conversion efficiency of 

that glass slab and nanorods, respectively. When the polarization state of the incident light 

beam is circular polarization (CP), the output beam can be expressed as 
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 opq8 |�@�)⟩ = 6wkx6 |�@�)⟩ + x6 TB36l|�@�)⟩, (2.6) 

where |�⟩ and |�⟩ represent LCP and RCP, respectively. The transmitted light includes 

two main parts: non-converted b6wkx6 |�@�)⟩c and converted parts bx6 TB36l|�@�)⟩c. The 

non-converted part has the same property as that of the incident beam, while the converted 

part has an additional phase shift B2Z generated by the geometric metasurface, where ‘+’ 

and ‘’ represent the sign of the phase shift for incident LCP and RCP light, respectively. 

The phase shift is known as Pancharatnam–Berry (PB) phase or the geometric phase [69-

71]. By changing the orientation angle Z of the nanorod in each unit cell, the phase shift 

can be tuned, ranging from 0 to 2. The relation between the desired phase profile @�) 

for x and y coordinates and the corresponding orientation angles of the nanorods are given 

by Z@:,]) = �@:,]) 2⁄ . 

2.4. Transmissive Metasurfaces 

2.4.1. Design 

The transmissive metadevices reported in this thesis are realized based on plasmonic 

metasurfaces, which consist of identical gold nanorods with spatially variant orientations 

sitting on a glass substrate to produce the PB phase shifts. Each nanorod is 200 nm long, 

80 nm wide, and 40 nm high, which is the same as our previous works [11, 23]. The pixel 

size of a unit cell is 300300 nm2 as depicted in Figure 2.2a. Its simulated conversion 

efficiency is shown in Figure 2.2b, which is realized by using the frequency domain solver 

of the Computer Simulation Technology (CST) Microwave Studio software. In the 

simulation, the permittivity of a gold nanorod is calculated by the Drude model with the 

plasma frequency p = 1.37  1016 rad/s, and the collision frequency �c = 1.215  1014 

rad/s. The refractive index of the glass substrate is 1.46. The unit cell boundary is used 

along the x- and y-directions, and an open boundary condition is used along the z-

direction. After the simulation process is done with CST, scattering parameters or S-

parameters are exported to calculate the conversion efficiency. The exported data is 

included the wavelengths and their corresponding amplitudes of the converted and non-

converted parts. By taking a square of those amplitudes, the conversion efficiency can be 

obtained as shown in Figure 2.2b. Although the non-converted part is extremely high, it 

can be filtered out by using the experimental setup explained in Section 2.4.3. 
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Figure 2.2 (a) A designed unit cell and (b) its simulated conversion efficiency versus wavelengths. 

2.4.2. Nanofabrication 

Once an optical metadevice with novel functionalities has been designed as shown in 

Figure 2.3a and its phase profile has been generated as shown in Figure 2.3b, the pattern 

for nanofabrication is then created (Figure 2.3c). The pattern is created by using a 

MATLAB code, which consists of an array of nanorods with different orientation angles. 

In the MATLAB code, the coordinates of each nanorod are exported to a text file (*.txt), 

which is transferred to the electron beam lithography (EBL) by loading the file as the 

ASC format (*.asc). Then, the pattern for fabrication is generated on the EBL and ready 

for the next step. After that, the standard EBL is used to fabricate the designed 

metadevices, followed by film deposition and the lift-off process as illustrated in Figure 

2.3d. 
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Figure 2.3 Procedure for development of transmissive metadevices. (a) Desired functionality. (b) 
Generated phase profile. (c) Generated patterns for fabrication. (d) Fabrication procedure of transmissive 
metadevices. (e) SEM image. 

First, the ITO-coated glass substrate is cleaned with acetone for 10 mins and isopropyl 

alcohol (IPA) for 10 mins in an ultrasonic bath. Then, the substrate is rinsed in deionized 

water and dried with a nitrogen gun. The positive polymethyl methacrylate (PMMA) 950 

A2 resist is spin-coated on the SiO2 layer at 1000 rpm for 60 s followed by 1500 rpm for 

15 s, producing a 100-nm-thick PMMA. After that, the sample is baked on a hotplate at 

180 °C for 5 mins. The EBL (Raith PIONEER, 30 kV) with an aperture size of 20 m 

and a working distance of 10 mm is used to define nanopatterns in the PMMA film. The 

sample is developed in MIBK:IPA (1:3) for 45 s followed by the stopper (IPA) for 45 s. 

A gold film (40 nm) is deposited on the sample using an electron beam evaporator. 

Finally, the metadevices are fabricated after the lift-off process in acetone and the 

fabricated patterns can be seen by using a scanning electron microscope (SEM) as a result 

in Figure 2.3e, for example. At this moment, the metadevice is ready for characterisation. 

Time for each step is very important and has to be precisely controlled. Otherwise, there 

will be no gold nanorods sitting on the substrate. For the sample size of 300  300 m2, 

the overall fabrication time is around 9 hours, including sample preparation (30 minutes), 
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a patterning process by the e-beam machine (2 hours), e-beam deposition (30 minutes), 

and a lift-off process in acetone (6 hours). 

As shown in Figure 2.3, there are several steps in the fabrication procedure. Each step can 

affect the feature size of the nanorods, which can be smaller or larger than the design. In 

terms of functionalities, the difference in size between the fabricated and the designed 

nanorods does not affect the designed functionalities as long as the nanorods still have 

rectangular shapes and do not overlap with the neighbouring unit cells. This is the 

robustness of geometric metasurfaces against fabrication errors. In terms of conversion 

efficiency, the fabrication error plays an important role [72]. The level of imperfection 

that can be tolerated depends on the functionality of devices. For examples, the 

metasurface holograms have better fabrication tolerances (e.g., 5% of missing 

nanostructures) than metalenses for imaging. 

2.4.3. Experimental Setup 

The diagram of an experimental setup to characterize the fabricated metadevices that 

provide the functionalities along an optical axis is shown in Figure 2.4. A light beam with 

tuneable wavelengths is generated by a supercontinuum laser source (NKT Photonics 

SuperK EXTREME). Polarization states of the generated beam can be controlled by using 

a linear polarizer (P1) and a quarter-waveplate (QWP1) in front of the metadevice (see 

details in Section 2.6). A convex lens (L1) is used to weakly focus the light beam onto 

the metadevice. An objective lens (Obj.) with a magnification of 20×, a convex lens (L2), 

and a charge-coupled device (CCD) camera are used to collect the output light and image 

the results for visualization. Another pair of a quarter-waveplate (QWP2) and a linear 

polarizer (P2) behind the objective lens is used to filter out the unconverted part of the 

transmitted light. To characterize the metadevice with an incident LP light beam, both 

QWP1 and QWP2 are removed, and the transmission axes of the P1 and P2 are kept 

perpendicular to each other. 
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Figure 2.4 Schematic diagram of the experimental setup to characterise the transmissive metadevices 

providing the functionalities along an optical axis. P1 and P2: Polarizers, QWP1 and QWP2: Quarter-
waveplates, L1: Convex lens (�=15 �	), MS: Metasurface device, Obj.: 20× Objective lens, L2: Convex 
lens (�=10 �	), and CCD: Charge-coupled device. 

Generation of CP light (LCP and RCP): LP light beam ({3|) is generated by the 

polarizer P1 with the transmission axis along the x-direction. Thus, its Jones vector is 

given by {3| = b 10 c. The polarization state of the {3| can be changed by using the quarter-

waveplate, QWP1, whose Jones matrix is given by 

 o}~�d = TU��� \ cos6 �d + A sin6 �d @1 − A) sin �d cos �d@1 − A) sin �d cos �d sin6 �d + A cos6 �d  ^ (2.7) 

where �d is the orientation angle of the fast axis w.r.t. the x-direction. When the {3| passes 

through the QWP1 with the angle �d of 
7Y, the output vector can be calculated by 

 o}~�d{3| = TU��� � cos6 7Y + A sin6 7Y @1 − A) sin 7Y cos 7Y@1 − A) sin 7Y cos 7Y sin6 7Y + A cos6 7Y  � b 10 c = d√6 b 1−A c (2.8) 

Here, an RCP light beam is generated. When the angle �d is − 7Y, an LCP is then generated. 

After the RCP and LCP light pass through a nanorod, the result can be expressed as in 

Equation 2.6, where the geometric phase can be produced. 

Filtering out the non-converted part from the incident CP light beam: As mentioned 

above, the non-converted part from a plasmonic metasurface used in this thesis is 

extremely high. To filter out the non-converted part, a pair of a quarter-waveplate 

(QWP2) and a linear polarizer (P2) is used. The Jones matrix of the QWP2 is the same as 

whose QWP1, but the fast axis is defined as �6. The Jones matrix of the P2 (o�6) is given 

as 
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 o�6 = b  cos6 
 sin 
 cos 
sin 
 cos 
 sin6 
   c (2.9) 

where 
 is an angle of the transmission axis of the P2 w.r.t. the x-axis. In this case, the 

angle �6 is set parallel to �d, which is 
7Y. The angle 
 is set to 0 which is parallel to whose 

P1. After the non-converted part ({|�) passing through the P2, it can be filtered out as 

follows 

 o�6o}~�6 6wkx6 �gh = b 00 c (2.10) 

After the converted part ({�) passing through the P2, the output vector can be written as 

 o�6o}~�6 x6 TU36
�gh = x6 TU36
 b 10 c (2.11) 

Here, the non-converted part is filtered out and the output vector is solely relative to the 

geometric phase, −2
, for the incident RCP light. For the incident LCP light, the angles 

are �d = �6 = − 7Y and 
 = 0. Then, the output vector is solely relative to 2
. 

Incident linearly polarized (LP) light beam: For the incident LP light, the QWP1 and 

QWP2 are removed. The Jones matrix of the LP light beam is given by b cos �sin � c, where � is the polarized direction. When the LP beam generated by a linear polarizer P1 passes 

through a nanorod, the Jones vector can be written as 

 opq8 �h = 6wkx6 ∙ b cos �sin � c + x6 \ cos  @2
 − �)sin  @2
 − �) ^ (2.12) 

There are two components coming out from the nanorod, a non-converted part: {|��� =
6wkx6 ∙ b cos �sin � c and a converted part: {��� = x6 \ cos  @2
 − �)sin  @2
 − �) ^. 

Filtering out the non-converted part from the incident LP light beam: After the non-

converted part ({|���) passing through the polarizer P2, the output vector can be written 

as 

 {|���q�. = o�6{|��� = b  �tu6 
 uA� 
 �tu 
uA� 
 �tu 
 uA�6 
   c 6wkx6 ∙ b cos �sin � c (2.13) 
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To filter out the {|���, the angle 
 has to be perpendicular to the angle �. Thus, the 
 can 

be � B 76. Therefore, the non-converted part can be filtered out as follows 

 {|���q�. = 6wkxY � b cos �sin � c + \ cos  @� B n)sin  @� B n) ^ � = b 00 c (2.14) 

At this moment, the output vector of the converted part passing through the analyser can 

be written as 

 {���q�. = o�6{��� = xY �\ cos  @2
 − �)sin  @2
 − �) ^ − \ cos  @3� − 2
)sin  @3� − 2
) ^� (2.15) 

Here, the non-converted part is filtered out and the output vector is relative to the 

polarization direction � of the incident LP and the spatial orientation angle Z of the 

nanorods. Equation 2.15 can be used to spatially manipulate a polarization profile with a 

sub-wavelength resolution and the intensity distribution can be revealed by an analyser. 

 
Figure 2.5 Schematic diagram of the experimental setup to characterise the transmissive metadevices 

with off-axis design. P1: polarizer; P2: analyser; QWP1: quarter-wave plate; L1 and L2: lenses (f = 100 
mm); MS: metasurface; Obj.: 10 objective lens; CCD: charge-coupled device. 

Figure 2.5 is used for characterisation of the transmissive metadevices with an off-axis 

design. The polarizer P1 and the QWP1 are used for controlling the polarization state of 

the input light. Arbitrary polarization states such as linear, circular and elliptical 

polarization states can be generated. The lens L1 (f = 100 mm) is used to weakly focus 

the input light onto the metasurfaces. The transmitted light is collected by an objective 

with a magnification of 10 and a lens L2 (f = 100 mm). For the case of superposition of 

OAM beams with the same circular polarization, the analyser P2 is not needed. The 

superposition of OAM beams with different circular polarizations can result in vector 

beams, which can be revealed with aid of the analyser P2. 
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Figure 2.6 Schematic diagram of the experimental setup to characterise the transmissive metadevices 

providing the functionalities along an optical axis. P1: Polarizer, QWP1: Quarter-waveplate, L1: Convex 
lens (�=15 �	), MS: Metasurface device. 

The experimental setup in Figure 2.6 is used to obtain the functionalities that cannot be 

directly captured using a CCD camera, i.e., holographic images. In the experiment, a 

white screen is placed behind a test sample. A digital camera is then situated in front of 

the incident plane to capture the reconstructed image on the screen. 

2.5. Reflective Metasurfaces 

2.5.1. Design 

The reflective metadevices reported in this thesis consist of identical gold nanorods 

(length 200 nm, width 80 nm, and height 30 nm) with spatially varying orientations sitting 

on the SiO2 layer (85 nm) and gold ground layer (150 nm) which is similar to our previous 

works [39, 51]. The pixel size of a unit cell is 300300 nm2 as depicted in Figure 2.7a. 

The triple-layer structure functions like a Fabry-Perot-like cavity, where the SiO2 spacer 

in the middle corresponds to the cavity length. The incident light ({3|) is decomposed to {� along a long part and {� along a short part of the nanorod. {� carries a phase shift by  

after reflection by the nanorod. {� experiences a multiple reflection inside the cavity, 

leading to the round tripe phase by  and the additional reflection phase by  from the 

gold ground layer. Thus, the nanorods along with the spacer and the background layer 

function as a reflective-type half-waveplate (�� − �� = n). In addition, the designed 

thickness of 85 nm for SiO2 provides a broad response over the visible region [12]. When 

the incident light is circularly polarized, the reflectivity for the co-polarized and cross-

polarized light is calculated as shown in Figure 2.7b, which is realized by using the 

frequency domain solver of the CST Microwave Studio software. In the simulation, the 

permittivity of a gold nanorod is calculated by the Drude model with the plasma 



Chapter 2: Fundamentals of geometric metasurfaces and device fabrication 

30 
 

frequency p = 1.37  1016 rad/s, and the collision frequency �c = 1.215  1014 rad/s. The 

refractive index of SiO2 and silicon are 1.45 and 3.45, respectively. The unit cell boundary 

is used along the x- and y-directions, and the open boundary condition is used along the 

z-direction. Figure 2.7b shows that most of the incident light is converted by the 

metadevice within a broad range of wavelengths. The red and blue curves represent the 

cross-polarized and co‐polarized light, respectively. 

 

Figure 2.7 (a) A designed unit cell and (b) its simulated conversion efficiency versus wavelengths. 

2.5.2. Nanofabrication 

Similar to the transmissive metadevices, after novel functionalities have been designed 

(Figure 2.8a), its phase profile has been generated (Figure 2.8b), and the pattern has been 

created (Figure 2.8c), the standard nanofabrication process in Figure 2.8d is then carried 

on. The standard EBL is used to fabricate the designed metadevices, followed by film 

deposition and the lift-off process. First, silicon substrates are cleaned with acetone in an 

ultrasonic bath for 10 min followed by IPA for 10 min. Then the substrates are rinsed in 

deionized water and dried with compressed air. After that, the gold layer (150 nm) is 

deposited onto the silicon substrate by using the electron beam evaporator followed by 

the deposition of the SiO2 layer (85 nm). The film thickness is controlled by using a 

calibrated film thickness monitor. The positive PMMA 950 A2 resist is spin-coated on 

the SiO2 layer at 1000 rpm for 60 s followed by 1500 rpm for 15s, producing a PMMA 

film with a thickness of 100 nm. Then the sample is baked on a hotplate at 180 oC for 5 

mins. The nanopatterns are defined in the PMMA film using EBL (Raith PIONEER, 30 

kV) with an aperture size of 20 m and a working distance of 10 mm. The sample is 

developed in MIBK:IPA (1:3) for 45 s followed by a stopper (IPA) for 45 s. A thin gold 

layer (30 nm) is deposited on the developed sample using an electron beam evaporator. 
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For the adhesion purpose, a thin titanium layer (3 nm) is deposited on the SiO2 layer 

before the gold layer. Finally, the metadevices are ready for characterization after the lift-

off process in acetone as shown in Figure 2.8e, for example. 

 

Figure 2.8 Procedure for development of reflective metasurfaces. (a) Desired functionality. (b) 
Generated phase profile. (c) Generated patterns for fabrication. (d) Fabrication procedure of reflective 
metadevices. (e) SEM image. 

2.5.3. Experimental Setup 

The experimental setup to characterise the reflective metadevices is shown in Figure 2.9. 

A tuneable laser source (NKT-SuperK EXTREME) is used to generate the desired laser 

beam. Polarization states of the generated beam can be controlled by using a linear 

polarizer (P1) and a quarter-waveplate (QWP1) in front of the metadevice (see details in 

Section 2.6). A convex lens (L1) is used to weakly focus the light beam onto the 

metadevice which is sitting on a 3-axis stage. A digital camera is used to collect the 

displayed patterns on the screen after passing through a sheet of polariser (P2) whose 

transmission axis is fixed along the horizontal direction. The distance between the screen 

and the metasurface can be adjustable from 5 to 15 cm. The experiment is suitable for 

observation of the reconstructed pattern on the screen that can be directly seen by the 
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naked eye. Notably, the screen and P2 have small holes in the middle to allow the incident 

light to pass through. 

 

 

Figure 2.9 Schematic diagram of the experimental setup to characterise the reflective metadevices. 
P1 and P2: Polarizers, QWP1: Quarter-waveplate, L1: Convex lens (�=15 �	), MS: Metasurface device. 

For small patterns created by the refractive metadevices, the experimental setup 

illustrated in Figure 2.10 is used. In this experiment, an objective lens (Obj.) with a 

magnification of 20×, a convex lens (L2), and a charge-coupled device (CCD) camera 

are used to collect the output light and image the results for visualization. As most of our 

developed metadevices are based on off-axis design, the QWP2 in both setups (Figure 

2.9 and 2.10) is not necessary. The P2 is only used to analyse a polarization distribution 

of the patterns coming out from the metadevices. 

 

Figure 2.10 Schematic diagram of the experimental setup to characterise the refractive metasurfaces 
providing small patterns. 
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2.6. Generation of Incident Light with the Various Polarization States 

As briefly discussed in Section 2.4.3 about the generation of LCP and RCP light with a 

pair of P1 and QWP1, this section will be covered the generation of any arbitrary 

polarization state used in this thesis. Suppose the P1 generates an LP light in the direct of � w.r.t. the x-axis, its associated Jones vector is b cos�sin� c. Taking the Jones matrix of the 

QWP1 from Equation 2.7 into account, the LP light after passing through the QWP1 can 

be written as 

 o}~�d�h = TU��� \ cos6 �d + A sin6 �d @1 − A) sin �d cos �d@1 − A) sin �d cos �d sin6 �d + A cos6 �d  ^ b cos�sin�  c (2.16) 

Here, the output product can be expressed as 

 o}~�d�h = K b 1−A c + � b 1A  c (2.17) 

where 

K = √6Y Wsin 2�d cos � + cos � − cos 2�d sin � + A@− cos 2�d cos � − sin 2�d sin � +sin �)X  

and  

� = √6Y W− sin 2�d cos � + cos � + cos 2�d sin � + A@− cos 2�d cos � − sin 2�d sin � −sin �)X are the components of RCP and LCP light, respectively. Here, different 

polarization states of incident light are obtained by rotating the angle � and �d. 

2.7. Explanation of our Characterisation Method 

The device design is mainly based on the phenomena in the far-field. We usually use one 

sample for proof-of-concept demonstration. To obtain the statistical data, such as standard 

variation or any errors from the fabrication process, sample characterisation, and lifetime 

of the metadevices, we have to fabricate more metasurface samples. However, 

nanofabrication cost is very expensive. So, we usually do not have the statistical data to 

show in the experimental results, such as error bars in the polarization detection, and the 

fabrication errors against the designs. Due to the imperfection of the fabricated samples 

(loss of gold nanostructures) and misalignment of optical setups, there is slight difference 

between experiment and simulation. However, the difference is acceptable for concept 
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demonstration. Further improvement will include the optimization of the fabrication 

process and optical alignment. 

2.8. Summary 

In this chapter, the theoretical details about the geometric metasurfaces are provided. Both 

reflective and transmissive types of optical metasurfaces have been developed by using a 

standard electron-beam lithography, film deposition, and lifting-off process. Different 

experimental setups are built to characterize the developed metasurface devices and 

evaluate their performances. The next chapter will concentrate on the experimental details 

of specific metadevices and their unusual functionalities. 
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CHAPTER 3  POLARIZATION GENERATION WITH 

METASURFACES 

In the first two chapters, the relevant physical background of optical metasurfaces and 

their unprecedented capability in light manipulation at the subwavelength scale have been 

reviewed. In this chapter, we will focus on the utilisation of the optical metasurfaces based 

on the geometric phase to develop metadevices for creating polarization structures in two-

dimensional (2D) and three-dimensional (3D) spaces. In this chapter, Sections 3.3, and 

3.4.1 have already been published in Nano Letter 2021 [72], where my main contributions 

include sample fabrication, experimental setup, sample characterisation, and data 

analysis. Work done in Section 3.6 has been published in Physical Reviewed Applied 

2019 [73], where my main contribution includes the design of a polarization profile 

hidden in the second harmonic wave. In other sections, I have contributed to both 

simulation and experimental parts. 

3.1. Background 

Polarization has been a central concept in our understanding of optics and has found many 

applications ranging from quantum science [74, 75] to our daily life (e.g., polarized 

sunglasses and 3D cinema). Polarization control has been used to record, process, and 

store information [55, 56, 76, 77]. The ability to precisely control the polarization 

distribution of light beams is critical to both fundamental science and practical 

applications. Conventional optical elements (e.g., polarizers, wave plates) for polarization 

manipulation typically treat polarization as a uniform characteristic of an optical beam 

that can be globally controlled. Light beams with spatially nonuniform polarization 

distributions have received great attention owing to their peculiar optical features 

including Möbius strips with non-orientable surfaces [78], and their practical applications 

such as higher resolution lithography [79] and patterning of lyotropic chromonic liquid 

crystals by photoalignment [80]. There has been much advancement in the theoretical 

understanding of 2D and 3D polarization structures to further our knowledge [81, 82], but 

the experimental research has not advanced at the same rate. This is essentially due to the 

technical and fundamental challenges in creating 2D and 3D polarization profiles with 

conventional methods. So far, only a few types of these structures were generated at the 

expense of complex systems, large volume, and high cost [78, 83, 84], limiting their 

practical applications. 
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Optical metasurfaces, planar nanostructured interfaces, have attracted increasing interest 

due to their unprecedented capability in light manipulation at subwavelength scale [10, 

12, 13, 23, 38, 39, 85-89]. The optical metasurface based flat optics has revolutionized 

design concepts in photonics, providing a compact platform to develop ultrathin (light 

wavelength scale) and lightweight planar optical devices with novel functionalities that 

cannot be obtained with conventional optical elements, with examples including dual-

polarity lenses [23], multi-foci lenses [88], light sword lenses [87], polarization-sensitive 

holograms [12, 13, 39, 43, 85, 86, 89], and longitudinally variable polarization [90]. In 

this work, we experimentally demonstrate a single metasurface device that can change a 

linearly polarized incident light beam into polarization structures with a predesigned 

polarization profile in 2D or 3D space depending on a parametric equation of those 

structures, which will be detailed throughout this chapter from Section 3.2 to 3.5. 

3.2. Design and Method 

To create 2D or 3D polarization structures with the engineered polarization profiles, the 

design of a metadevice involves the multi-foci design, and polarization rotation as 

follows. 

Design of multi-foci metasurface: To design an arbitrary multi-foci metadevice in 

2D/3D space, we first formulate the phase distribution of the lens for the nth focal point, 

which is given by 

 �@-, �)| = − 674 W��|6 + @- − �|)6 + @� − �|)6 − ��|6 + �|6 + �|6X (3.1) 

where λ is the operating wavelength, f is the focal length, u and v are the locations of a 

focal point along the x and y directions, respectively. (u, v, f) are the 3D coordinates of 

the focal point. The position of a focal point (on the optical axis or off-axis) depends on 

the values of u and v. The desired field profile of the multi-foci lens is the sum of the 

fields for generating each focal point and the corresponding phase distribution Φ@-, �) is 

given by 

 Φ@-, �) = arg �∑ T3`@:,])��|�d � (3.2) 

where N is the total number of the desired focal points and n ranges from 1 to N (integer 

numbers). 
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Adding polarization rotation functionality: The multiple focal points in Equation 3.2 

can only be generated for one CP light beam, while the opposite circular polarization 

would generate a divergent lensing effect due to the flipped sign of the phase profile.[15] 

To simultaneously focus an LP light beam and control its polarization direction at each 

focal point, a metadevice is required to focus both LCP and RCP light beams, but with 

different phases. The phase distribution is governed by 

 Φ@-, �) = arg �∑ WT3`@:,])� + TU3`@:,])�X�|�d � (3.3) 

Where the two terms T3`@:,])� and TU3`@:,])� are respectively responsible for focusing an 

LCP light beam and an RCP one. With an LP incident beam, the superposition of the LCP 

and RCP light beams with equal intensity at the same focal point can generate polarization 

rotation. Thus, the polarization direction (S|) for each focal point in Equation 3.3 can be 

precisely controlled with the following phase distribution of the metadevice 

 Φ@-, �) = arg �∑ WT3�`@:,])�kV�� + TU3�`@:,])�UV��X�|�d � (3.4) 

For an LP incident beam, the overall generated output beam consists of four CP 

components with different phases: r��� ∙ T3�`@:,])�kV��, r��� ∙ TU3�`@:,])�UV��, r��� ∙TU3�`@:,])�kV��, and r��� ∙ T3�`@:,])�UV��, where r��� and r��� correspond to the 

amplitudes of RCP and LCP light. Among these four components, r��� ∙ T3�`@:,])�kV�� 
and r��� ∙ T3�`@:,])�UV�� contribute to the construction of each focal point with 

predesigned polarization rotation. By giving a parametric equation to the parameter u, v, 

and f for the nth focal point, a polarization structure with a predesigned polarization 

rotation can be generated. 

The designed metadevices are realised by using transmissive metasurfaces as described 

in Section 2.4. Here, the orientation angles Z@-, �) of the nanorods are defined by 

Φ(-,�)/2. The experimental setup shown in Figure 2.4 is used to characterise the 

fabricated devices. According to the predesigned polarization angle S and Equation 2.15, 

where the angle S is relative to the phase shift of 2Z by the geometric phase. Thus, 

Equation 2.15 can be modified to 

 {���q�. = o�6{��� = xY �\ cos  @S − �)sin  @S − �) ^ − \ cos  @3� − S)sin  @3� − S) ^� (3.5) 
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From Equation 3.5, the darkest intensity captured by a CCD camera can be found at the 

position that S − � = 3� − S. Thus, the darkest intensity or a gap of the polarization 

structures can be found at the generated polarization angle S = 2� as well as S = 2� +
. 

To confirm the obtained results from the experiment, the simulated 2D/3D structures are 

performed based on the Fresnel-Kirchhoff diffraction integration, which is governed by 

[91] 

 {@-, �) =  34 ∬∑{@-<, �<) ¢�£¤p¥ +-+� (3.6) 

where � = �¦ + @- − �)6 + @� − �)6, x and y are the coordinates of nanorods, u and v 

are the coordinates on the observation plane at a distance of z. 

3.3. Two-Dimensional (2D) Polarization Structures 

Figure 3.1 illustrates our proposed concept of a metadevice to generate a polarization 

structure in 2D space. Under the illumination of an LP light beam, an arbitrary focal curve 

with a predesigned polarization profile is obtained on the focal plane of the metadevice. 

The metadevice consists of gold nanorods with different in-plane orientations on a glass 

substrate. The polarization profile can be revealed after the transmitted light passes 

through a linear polarizer (analyser), which leads to various modulated intensity profiles 

collected by a CCD camera. In the 2D space, a ring focal curve and the Archimedean 

spiral focal curve have been chosen to verify and demonstrate the concept. 
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Figure 3.1 Schematic of the metadevice with customized focal curve and polarization profile. 

3.3.1. Ring Focal Curve 

In this design, 2000 points (N = 2000) are selected on the focal curve with coordinates as 

given by the following parametric equations, 

 §  �| = � cos S|�| = � sin S|�| = �<           (3.7) 

The metadevice is designed to operate at the wavelength of λ = 650 nm, the focal length �< is 300 m and a radius r is 30 m. The polarization rotation angles of the points S| 

vary from 0 to 2, which is along the radial direction upon the illumination of a horizontal 

LP light beam as shown in Figure 3.2a. The simulated intensity distribution in the focal 

plane is also given in Figure 3.2b, where a perfect ring focal curve can be achieved after 

the incident light passes through the designed metadevice. By substituting the coordinates @�|, �|, �|) in Equation 3.7 to Equation 3.1, then the phase profile of the designed 

metadevice with a diameter of 300 m can be calculated by using Equation 3.4 as shown 

in Figure 3.3a and its corresponding SEM image is shown in Figure 3.3b. At this moment, 

the developed metadevice is ready to characterise. 
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Figure 3.2 Ring focal curve with a predesigned polarization profile. (a) The polarization distribution on the 
ring focal curve upon the illumination of a horizontal LP light beam. (b) The simulated intensity distribution 
in the focal plane. 

 
Figure 3.3 (a) The phase profile and (b) SEM image of the metadevice to generate a ring focal curve. 

By testing the metadevice with the built-up experiment from Figure 2.4, Figure 3.4 shows 

the simulation result and the experimental result of the ring focal curve when the 

metadevice is illuminated by incident RCP light. The experimentally observed focal curve 

shows a circular shape coincides well to the simulated result. Although the intensity 

distribution along the focal curve is not uniform, the curve still be a continuous line with 

no gaps like the simulated one. The non-uniform intensity is due to the distortion of the 

focal curve after propagating through several optical elements, i.e., Obj., QWP2, P2, and 

L2 in Figure 2.4. This can be improved by making an alignment of optical path to be 

normally incident on the centre of all optical devices (including the developed 

metadevice). 
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Figure 3.4 The simulated and measured intensity distributions in the focal plane under the illumination of 
an incident RCP light beam. 

For characterization of the metadevice with an incident LP light and the measurement of 

the polarization profile, the two QWPs are removed, and the two polarizers are kept 

orthogonal to each other, which can simultaneously remove the unconverted part and 

reveal the polarization profile of the focal curve through the modulated intensity 

distribution as described in Section 2.4.3 and Equation 3.5. Figure 3.5 shows the intensity 

distribution of the simulated and experimental results of the focal curve for different LP 

directions of the incident beam, where the red and blue double arrows indicate the 

transmission axes of the linear polarizer and the analyser, respectively. By continuously 

rotating the polarizer and the analyser and maintaining their transmission axes 

perpendicular to each other, we can see the rotation of the gaps as predicted in theoretical 

analysis. The intensity distribution is modulated based on Malus’ law where the minimum 

intensity corresponds to the positions where the predesigned polarization rotation S are 

equal to 2� and 2� +  (� is the polarization direction of the incident LP light beam w.r.t. 

the x-axis). The results here show that the metadevice can achieve a ring focal curve with 

a customized polarization profile, where the gaps can be rotated following the rotation 

angle of the polarization direction of the incident LP light. The size of gaps for different 

angles P1 is slightly different from the simulation, but it is acceptable. This difference is 

due to the non-uniform intensity along the curve exhibited by a pair of polarizers that shift 

the direction of the incident beam after rotation. 
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Figure 3.5 Simulation results and experimental measurement of the intensity distributions for polarization 
distribution detection with different transmission axes of the linear polarizer (P1) and the analyser (P2). 
The red and blue double arrows indicate the transmission axes of P1 and P2. P1⏊P2. From left to right, 
P1=0, /8, /4, 3/8, and /2, respectively. 

3.3.2. Archimedean Spiral Focal Curve 

In order to show that our method can be employed to design metasurfaces with any 

arbitrary focal curves of controlled polarization distribution, we further design and realise 

a metadevice that can generate an Archimedean spiral focal curve whose parametric 

equation is given by, 

 ¨  �| = @© + ªS|) cos S|�| = @© + ªS|) sin S|�| = �<                             (3.8) 

The focal plane is also located at �< = 300 m with Archimedean spiral parameters © = 0 

m and ª = 10 m. The parameter © can shift the centre point of the spiral outward from 

the origin, while ª can control the distance between loops. Here the polarization rotation S| is linearly ranging from 0 to π (Figure 3.6a), and 1000 points are selected along the 

focal curve as depicted in Figure 3.6b. 

By substituting the coordinates @�|, �|, �|) in Equation 3.8 to Equation 3.1, then the phase 

profile of the designed metadevice with a diameter of 300 m can be calculated by using 

Equation 3.4 as shown in Figure 3.7a and its corresponding SEM image is shown in 

Figure 3.7b. At this moment, the developed metadevice is ready to characterise. Under 

the illumination of RCP light, the simulation and experimental results of the Archimedean 

spiral focal curve are shown in Figure 3.8, which agree very well with each other. The 

intensity of the Archimedean spiral focal curve is non-uniform due to the asymmetry of 

the curve shape. Upon the illumination of a horizontal LP light beam, a gap appears at the 
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designed position in both the simulation and experimental results as predicted (Figure 

3.9) when we remove the two QWPs and change the transmission axes of the first 

polarizer and the analyser. Therefore, as long as the trajectory equation of the focal curve 

is given, a focal curve in 2D space with any shape can be achieved. 

 
Figure 3.6 (a) Archimedean spiral focal curve with the polarization rotation angle. (b) Simulation results 
of the Archimedean spiral focal curve. 

 
Figure 3.7 (a) The phase profile and (b) SEM image of the metadevice to generate the Archimedean spiral 
focal curve 

 
Figure 3.8 The simulated and measured intensity distribution in the focal plane under the illumination of 
an incident RCP light beam. 
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Figure 3.9 Simulation and experimental results of the intensity distributions for polarization distribution 
detection with different combinations of transmission axes of P1 and P2. P1⏊P2. From left to right, P1=0, 
/8, /4, and 3/8, respectively. 

3.4. Three-Dimensional (3D) Polarization Structures 

Figure 3.10 shows the schematic of the metadevice to generate a 3D polarization 

structure. When the metadevice is illuminated by an LP beam, an arbitrarily shaped focal 

curve with a predefined polarization profile in 3D space can be obtained. Similar to the 

2D scheme, the polarization direction at each point on the focal curve can be arbitrarily 

rotated relative to that of the incident beam. The generated polarization profile can be 

revealed by using a linear polarizer (analyser), which leads to various modulated intensity 

profiles collected by a CCD camera (Figure 3.10c). 
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Figure 3.10 Schematic diagram of the metadevice with customized focal curve and polarization profile in 
3D space. Here, we take a 3D trefoil intensity knot with a predesigned polarization profile as an example. 
(a) Side (left) and back (right) views of the enlarged target 3D knot with a predesigned polarization profile. 
The yellow arrows denote the polarization directions of the points on the knot under the illumination of a 
horizontal LP light beam. Measured light intensity profiles of the 2D perspective view for the incident light 
beam with linear polarization (b) before and (c) after passing through the polarizer (analyser). The three 
Figures in (c) correspond to the analyser with different transmission axes. Gold nanorod structures with 
various orientations on glass substrates are used to generate the designed 3D knot with a normal incidence 
of LP light. 

3.4.1. 3D Polarization Knot 

The proposed approach can be used to realize not only the focal curves in 2D space as 

above but also arbitrary focal curves with customized polarization profiles in 3D space. 

Here we demonstrate the construction of a trefoil knot structure with a local polarization 

texture. The coordinates of each point on the knot are parametrized by the following 

equations, 

 ¨ �| = K@sin S| + 2 sin 2S|)  �| = K@cos S| − 2 cos 2S|)�| = −1.5K sin 3S| + �<      (3.9) 

where the knot parameter K = 10 m controls the size of the knot and �< = 300 m defines 

the knot central focal plane. The perspective views of the trefoil knot are shown in Figure 

3.11. The predesigned polarization distribution S| on the knot focal curve (yellow 

arrows) is linearly ranging from 0 to 2. 
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By substituting the coordinates @�|, �|, �|) in Equation 3.9 to Equation 3.1, then the phase 

profile of the designed metadevice with a diameter of 300 m can be calculated by using 

Equation 3.4 as shown in Figure 3.12a and its corresponding SEM image is shown in 

Figure 3.12b. At this moment, the developed metadevice is ready to characterise. 

 
Figure 3.11 The perspective views of the 3D knot with a predesigned polarization profile (yellow arrows). 

 

Figure 3.12 (a) The phase profile and (b) SEM image of the metadevice to generate the 3D knot. 

Under the illumination of RCP light and LP light beams, the simulated and experimental 

results of the intensity profiles of the 2D perspective view at the focal plane of z = 285, 

300, and 315 m are presented in Figure 3.13. It shows that, as the focal plane changes, 

the cross-sectional intensity of the knot changes but preserves the C3 rotational 

symmetry. Upon the illumination of an LP light beam, each focal point on the trefoil knot 

has a different polarization angle, leading to the presence of two gaps on the knot after 

the beam passes through the analyser. By considering the Malus’ law, the gaps correspond 

to the positions where the predesigned polarization rotation is equal to 2� and 2� +  (� 

is the polarization direction of the incident LP light beam w.r.t. the x-axis). The gaps in 

the experimental measurement are clearly observed and agree well with simulation 

results, indicating that the designed 3D polarization knot is unambiguously realized based 

on the metadevice we design. 
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Figure 3.13 The simulated (top) and experimental (bottom) intensity profiles at the focal planes of (a) z = 
285 m, (b) z = 300 m, and (c) z = 315 m after passing through the analyser are given by considering the 
Malus’ law with different combinations of the transmission axes of P1 (red arrows) and P2 (blue arrows). 
P1⏊P2. From left to right, P1 = (a) 15°, 45°, and 75°, (b) 0°, 30°, and 60°, (c) 15°, 45°, and 75°. The white 
dots indicate the positions of the gaps. 
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The designed metadevice is realized by a geometric metasurface, which can produce PB 

phase profiles, indicating that the metadevice has broadband performance but with 

inevitable chromatic aberration. Here, we test the broadband performance of the 

metadevice that can generate the 3D knot focal curve. Figure 3.14a shows the 

experimental results of the 3D knot focal curve (2D perspective view) at different incident 

wavelengths and the same observation plane z = 300 m. A clear focal curve is observed 

under the incidence of 650 nm, while the image is gradually blurred when the incident 

wavelength deviates from the designed wavelength, which is due to chromatic aberration. 

In order to obtain the clear 3D knot focal curve images at other wavelengths, we need to 

adjust the position of the objective lens along the light propagation direction to change 

the observation plane, indicating the existence of chromatic aberration. Figure 3.14b 

shows the experimental results of the clear images, with the image quality slightly 

deteriorating at other wavelengths. The observation plane is shifted towards (or away 

from) the metadevice when the wavelength increases (or decreases). We also test the 

polarization distribution of the 3D knot focal curve at other incident wavelengths. Figure 

3.14c shows the experimental results at 500 nm, 550 nm, and 650 nm, which indirectly 

confirm the generated polarization profiles.  
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Figure 3.14 (a) Incident wavelengths range from 610 nm to 690 nm at a fixed observation plane (z = 300 
m). (b) Clear images at various wavelengths (500 nm – 700 nm) are obtained by changing the observation 
planes. (c) Experimental results of the intensity distributions for polarization distribution detection at 
different wavelengths (z = 300 m). 

3.4.2. Multiple 3D Polarization Knots 

To show the robustness of our proposed concept, we also develop a metadevice that can 

simultaneously create five 3D polarization knots at a single operating wavelength. The 

coordinates of each point on the 3D knots are given by the following parametric 

equations, 
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 ¬  �­,| = KWsin S­,| + 2 sin®@1 + 	)S­,|¯X + � cos °­�­,| = KWcos S­,| − 2 cos®@1 + 	)S­,|¯X + � sin °­�­,| = −1.5K sin®@2 + 	)S­,|¯ + �<                                 (3.10) 

Where � cos Λ­ and � sin Λ­ are the locations of the knot m in the xy-plane with a radius 

of r from the centre of a focal plane and an angle of Λ­ w.r.t. the x-axis (Figure 3.15a). a 

is a constant number used to define the knot dimensions. The polarization direction S­,| 

of any point n on the knot m is denoted with a yellow arrow. The 3D knots extend into 

the z-direction and the plane ¦ = �< is the middle observation plane of the knots. 

In this design, the 3D polarization structures are the knot 1 (a 3-foil knot; m = 1, S varies 

from 0 to 2), knot 2 (a 4-foil knot; m = 2, S varies from 0 to 2), knot 3 (a 3-foil knot; 

m = 1, S varies from /4 to 9/4), knot 4 (a 4-foil knot; m = 2, S varies from /4 to 9/4), 

and knot 5 (a 5-foil knot; m = 3, S varies from 0 to 2). The parameter a is defined as 10 

m, �< is 500 m and r is 70 m. The orientation angles °­ of the knots are respectively 

0, 90, 180°, 270° for the knot 1, 2, 3, and 4, while the knot 5 is designed to be on-axis 

propagation (see Figure 3.15a). In order to maintain the same distance between two 

adjacent points for different knots, the knots are designed to have different numbers of 

the total points N, which are 2000, 2860, and 3728 points for the knot 1 and 3, 2 and 4, 

and 5, respectively. Their polarization profiles are represented as yellow arrows. The 

metadevice is designed to generate five 3D polarization knots at a single operation 

wavelength of 650 nm on the same observation region. 

By substituting the coordinates @�|, �|, �|) in Equation 3.10 to Equation 3.1, then the 

phase profile of the designed metadevice with a diameter of 360 m can be calculated by 

using Equation 3.4 as shown in Figure 3.16a and its corresponding SEM image is shown 

in Figure 3.16b. At this moment, the developed metadevice is ready to characterise. 
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Figure 3.15 (a) An orientation of the 3D knots with a predesigned polarization profile (yellow arrows) in 
the xy-plane. (b) The perspective of the 3D knots. (c) An individual 3D knot in the xz-plane. 

 
Figure 3.16 (a) The phase profile and (b) SEM image of the metadevice to generate the multiple 3D 
polarization knots. 

Figure 3.17 shows the simulation and experimental results of the created five 3D 

polarization knots for a single operating wavelength of 650 nm at three observation planes 

(z = 485 m, 500 m, and 515 m). With the incident LP light beam, the gaps can be 

found on those three observation planes when the transmission axes of the P1 and P2 are 

(45, 135), (0, 90), and (75, 165), respectively (Figure 3.17b). The experimental 

results are in good agreement with the simulated results. 
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Figure 3.17 Simulation and experimental results of the generated multiple 3D polarization knots at  = 650 
nm. (a) The intensity distributions at different observation planes under the illumination of the RCP light 
beam. (b) The intensity distributions under the illumination of an LP light beam for polarization distribution 
detection with different transmission axes of the linear polarizer and the analyser at different observation 
planes. The simulated (left) and measured intensity profiles (right) at three observation planes after passing 
through the analyser by considering the Malus' law with different combinations of the transmission axes of 
the polarizer and the analyser. The white and red double arrows indicate the transmission axes of the first 
polarizer (P1) and the analyser (P2), respectively. P1P2. The direction of the white arrows: 45 (z = 485 
m), 0 (z = 500 m), and 75 (z = 515 m) w.r.t. the x-axis. 

3.4.3. Colour-Selective 3D Polarization Knots 

The colour selective functionality of the designed metadevice is inspired by the 

broadband response of a gold nanorod and the dispersion effect of a metalens, whose 

focal length varies with the wavelengths. Figure 3.18 shows the schematic of our 

proposed metadevice for the generation of multiple 3D polarization structures. The 

metadevice consists of gold nanorods with spatially variant orientations sitting on a glass 

substrate. Upon the illumination of an LP beam, multiple 3D knots with predesigned 

polarization profiles are created. At a given observation region of interest, only a single 

3D knot can be obtained for a single colour (wavelength). Different 3D polarization knots 

can be obtained by changing the incident wavelengths (Figure 3.18a-3.18f). The 

generated polarization structures are unveiled after passing through a linear polarizer, 

leading to various modulated intensity patterns captured by a CCD camera as depicted in 

Figure 3.18d-3.18f. 
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Figure 3.18 Schematic of the metasurface device for generating colour selective 3D polarization structures. 
Here, a 3-foil knot (knot 1), a 4-foil knot (knot 2), and a 5-foil knot (knot 3) are selected as complex 
polarization structures. The knot 1, 2, and 3 are predesigned polarization structures in the same observation 
region for the wavelengths of 650, 575, and 500 nm, respectively. The polarization directions of points on 
the 3D knots are denoted with the yellow arrows. Both polarization and colour information (wavelength) 
of these three knots are encoded into a single metasurface consisting of gold nanorods. (a)-(c) The measured 
intensity profiles upon the illumination of a horizontal LP light beam before and (d)-(f) after passing 
through a polarizer (analyser). (a) and (d) are generated at  = 650 nm, (b) and (e) at  = 575 nm, and (c) 
and (f) at  = 500 nm in the same observation plane of z = 500 m. The intensity profiles (d)-(f) correspond 
to the analyser with a transmission axis along the vertical direction 

To create wavelength-multiplexed polarization profiles, the phase profile of the 

metadevice is given by  

 Φ@-, �) = arg�∑ ∑ WT3®`@:,])²,�kV²,�¯ + TU3®`@:,])²,�UV²,�¯X�|�d³­�d � (3.11) 

where �@-, �)­,| = − 674² Q´�­,|6 + W- − �­,|X6 + W� − �­,|X6 − ��­,|6 + �­,|6 + �­,|6 R, n 

and m represent the nth focal point on the mth polarization structure, ;­ is the wavelength 

for the mth structure. N and M are the total numbers of the focal points and 3D polarization 

structures, respectively. (�­,|, �­,|, �­,|) are the coordinates of a given point with a 

polarization rotation angle of S­,| on the created 3D polarization structures. This design 

features colour selective functionality and multiple 3D polarization structures. In a given 

observation region, different 3D polarization structures can be generated by controlling 

the operating wavelengths. 
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Figure 3.19 (a) The arrangement of the 3D polarization knots. The polarization direction of any given point 
is denoted with yellow arrows. (b) Colour selective mechanism. The locations of three different 3D knots 
are given upon the illumination of the incident light at  = 650 nm (top),  = 575 nm (middle), and  = 500 
nm (bottom), respectively. The observation region is defined by the two planes: z = 485 m and z = 515 
m. The plane z = 500 m is the middle plane of the observation region. Only one 3D polarization knot is 
obtained for a single incident wavelength, thus the colour selective functionality is realized 

As a proof of concept, a 3-foil knot (knot 1, m = 1), a 4-foil knot (knot 2, m = 2), and a 5-

foil knot (knot 3, m = 3) are selected as the polarization knots and the arrangements are 

shown in Figure 3.19a. The coordinates of each point on the 3D knots are also given by 

the parametric equations from Equation 3.10. In the design, a is defined as 10 m, �< is 

500 m and r is 50 m. The orientation angles °­ of the knots are 210, 90, and -30 

for m = 1, 2, and 3, respectively. The polarization rotation angles of the points on each 

knot vary from 0 to 2. In order to maintain the same distance between two adjacent 

points for different knots, the knots are designed to have different numbers of the total 

points N, which are 2000, 2860, and 3728 points for the knot 1, 2, and 3, respectively. 

In this designed metadevice, the wavelength information (;d = 650 �	, ;6 =575 �	, and ;¶ = 500 �	) is added to the polarization profiles to provide the colour 

selective functionality. The observation region is defined as the 3D space between two 

planes z = 485 m and z = 515 m, and the middle observation plane of the 3D knot is 

located at z = 500 m. When the metadevice is illuminated by LP light at  = 650 nm 

(red), three polarization knots are generated, but only knot 1 is located in the observation 

region and the other two knots are outside this region (Figure 3.19b top). When the 

incident wavelength is 575 nm (green), knot 2 is located in the observation region while 

knot 1 and knot 3 are outside this region (Figure 3.19b middle). Similarly, only knot 3 is 

in the observation region at  = 500 nm (blue) (Figure 3.19b bottom). Therefore, different 
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polarization structures can be obtained by controlling the wavelengths of the incident 

light. The calculated phase profiles of the metadevices by using Equations 3.10 and 3.11 

are shown in Figure 3.20a and its corresponding SEM image is shown in Figure 3.20b. 

At this moment, the developed metadevice is ready to characterise. 

 
Figure 3.20 (a) The phase profile and (b) SEM image of the metadevice to generate the colour-selective 
3D polarization knots. 

We then characterize the metasurface for generating colour selective 3D polarization 

knots by changing the incident wavelengths. Figure 3.21 shows the created 3D 

polarization knots when the incident wavelength is 650 nm. When the polarization state 

of the incident beam is RCP, the knot 1 can be clearly seen from the three observation 

planes (i.e., z = 485, 500, and 515 m) while the other two knots are blurred and 

unrecognizable (Figure 3.21a). Similar to other polarization structures with an incident 

LP light beam, the gaps can be seen at the positions where the predesigned polarization 

rotation is equal to 2� and 2�+ (� is the polarization direction of the incident LP light 

beam w.r.t. the x-axis). Thus, the intensity gaps are found on those three observation 

planes when the combinations of transmission axes of the P1 and P2 are (45, 135), (0, 

90), and (75, 165), respectively (Figure 3.21b). In Figure 3.22-3.23, knot 2 and knot 3 

on the observation plane are obtained by tuning the operating wavelength to 575 nm and 

500 nm, respectively. 

As illustrated in Figure 3.19b, all 3D knots are generated for each operating wavelength. 

Here, the locations of all generated 3D knots for each operation wavelength have been 

studied and provided. When the metadevice is illuminated by RCP light at  = 650 nm (red), 

three polarization knots are generated (Figure 3.24). The 5-foil knot can be found at the 

region between z = 365 and 389 m. The 4-foil knot can be found at the region between 

z = 425 and 452 m. The 3-foil knot can be found at the region between z = 485 and 515 

m. When the metadevice is illuminated by RCP light at  = 575 nm (green) (Figure 
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3.25). The 5-foil knot can be found in the region between z = 418 and 444 m. The 4-foil 

knot can be found in the region between z = 485 and 515 m. The 3-foil knot can be found 

in the region between z = 552 and 586 m. When the metadevice is illuminated by RCP 

light at  = 500 nm (blue) (Figure 3.26). The 5-foil knot can be found in the region 

between z = 485 and 515 m. The 4-foil knot can be found in the region between z = 562 

and 596 m. The 3-foil knot can be found in the region between z = 638 and 677 m. The 

experimental results unambiguously show that the metadevice can generate the 3D 

polarization knots as predicted by the theoretical analysis. 

 
Figure 3.21 Simulation and experimental results of the selected 3D polarization knots at  = 650 nm. (a) 
The intensity distributions at different observation planes upon the illumination of RCP light. (b) The 
intensity distributions at different observation planes upon the illumination of an LP light beam for 
polarization distribution detection with different combinations of transmission axes of the linear polarizer 
and the analyser. The direction of the white arrows: 45 (z = 485 m), 0 (z = 500 m), and 75 (z = 515 
m) w.r.t. the x-axis. 
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Figure 3.22 Simulation and experimental results of the selected 3D polarization knots at  = 575 nm. (a) 
The intensity distributions at different observation planes upon the illumination of RCP light. (b) 
Polarization structure detection with the same detection method as that in Figure 3.21b. 

 
Figure 3.23 Simulation and experimental results of the selected 3D polarization knots at  = 500 nm. (a) 
The intensity distribution at different observation planes upon the illumination of RCP light. (b) 
Polarization structure detection with different combinations of transmission axes of the first polarizer and 
the second polarizer. 
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Figure 3.24 Locations of the created 3D knots upon the illumination of  = 650 nm. 

 
Figure 3.25 Locations of the created 3D knots upon the illumination of  = 575 nm. 
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Figure 3.26 Locations of the created 3D knots upon the illumination of  = 650 nm. 

3.5. Wavelength-Selective Digital Numbers 

Following the wavelength/colour multiplexing functionality described by Equation 3.10, 

here we experimentally demonstrate the 10-wavelength multiplexing to create the seven-

segment digital numbers ranging from 0 to 9 in a 2D space. Figure 3.27 shows the 

operating wavelengths spanning the 500-680 nm range generated by a Supercontinuum 

laser source are used to choose the desired display number on the observation plane. Each 

wavelength corresponds to an individual digital number, which consists of 7 segments. 

With a wavelength step size of 20 nm, the numbers with predesigned polarization profiles 

ranging from 0 to 9 are created on the focal plane. Each number includes seven focal lines 

with linear polarization states along the vertical or horizontal directions. The ON and OFF 

states of the focal lines are controlled by the predesigned polarization rotation with an 

angle of 90° and 0°, respectively. Without an analyser, all segments (focal lines) appear 

simultaneously. The desired number can be revealed with the aid of an analyser. Due to 

the low conversion efficiency of a plasmonic metasurface, the convolutional neural 

network is used to identify the displayed number on the observation plane, which can 

improve the performance of our approach for the applications such as optical security and 

optical communications. 
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Figure 3.27 Schematic of the proposed method for wavelength selective digital numbers with a metadevice 
and the deep learning approach for identifying the correct display numbers on the observation plane. 

To create wavelength-multiplexed polarization profiles in a 2D space, the phase profile 

of the metadevice is given by 

 Φ@-, �) = arg�∑ ∑ ∑ WT3®`@:,])²,·,�kV²,·,�¯ + TU3®`@:,])²,·,�UV²,·,�¯X�|�d}̧�d³­�d � (3.12) 

where  
�@-, �)­,¸,| = − 674² Q´�­,¸,|6 + W- − �­,¸,|X6 + W� − �­,¸,|X6 −
��­,¸,|6 + �­,¸,|6 + �­,¸,|6 R, n, q, and m represent the nth focal point, the qth focal line and 

the mth digital number, respectively. ;­ is the wavelength for the mth digital number. N, 

Q, and M are the total numbers of the focal points, focal lines, and digital numbers, 

respectively. (�­,¸,|, �­,¸,|, �­,¸,|) are the coordinates of a given point with a polarization 

rotation angle of S­,¸,| on the created display numbers. 
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Figure 3.28 (a) A digital number with seven focal lines. (b) The arrangement of the digital numbers in a 
2D space. (c) An example of the predesigned polarization rotation states along two different directions, 
which correspond to the ON and OFF states. (d) The intensity distribution of the revealed number in (c) 
when an analyser is used. 

The 7-segment- digital numbers consist of seven focal lines with an arrangement of each 

line depicted in Figure 3.28a. Each segment is 20 m long (L) and includes 200 focal 

spots (N = 200). The segments along vertical and horizontal directions are created with 

different parametric equations as follows. 

For q = 1, 4, 7 (horizontally focal lines), the equation is given by 

 ¬  �­,¸,| = L� × e��fM − �6 + � cos °­     �­,¸,| = � sin °­                                      �­,¸,| = �<                                                  (3.13) 

For q = 2, 3, 5, 6 (vertically focal lines), the equation is given by 

 ¬  �­,¸,| = � cos °­                                     �­,¸,| = L� × e��fM − �6 + � sin °­     �­,¸,| = �<                                                 (3.14) 

where � cos Λ­ and � sin Λ­ are the coordinates of the digital number m in the xy-plane. 

r is the radius of the circle with its centre in the focal plane. Λ­ is the central angle formed 

between an arbitrary radius and the radius along the x-axis (Figure 3.28b). �< is the focal 

length of the lens-based metadevice. 

In this design, �< and r are 300 m and 90 m, respectively. The central angles °­ of the 

numbers are respectively 0, 36, 72, 108, 144, 180, 216, 252, 288, and 324 
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(corresponding to numbers 0 to 9). The polarization rotations of each number m are given 

by 

Number ‘0’: m = 1; Sd,¸,| =  {76, 
76, 

76, 
76, 

76, 
76, 0} 

Number ‘1’: m = 2; S6,¸,| =  {0, 
76, 

76, 0, 0, 0, 0} 

Number ‘2’: m = 3; S¶,¸,| =  {76, 
76, 0, 

76, 
76, 0, 

76} 

Number ‘3’: m = 4; SY,¸,| =  {76, 
76, 

76, 
76, 0, 0, 

76} 

Number ‘4’: m = 5; S¹,¸,| =  {0, 
76, 

76, 0, 0, 
76, 

76} 

Number ‘5’: m = 6; Sº,¸,| =  {76, 0, 
76, 

76, 0, 
76, 

76} 

Number ‘6’: m = 7; S»,¸,| =  {76, 0, 
76, 

76, 
76, 

76, 
76} 

Number ‘7’: m = 8; S¼,¸,| =  {76, 
76, 

76, 0, 0, 0, 0} 

Number ‘8’: m = 9; S½,¸,| =  {76, 
76, 

76, 
76, 

76, 
76, 

76} 

Number ‘9’: m = 10; Sd<,¸,| =  {76, 
76, 

76, 
76, 0, 

76, 
76} 

 

where the values in the curly brackets represent the polarization rotation angles of S­,d,|, S­,6,|, S­,¶,|, S­,Y,|, S­,¹,|, S­,º,|, and S­,»,|, respectively. The ON and OFF 

states are represented by /2 and 0, respectively. As an example of the number ‘5’ in 

Figure 3.28c, the polarization angles of segments 2 and 5 are designed to be 0, while the 

other five segments are /2. Under the illumination of the incident LP light, the number 

‘5’ can be revealed with the aid of an analyser with the transmission axis along the y-

direction (see Figure 3.28d). The designed metadevice is realised by using a transmissive 

metasurface. The calculated phase profile from Equation 3.12 and its corresponding SEM 

image are shown in Figure 3.29. 

 

Figure 3.29 (a) The phase profile and (b) SEM image of the metadevice to generate the wavelength-
selective digital numbers. 
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The fabricated metadevice is characterised by using the optical setup in Section 2.4.3. 

The laser source is controlled to vary the incident wavelengths from 500 to 680 nm with 

an interval of 20 nm. Under the incident RCP light, the intensity distributions of the ON 

and OFF states in each number are similar due to the uniform intensity. This means that 

all created numbers on the observation plane look like the number ‘8’ as shown in Figure 

3.30. Due to a low conversion efficiency of the developed metadevice, the power of the 

incident RCP beams has to be increased, causing the high intensity of the non-converted 

part as a background noise. The background noise cannot be completely suppressed by 

the two pairs of a QWP and an analyser due to the experimental error that cannot meet 

the requirement of angle �d = �6 = 7Y and 
 = 0 in Section 2.4.3. The generated numbers 

are disturbed by the background noise, but their patterns are like the number ‘8’ similar 

to the simulated results, which is acceptable for the proof of concept. 

 
Figure 3.30 Simulation and experimental results of the intensity distribution on the observation plane under 
the illumination of RCP light from ten wavelengths. 

With the incident LP light along the x-axis and the transmission axis of the analyser along 

the y-axis, only the segments that have a predesigned polarization rotation of /2 can be 

observed (Figure 3.31a). Due to the low conversion efficiency of the fabricated 

metadevice across the visible region, there is background noise arising from the non-
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converted part, which disturbs the number visibility when the intensity of the incident 

light is increased. 

To increase perception capability and automatically recognise the numbers, we introduce 

a built-in deep learning approach in MATLAB to identify the revealed numbers (the 

generated number when the incident light is LP as shown in Figure 3.31a) on the 

observation plane. The learning approach is based on a convolutional neural network 

(CNN), which learns directly from data rather than extracted features. CNNs are 

supervised learning so that inputs and correct outputs are needed for training. The CNNs 

are particularly useful for the recognition of objects, faces, and scenes in images [92]. 

The typical configuration of the CNNs includes an input layer, an output layer, and many 

hidden layers between those input and output layers. In this design, totally 7 layers with 

the built-in functions in MATLAB are used for training and validating the dataset as 

follows. 

1. ImageInputLayer function is used to receive images to a network and apply data 

normalisation. 

2. Convolution2DLayer function is used to apply sliding filters to the input. The 

filters are moved along vertical and horizontal directions to calculate the dot product 

of the weights and the input data, and then add a bias term. 

3. BatchNormalizationLayer function is used to speed up a training process and 

increase the stability of the layers through the network. A batch normalization layer 

normalizes each input channel across a mini-batch (a consecutive subset of the 

dataset). The layer first normalizes the activations of each channel by subtracting the 

mini-batch mean and dividing by the mini-batch standard deviation. Then, the layer 

shifts the input by a learnable offset β and scales it by a learnable scale factor γ. The 

learnable parameters β and γ are updated during network training. 

4. ReLULayer function performs a threshold operation by setting the value of each 

element of the input to zero when the value is a negative value. 

5. FullyConnectedLayer function is performed by multiplying the input data with a 

weight matrix and then adding the result with a bias vector. 

6. SoftmaxLayer function is a transfer function used to apply a softmax function to 

the input. The function is described by softmax(n) = exp(n)/sum(exp(n)), where n is 

an input element. 
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7. ClassificationOutputLayer function uses the results from the softmax function to 

classify the input images to the correct classes that have been provided in the training 

process, i.e., number 0 to 9. 

In this case, 20 captured images of each incident wavelength are used for training. Other 

20 captured images are used for validation and 100% accuracy has been found. We further 

evaluate the performance of the learning method by developing an application 

programme embedded with the trained data set to recognise the revealed numbers in real-

time (Figure 3.31b). The captured images for different wavelengths have their own unique 

patterns. In other words, the focused number, blurred numbers as well as the background 

noise on the observation plane of each image make the captured images different from 

each other. This difference provides an advantage for the CNN to identify the generated 

number correctly. As a result, the generated numbers are 100% correctly identified in the 

real-time recognition when the incident wavelength is either sequentially or randomly 

changed between 500 and 680 nm. The displacement of the optical elements in the setup 

and the incident power of the laser are two factors that affect the identification accuracy. 

In the event of displacement of the optical elements, the generated numbers have to be 

acquired and trained with the CNN again. If the power of the laser is dropped or increased 

by 50%, the accuracy can be reduced to 80%. This performance has been artificial 

investigated by increasing and decreasing the brightness of the captured images by 50% 

and then used them as the validation samples. Here, we have experimentally demonstrated 

the metadevice to create the different sets of seven focal lines with predesigned 

polarization rotations for ten incident wavelengths. An analyser is used to reveal the 

corresponding displayed number for each wavelength, which can be automatically 

recognised with a deep learning approach. Our method here provides a two-level security 

system in optical communication. 
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Figure 3.31 (a) The intensity distributions on the observation plane under the illumination of LP light with 
ten wavelengths. (b) The developed application programme for real-time recognition of the numbers on the 
observation plane. 

3.6. Nonlinear Polarization Profile 

Nonlinear optical processes, such as second, third, and high harmonic generation, and 

broadband optical frequency mixers are extensively investigated by using both plasmonic 

and dielectric metasurfaces. A nonlinear optical metasurface has been demonstrated to 

locally manipulate the polarization states of the second harmonic wave and encode a high-

resolution image in the polarization profile accordingly as an illustration in Figure 3.32. 

To encrypt image information into nonlinear optical devices, the nonlinear plasmonic 

meta-atoms with threefold rotational (C3) symmetry have been utilized to construct the 

nonlinear metasurface (Figure 3.33a). The C3 30-nm-gold meta-atoms sit on an indium 

tin oxide (ITO) glass, with an ITO thickness of approximately 20 nm. The width and 

length of each arm of the C3 meta-atom are 80 and 180 nm, respectively. Each pixel is a 

500×500 nm2 square cell with the C3 meta-atom at the centre. Two images comprising 
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201×201 pixels are eventually embedded into two small metasurfaces of 100×100 μm2, 

where the orientation angles of the meta-atom are Z = WcosUd �F3­¾ F­¿:⁄ X/3. For a 

meta-atom with m-fold rotational symmetry, upon illumination along its rotational axis 

by circularly polarized fundamental waves, the allowed orders of nonlinear harmonic 

generation are restricted by the selection rule to n = lm ± 1, where l is an integer and the 

“+” and “−” signs indicate that the harmonic waves and the fundamental waves (FWs) 

possess the same and opposite spin states, respectively. Therefore, the C3 meta-atom can 

selectively produce a second harmonic wave with opposite handedness to that of the 

incident circularly polarized FW. Regarding the selection rule, the C3 meta-atom can 

produce second and fourth harmonics. But the fourth harmonic has not considered due to 

the very low conversion efficiency [62]. More significantly, the nonlinear polarizability 

of the meta-atoms can be continuously manipulated by varying their orientations. As a 

result, a nonlinear geometric phase, −3σ
, is simultaneously imparted to the second 

harmonic wave, where σ = ±1 is the handedness of the incident FW and 
 is the angle by 

which the C3 meta-atom is rotated with respect to the laboratory frame. By using this 

characteristic, image information can be encrypted into a polarization profile of the 

second harmonic waves. With such an encoding process, one can effectively control the 

polarization states of the second harmonic wave in the transverse plane. Using a linear 

polarizer P2 in Figure 3.33b, the polarization profile can be converted into an intensity 

profile, which allows for easier observation (see Figure 3.34). 

 

Figure 3.32 Schematic illustration of a nonlinear optical process to generate a polarization profile of the 
second harmonic wave, by using a nonlinear photonic metasurface. A linear polarizer acts as an analyser to 
convert the polarization profile into a grayscale image. FW: Fundamental wave, SHG: Second-harmonic 
generation. 
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Figure 3.33 (a) SEM image of the metadevice for encoding an image of a flower. (b) Schematic of the 
experimental setup. P: Linear polarizer, L: Lens, Obj: Objective lens, CF: Colour filter (short-pass filter), 
CCD: Camera. Scalebar is 500 nm. The working principle of the experiment is the same as described in 
Section 2.4.3, where the QWP1 and QWP2 are removed. The CF is used to filter out the FW. The laser 
provides 15 mW at =1225 nm. 

 
Figure 3.34 Simulation and experimental results of a nonlinear metadevice for encoding a flower into the 
polarization profile of the second harmonic wave. The pumping wavelength is 1250 nm. 
 is the angle of 
the transmission axis of the analyser w.r.t. the x-axis. The last column shows the results when the analyser 
(P2 in Figure 3.33b) is absent in the experimental setup. 

3.7. Summary 

In this chapter, we have experimentally demonstrated the developed metadevices that can 

realize arbitrary focal curves in 2D and 3D spaces with customized polarization profiles 

without the aid of additional optical elements. A number of focal curves ranging from a 

simple ring to a more complicated colour-selective 3D knot are observed in the focal 

region of the metadevices. we used a metasurface with gold nanorods with a low 

conversion efficiency, which can be dramatically increased by using dielectric 

metasurfaces [93, 94]. Our design method can combine the colour information and 3D 

polarization manipulation in a single device, offering more degree of freedom for 

polarization engineering and enabling the realization of wavelength-selective 

functionality. Furthermore, we have also demonstrated the nonlinear metadevice to 

manipulate a polarization profile in 2D space. The unique properties of the developed 

metasurface devices may promote both fundamental research (e.g., complex 3D 

polarization structure) and practical applications (e.g., virtual reality and anti-

counterfeiting). Furthermore, the developed metasurface devices can be vertically 
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integrated to build a complex system composed of various planar components (e.g., 

gratings, splitters) to perform sophisticated tasks. We expect that this capability will fuel 

the continuous progress of wearable and portable consumer electronics and optics where 

low-cost and miniaturized systems are in high demand. 
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CHAPTER 4  POLARIZATION DETECTION WITH 

METASURFACES 

In the last chapter, polarization generation and manipulation in 2D and 3D spaces have 

been experimentally demonstrated. Since the geometric metasurfaces are polarization-

sensitive devices. In this chapter, the different methods with optical metasurfaces are used 

to detect the polarization states of light, including hybrid holography, light’s OAM, and 

optical ring vortex beams. Work presented in Section 4.2 that I have contributed in both 

simulation and experimental parts has already been published in Advanced Photonics 

Research 2021 [95]. Section 4.3 and 4.4 have already been published in Advanced Optical 

Materials 2020 [96], Laser & Photonics Reviews 2020 [97], and Advanced Materials 

2022 [98], where my main contributions include sample fabrication, experimental setup, 

sample characterisation, and data analysis. 

4.1. Background 

Polarization detection has been used for a wide variety of applications. Based on the 

measurement and interpretation of the polarization of light waves, polarimetry has been 

applied in many areas of science and technology [99], ranging from ellipsometry [100, 

101], remote sensing [102] to polarization light scattering [103] and ophthalmic 

polarimetry [104]. For example, in defence and security, polarization information can be 

used to pick out artificial materials against natural surfaces. In atmospheric monitoring, 

it can be used to track the size and distribution of particles in the atmosphere, which can 

be used to monitor air quality. To measure the polarization state of a light beam, many 

polarization elements (e.g., polarizers, waveplates, polarization modulators) are usually 

employed and placed in a beam of light in front of a power meter. The traditional 

measurement systems have advantages in measuring speed and accuracy, but their 

applications are still limited due to the various polarization elements and complicated data 

processing systems adopted, leading to a large volume and high cost. The metasurface 

approach differs from previous approaches in that the phase change occurs abruptly at the 

interface rather than slowly evolving in, for example, a birefringent material commonly 

used in bulky polarization optics. Consequently, this can lead to further miniaturization 

and a greater potential for system integration. The ultrathin circular polarizers [105-107] 

and polarization rotators [108, 109] based on metamaterials have been developed 

recently. As planar metamaterials, metasurfaces [10, 110, 111] do not require complicated 
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3D nanofabrication techniques but can convert the linearly polarized incident light to its 

cross-polarization [73], or convert a circularly polarized light to its opposite handedness 

[11, 23, 112-114]. Metasurfaces have been used in circular polarization detection [16, 17, 

115-118], full polarization measurement [18, 32, 119-127] and polarimetric imaging [19, 

28, 31, 128]. Here, in this chapter, we experimentally demonstrate ultrathin devices to 

detect polarization states of light by means of hybrid holograms, light’s orbital angular 

momentum, and optical ring vortex beams. The impact of these ultrathin devices may be 

substantial in a variety of fields, including encryption, imaging, optical communications, 

quantum science, and fundamental physics. 

4.2. Polarization Detection with a Hybrid Hologram 

4.2.1. Design and method 

A light beam can be polarized into different polarization states such as linear, elliptical, 

and circular polarization states. These states of polarization are mainly determined by two 

parameters: handedness and ellipticity. Since geometric metasurface-based holograms are 

polarization-sensitive devices. In this work, we propose and experimentally demonstrate 

a hologram approach for measuring the polarization state of a light beam. 

 

Figure 4.1 Illustration of the proposed multifunctional metasurface device. The metadevice is based 
on a transmissive plasmonic metasurface, which combines the functionalities of polarization-sensitive and 
polarization-insensitive holograms, and a spatially variant polarization profile onto a single metasurface. |�⟩ is LCP. |�⟩ is RCP. A linear polarizer (analyser) whose transmission axis is perpendicular to the 
polarization direction of the LP incident light beam. 
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Figure 4.1 illustrates the proposed multifunctional metasurface device. The metadevice 

combines the functionalities of polarization-sensitive and polarization-insensitive 

holograms, and a spatially variant polarization profile onto a single metasurface. By 

controlling the helicity and ellipticity of the incident light beam, the functionality of a 

polarization-sensitive hologram can enable the generation of holographic images 

consisting of six circular dots with various intensities. The three dots (green-dash-circle 

marks) correspond to the incident LCP light, while the other three dots (blue-dash-circle 

marks) correspond to the incident RCP light. The polarization-insensitive hologram, in 

contrast, can reconstruct the polarization-independent holographic Chakkar image due to 

its centrosymmetric shape. Those holographic images can be observed with the naked eye 

since the image size is proportional to the distance between the metadevice and the screen. 

Under the illumination of the LP light beam, the device can be used to encode a high-

resolution grayscale image into the polarization profile of the transmitted light beam. The 

concealed image in the polarization profile can be revealed by filtering out the non-

converted beam by using a linear polarizer (analyser) whose transmission axis is 

perpendicular to the polarization direction of the linearly polarized incident light beam. 

The uniqueness of this design is that we combine both polarization-sensitive and 

insensitive holograms, and image concealment into a single metadevice. The projection 

parameters of the metadevice are depicted in Figure 4.2a. The holographic image is 

designed to have a full projection angle of 30° along both horizontal (ΘÀ) and vertical 

(ΘÁ) directions, while the hidden image is encoded in the polarization profile of the light 

beam along the optical axis, which is realized based on the superposition of two different 

phase profiles for circular polarization states with opposite handedness. To generate a 

holographic image, the Gerchberg-Saxton (GS) algorithm is used to calculate a phase 

profile of a hologram via a propagating function [129]. The amplitudes of the sampled 

incident beam profile and the intensity distribution of target image at the diffraction plane 

are used as the input data to the algorithm. The amplitude can be calculated by taking the 

square roots of the intensities. At the beginning, a random number between -π to π is used 

to generate an initial array of phases and the array is then multiplied by the respective 

sampled amplitudes of the incident beam. After that, the Fast Fourier Transform is used 

to perform the Fourier transform of this synthesized complex discrete function. By 

calculating the phase of the discrete complex function after the Fourier transform and 

combining with the corresponding intensity distribution of target image, a new 

synthesized complex function can be obtained by the inverse Fourier transform for the 
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next iteration. After multiple iterations (500 times in this design), the required phase 

profile can be obtained. The designed parameters of a target image for the hologram are 

illustrated in Figure 4.2b. The metadevices are designed to generate the holographic 

images at the angles of 30° × 30°, which correspond to the number of hologram pixel @� × �) of 1201 × 1201 pixels, and the number of desired images @	 × �) of 301 × 301 pixels, where 	 = 2�∆Ã _K�@ΘÀ 2⁄ ) ;⁄  and � = 2�∆Ã _K�@ΘÁ 2⁄ ) ;⁄  [12, 

39]. Here, ΘÀ and ΘÁ are the projection angles along the horizontal and vertical directions 

(see Figure 4.2a), respectively. ΔÃ is the distance between neighbouring nanorods and ; 

is the operating wavelength. 

In this design, centrosymmetric (a Chakkar image) and non-centrosymmetric (three dots) 

patterns are combined into a single target image for optical holography (Figure 4.2c). The 

centrosymmetric pattern is a pattern that can be recognised as the same geometry when it 

is rotated by 180°. Usually, the holographic image generated by geometric metasurfaces 

will be rotated by 180° when an incident polarization changes from RCP to LCP or vice 

versa [39]. Thus, the Chakkar image is expected to maintain the same pattern when the 

polarization state of the incident light beam is varied. The three dots around a centre of 

an image are designed to be sensitive to the polarization states of the incident beam, which 

can gradually change their intensity and position when the polarization state of the 

incident beam is changed. Then the target image is fed into the GS algorithm and the 

generated phase profile is shown in Figure 4.2d. 

The metasurface includes two regions marked by I and II as shown in Figure 4.3a. The 

radius of the region I is �d, and the inner radius and the outer radius of the region II are �d 

and �6, where �d  =  120 μm and �6  =  180 μm. The overall size of the designed device 

is 360 μm. The region I is used for image concealment, while the region II is used for 

optical holography. According to the generated phase profile in Figure 4.2d, the selected 

phase profile of the holography related to the region II is shown in Figure 4.3b. 
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Figure 4.2 (a) Geometric parameters of the projected holographic images and the on-axis vector beams for 
image concealment. The full off-axis angles Θℎ and Θ� for holographic image are designed to be 30°, while 
the hidden image is encoded in the polarization profile of the light beam along the optical axis. (b) 
Geometric parameters of the target image to generate a holographic image. (c) The target images for 
generation of the holographic images with the projection angle of 30° along horizontal and vertical axes. 
(d) Generated phase profiles of the target images by using the GS algorithm. � and � are the pixel numbers 
of the hologram along the x and y directions, while 	 and � are the pixel numbers for the desired image. � = � = 1201, 	 = � = 301. 

According to Malus’ law, the output intensity (I) is proportional to the square of �tu 2, 

where 2 is the angle between the direction of the incident LP and the transmission axis of 

the analyser. Suppose the reference axis is chosen along the x-direction, the output 

intensity is changed to F = F< sin6 �, where � is the polarization angle of the incident LP 

w.r.t. the x-axis, and F< is the intensity of that incident LP. The hidden grayscale image 

with 1201  1201 pixels and the required polarization profile based on �@:,]) =sinUdW�F@:,]) F<⁄ X are shown in Figure 4.3c and Figure 4.3d, respectively. LP light with 

an angle � between the polarization direction and the horizontal axis can be considered 

by the superposition of two orthogonal circular polarization with equal components, i.e. �gh ∙ T3`  and �gh ∙ TU3` [55], which can be realized with a geometric metasurface that 

can generate spatially variant phase profile � for RCP and −� for LCP under the 

illumination of LP light. Thus, the required polarization profile in Figure 4.3d is also 



Chapter 4: Polarization detection with metasurfaces 

75 
 

related to the phase profile for RCP. Finally, the combined phase profile for both 

hologram and image concealment is depicted in Figure 4.4a. The designed metadevice is 

realised by using transmissive metasurfaces as described in Section 2.4 and its 

corresponding SEM image is shown in Figure 4.4b. At this moment, the developed 

metadevice is ready to characterise. The experimental setups based on the diagram in 

Figure 2.4 and 2.6 are then built up to test the metadevice. 

 
Figure 4.3 (a) Schematic illustration of the designed metadevice including two regions marked by I and II. 
The radius of the region I is �d, the inner radius and the outer radius of the region II are �d and �6. �d  = 120 μm and �6  =  180 μm. (b) the selected phase profile �6, which is calculated based on the Gerchberg-
Saxton algorithm. (c) The high-resolution target image for image concealment and (d) the required phase 
profile �d. 
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Figure 4.4 (a) The phase profile and (b) SEM image of the metadevice to generate the image concealment 
and hybrid hologram. 

4.2.2. Hybrid Hologram 

The experimental result in Figure 4.5a (left) shows that the image-hidden functionality is 

unambiguously realized. A high-quality image with detailed information (e.g., tracery of 

windows and the wall) is revealed (Figure 4.5a (right)) after passing through the analyser. 

Here, the transmission axes of the polarizer and the analyser are in horizontal and vertical 

directions, respectively. Figure 4.5b shows the reconstructed image on the image plane 

with a distance of 17 cm between the screen and the metadevice at the wavelength of 650 

nm. A clear image with high fidelity and no distortion are observed when the metadevice 

is illuminated with the LCP light. 

 

Figure 4.5 (a) The concealed images in the light beam before and after passing through an analyser with a 
vertical transmission when the transmission axis of the polarizer and the fast axis of the QWP are in a 
horizontal direction. (b) The experimental result of the reconstructed image projecting on the screen when 
the incident light beam is LCP. 

Figure 4.6a-4.6e show the measured and simulation results of the hybrid hologram under 

the illumination of incident light with different polarization states. The intensities of the 

six dots rise and fall according to the ellipticity of various incident polarized light, which 

is realized by changing the angle between the polarization axis of the polarizer and the 



Chapter 4: Polarization detection with metasurfaces 

77 
 

fast axis of the QWP. As we predict, the experimental results of the Chakkar image remain 

unchanged when the incident polarization is varied, while the dots are changed relative 

to those incident polarizations. Initially, only the three dots (1st group: blue-dash-circle 

marks in Figure 4.1) are observed around the optical axis on the image plane (Figure 4.6a) 

upon the illumination of the pure RCP. Gradually, we can find six dots with high intensity 

in the 1st group and low intensity of the new three dots (2nd group: green-dash-circle marks 

in Figure 4.1) when the sample is illuminated by right-handed elliptically polarized light 

(Figure 4.6b). The intensities of the six dots are the same upon the illumination of the 

linearly polarized light since it contains an LCP light beam and an RCP light beam with 

equal intensities (Figure 4.6c). The intensity of the 2nd group will dominate when the 

incident light is left-handed elliptically polarized (Figure 4.6d). Finally, only the 2nd group 

appears when LCP light is incident on the sample (Figure 4.6e). 

Since the intensities of six dots are closely related to the polarization states, thus both 

helicity and ellipticity of those polarization states can be determined by measuring the 

light intensities in the six dots. The ellipticity � and helicity of the incident light can be 

calculated by the intensity ratio % = F��� F���⁄ , � = W1 − √%X W1 + √%XÅ . � = B1 and � = 0 correspond to RCP (LCP) and LP, respectively [16, 117]. The ellipticities versus 

the incident polarization (a function of  ) are obtained, where   is the angle between the 

transmission axis of the polarizer and the fast axis of the QWP. The measured and 

simulated results are given in Figure 4.6f, where the inset diagram illustrates the position 

of the 1st group of dots (blue dots) and the 2nd group of dots (green dots) for extracting 

the intensities. Furthermore, the simulated and measured polarization states of the 

incident light are given on a Poincaré sphere (Figure 4.6g), which shows good agreement 

between simulation and experiment. 
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Figure 4.6 Reconstructed images versus incident polarization states and polarization measurements 

at the wavelength of 650 nm. The polarization states of the incident light are chosen to be (a) RCP, (b) 
REP, (c) LP, (d) REP, and (e) LCP. (f) Experimentally measured ellipticities � versus   (an angle between 
the transmission axis of a polarizer and the fast axis of a QWP). The solid curve and discreet triangles 
represent the simulation and experimental results, respectively. Green three dots and blue three dots are the 
positions on holographic images used to extract the field intensity for LCP and RCP, respectively. (g) 
Poincaré sphere to show the experimentally measured polarization states of the incident light, experimental 
(rod triangles), and theoretical data (blue solid line). 

4.2.3. Additional Functionality 

Figure 4.7a shows the dependence of simulated and measured results on the direction of 

the transmission axis of the analyser while maintaining the transmission axis of the 

polarizer along a horizontal direction. The results without and with an analyser show the 

consistency between experimental and simulation results. The intensity of the non-

converted part is much higher than the converted part when the analyser is not used. It is 

worth mentioning that the image is hidden in the polarization profile of the converted 

part. In our simulation, the intensity efficiency of the converted part and that of the non-

converted part at the wavelength of 650 nm are 0.11 and 0.56, respectively. To better 

understand the image concealment approach, we also study the dependence of the image 

on the incident polarization state while the transmission axis of the analyser is fixed along 

the vertical direction. The polarization state is changed by controlling the angle between 

the transmission axis of the polarizer and the fast axis of the QWP. These simulation and 
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experimental results are shown in Figure 4.7b. The concealed image is unveiled clearly 

when the transmission axis of the analyser is perpendicular to the polarization direction 

of the incident LP. In our design, the incident light beam is a plane wave with uniform 

intensity, whereas it is a weakly focused laser beam in the experiment, leading to a slight 

discrepancy between the experimental and simulation results. Another possible reason for 

the discrepancy is the imperfection of the experimental setup and fabrication error.  

 

 

Figure 4.7 Characterization of the metadevice at the wavelength of 650 nm. (a) The simulated and 
experimental results for the analyser with various directions of the transmission axis (black double-headed 
arrows) when the incident light beam is linearly polarized along the horizontal axis (red double-headed 
arrows). Results without an analyser (first column) and with an analyser (second to fifth columns) with 
transmission axes of 0°, 45°, 90° and 135°. (b) The simulated and experimental results for the different 
polarization states of the incident light when the transmission axis of the analyser is fixed along the vertical 
direction. The polarization states are chosen to be RCP, right-handed elliptically polarized, linearly 
polarized (horizontal), left-handed elliptically polarized, and LCP. The scale bar is 50 m. 

Although the devices are designed at 650 nm, the measured hidden images and 

holographic images at other wavelengths are also observed (Figure 4.8a-b). We also 

notice that the size of the reconstructed images increases with the operating wavelength 

on the same screen. 
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Figure 4.8 (a) The revealed images of image concealment captured by a CCD camera at the wavelength of 
(a) 500 nm, (b) 550 nm, (c) 580 nm, and (d) 650 nm. The reconstructed images of the hybrid hologram 
captured by a digital camera at the wavelength of (e) 550 nm, (f) 600 nm, and (g) 650 nm. 

4.3. Polarization Detection with Light’s Orbital Angular Momentum (OAM) 

4.3.1. Design and method 

In 1992, it was recognized that light beams with a helical phase structure described by 

exp(iℓθ), where θ is the azimuthal angle and ℓ is the topological charge (TC) of an optical 

vortex, carry an OAM of ℓℏ per photon [130, 131]. Twisted light beams have been applied 

in various research fields, including optical communication [132], optical trapping [133], 

new forms of imaging systems [134-136], nonlinear material [137, 138], and quantum 

optics [139-141]. As a promising candidate, optical metasurfaces have been used to 

generate various twisted light beams [11, 142, 143] and to control the superpositions of 

twisted light beams [51]. In this work, we propose and experimentally demonstrate a 

superposition of OAM beams and a facile metasurface approach to measure the 

polarization state of incident light based on the superposition of twisted light beams. The 

major axis and ellipticity of the polarized light are determined by the interference pattern 

of two twisted light beams with the same topological charges and opposite signs, while 

the handedness is measured by using topological charges with different values. 

Figure 4.9 shows the schematic of our approach for polarization detection. When a light 

beam with unknown polarization shines on a reflective optical metasurface, the emitted 

light generates the superposition of two OAM states, which passes through an analyser 

(linear polarizer), whose transmission axis is fixed along the x-direction. The interference 
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patterns collected by a CCD camera are closely related to the polarization state of the 

incident light. Based on the analysis of the intensity distribution, the polarization state is 

directly measured. The direction of the major axis and the ellipticity of incident light are 

measured by the intensity distribution of the superpositions of OAM states with the same 

topological charges and opposite signs. The handedness of incident light is measured by 

the distance of two maximum intensities of the superpositions of OAM states with 

different topological charges and opposite signs. 

 

Figure 4.9 Schematic of the approach for polarization detection using light’s OAM. A light beam with 
unknown polarization shines on a reflective optical metasurface. The emitted light generates the 
superposition of two OAM states with different topological charges (ℓ1 and ℓ2) and opposite circular 
polarizations, which are described by |R, ℓ1〉 and |L, ℓ2〉, where |R〉 and |L〉 represent RCP and LCP, 
respectively. The resultant beam is modulated by passing through an analyser (linear polarizer) whose 
transmission axis (denoted by a double-headed arrow) is fixed along the x-direction. A CCD camera is used 
to collect the interference patterns of OAM superposition, which is used to measure the polarization state 
of the incident light. 

The superposition of OAM states is based on our recent work that indicates that the 

incident polarization can be used to arbitrarily control superpositions of OAM states using 

a single plasmonic metasurface [51]. The key point of this method is to design a reflective 

metasurface that can generate a phase profile, which can be used to produce two required 

OAM beams that can always meet with each other. Upon the illumination of incident light 

with pure circular polarization states (LCP or RCP), the two OAM beams can propagate 

along symmetry-equivalent directions with respect to the axis of incident light. The phase 

distribution of the metasurface is governed by 
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 Φ@-, �) = argW{dT3WℓÆÇk∆VÈÉÉX + {6T3Wℓ¥ÇU∆VÈÉÉXX (4.1) 

where {d and {6 represent the amplitude components of two ring OAM beams with TCs 

of  and , respectively.  is the azimuthal angle and  is the phase difference 

between neighbouring pixels to generate a phase gradient along the  direction, which 

can introduce off-axis deflection for the OAM mode of interest. To generate the off-axis 

reflection, the additional phase difference between neighbouring pixels of the sample 

along the direction is n 5⁄ , resulting in a reflection angle of 12.2° at the incident 

wavelength of 650 nm. It is worth mentioning that the off-axis design can avoid the 

disturbance of the non-converted part. To maintain high efficiency, we use reflective 

metasurfaces to develop the designed metasurface device where the details can be found 

in Section 2.5.  

An arbitrary polarization state is the superposition of orthogonal circular polarizations. 

For example, an incident LP light beam along a direction angle � w.r.t. the x-axis can be 

decomposed into two equal-weighted RCP and LCP components with a phase difference, 

which can be described by T3Ê|�, −ℓd⟩ + TU3Ê|�, ℓ6⟩, where |�⟩ and |�⟩ represent RCP 

and LCP respectively. When an LP light shines on the metasurface, the superposition of 

OAM states with ℓ = 1 and ℓ = −1 is generated since a linearly polarized light beam can 

be decomposed into OAM beams with equal weight and opposite topological charges. 

The superimposed mode can be characterized by passing through a linear analyser and 

forming an angle 
 with respect to the horizontal axis (x-axis). The Jones matrix of the 

analyser has the form [51] 

 b cos6 
 sin 
 cos 
sin 
 cos 
 sin6 
 c (4.2) 

The transmitted intensity profile can be expressed by E = d6 �1 + cos6@ℓ2 + � + 
)�. 
For two twisted light beams with the same topological charges and opposite signs, the 

transmitted intensity values are maximum at the azimuth angles 2­¿: = |7UÊUÌ|ℓ|  (� =
0, 1, ⋯ , |2ℓ| − 1), leading to |2ℓ| lobes. For |ℓ| = 1 and the analyser with a fixed 

direction along the x-axis (
 = 0), the angle between the major axis and x-axis is Î =2­¿: = −�. Here, 2­¿: is the angle between the line through the two maximum intensity 

points and the x-axis. Since the type of metasurface in this work is reflective so Î =2­¿: = � for 
 = 0 and |ℓ| = 1. The modulated intensity patterns (bright region and 

1l 2l  off

x
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dark region) can be used to determine the major axis of the ellipse. There exists a dark 

region (gap) between neighbouring bright petals. If the incident light is elliptically 

polarized, the darkest region will become brighter in comparison with LP, indicating this 

property can be used to determine the ellipticity of the polarized light. To measure the 

handedness of the polarized light, we use the superposition of two twisted light beams 

with different topological charges, which can produce OAM beams with different 

diameters. The handedness of the ellipse is determined by the dominated doughnut shape 

(brighter) with predesigned handedness. All developed metadevices in this section 

(Section 4.3) have been characterised by using the experimental setups in Figure 2.5 and 

Figure 2.10. 

4.3.2. OAM Superposition 

Prior to discussing polarization measurement, this section provides details about the 

superposition of multiple OAM beams. To experimentally realize the superposition of 

multiple OAM beams with different combinations of circular polarization states, a 

transmissive metasurface with an off-axis design is used. The schematic of the 

superposition mechanism is shown in Figure 4.10. The off-axis design can avoid the 

hassle of the non-converted part. 

 
Figure 4.10 Schematic of the superposition mechanism. (a) Upon the illumination of a pure LCP light 
beam, the deflected light forms the OAM beams with the opposite circular polarization (RCP). (b) When 
the input light has an arbitrary polarization state (AL∙LCP + AR∙RCP), the OAM beams are generated with 
different combinations of circular polarization states. 

The phase profile for the superposition of OAM beams with the same circular polarization 

states is given by 

 Φ@-, �) = argW∑ {|T3Wℓ�Çk∆VÈÉÉXY|�d X (4.3) 
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While the phase profile for the superposition of OAM beams with different circular 

polarization states is given by  

 Φ@-, �) = argW∑ {|T3Wℓ�Çk∆VÈÉÉX + ∑ {|T3Wℓ�ÇU∆VÈÉÉXY|�¶6|�d X (4.4) 

As shown in Figure 4.10a, when an LCP or RCP light beam shines on the metasurface, 

the OAM with the opposite circular polarization (RCP or LCP) is generated based on the 

deflected light through the superposition of multiple OAM beams, which are given in 

Equation 4.3. Figure 4.10b exhibits the other case when the input light has an arbitrary 

polarization state, which can be decomposed into LCP and RCP components. The 

resultant is formed by the superposition of OAM beams with different circular 

polarization states. 

In the design, the values of ℓ in Equation 4.3 are ℓd = 1, ℓ6 = 5, ℓ¶ = 20, ℓY = −20. 

Then, the calculated phase profile is shown in Figure 4.11a and its corresponding SEM 

image is shown in Figure 4.11b. The designed metadevices are realised by using 

transmissive metasurfaces as described in Section 2.4. The fabricated metadevice is 

characterised by using the experimental setup as described in Figure 2.5. In Figure 4.12, 

the experimental result is good agreement with the simulation result and the metadevice 

exhibits excellent broadband performance operated in the visible region (Figure 4.13). 

 

Figure 4.11 (a) The phase profile and (b) SEM image of the metadevice to generate the superpositions of 
four OAM beams with the same circular polarization states. 
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Figure 4.12 Simulation and experimental results for the superposition of four OAM beams with the same 
circular polarization states. 

 

Figure 4.13 Broadband performance of the fabricated metadevice. The metadevice has been tested 
under the incident wavelengths from 500-700 nm. 

For another design, the values of ℓ in Equation 4.4 are ℓd = 1, ℓ6 = −1, ℓ¶ = 7, ℓY =−7. Then, the calculated phase profile is shown in Figure 4.14a and its corresponding 

SEM image is shown in Figure 4.14b. 
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Figure 4.14 (a) The phase profile and (b) SEM image of the metadevice to generate the superpositions of 
four OAM beams with different circular polarization states. 

Upon the illumination of the incident light with linear polarization, the simulation and 

experiment results are given in the first and second rows (Figure 4.15a), respectively. The 

red double arrows show the transmission axes of the linear polarizer. The transmission 

axis of the analyser is fixed along the vertical direction. The dark gaps in the middle of 

the intensity patterns clearly show the nature of the vector beam. The resultant OAM 

beams can be modulated by controlling the polarization state of the input light. The effect 

of different polarization states on the simulation and experiment results are given in 

Figure 4.15b. The fast axis of the quarter-wave plate and the transmission axis of the 

analyser are fixed along the horizontal and vertical directions, respectively. The 

polarization states of the incident light are changed by controlling the transmission axes 

of the first linear polarizer. Both the calculated and measured intensity patterns for the 

incident light with the circular polarization states (RCP and LCP) show a simple “flower” 

shape. Since an elliptical polarization state is an intermediate state between circular and 

linear polarization states, the intensity profile for the elliptical polarization state appears 

to be the combination of the intensity distributions for the two polarization states. 
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Figure 4.15 The superposition of four OAM beams with different circular polarization states. (a) 
Intensity patterns of the OAM beams after passing through an analyser (linear polarizer) with a fixed 
transmission axis (vertical direction). The transmission axes of the first linear polarizer are denoted by the 
red double arrows. The QWP1 is removed here. (b) Effect of the polarization state on the intensity patterns. 
The fast axis of the quarter-wave plate and the transmission axis of the analyser are along the horizontal 
and vertical directions, respectively. To change the polarization state of the incident light, the transmission 
axis of the first linear polarizer is rotated. 

4.3.3. OAM beam � = � and � = −� 

From this section onwards, only the superposition of two OAM beams with different 

polarization states is experimentally demonstrated for the detection of light’s polarization 

with the experimental setup shown in Figure 2.10. We firstly design a metasurface to 

measure the major axis and the ellipticity of the incident polarization based on the 

superpositions of OAM states with ℓ = 1 and ℓ = −1. Figure 4.16a shows the phase 

profile of the designed metadevice. Its corresponding SEM image is shown in Figure 

4.16b. 
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Figure 4.16 (a) The phase profile and (b) SEM image of the metadevice to generate the superpositions of 
OAM beams with ℓ = 1 and ℓ = −1. 

Figure 4.17a shows the simulated superpositions of OAM states with ℓ = 1 and ℓ = −1 

under the illumination of a linearly polarized beam. The transmission axes of the polarizer 

and analyser are 45° and 0° with respect to the x-axis, respectively. Figure 4.17b is the 

experimentally measured superpositions of OAM states. The image contains 460×460 

pixels. The green circle in Figure 4.17b has a radius r around the centre of the Figure. The 

radius r is determined by the distance between the centre (the zero intensity) and the 

maximum intensity. To enhance the signal-to-noise ratio, the intensities in the ring region 

at each azimuth angle 2 are considered, as schematically illustrated by the orange ring 

region in Figure 4.17b. The width d of the orange ring is 20 pixels. The intensity 

distribution along the orange ring is extracted based on an experimental result, as shown 

in Figure 4.17c. By integrating the intensity over the ring width at each azimuth angle 2 

ranging from 0° to 360°, the corresponding intensity distribution along the ring is 

obtained (shown by the blue curve in Figure 4.17d). Although there are many oscillations 

induced by the noise, which can be improved by using a fitted curve using the 10th 

polynomial (denoted by the yellow colour), as shown in Figure 4.17d. In comparison with 

an experimental result, the corresponding simulation result is given in the red curve 

(Figure 4.17d). Both simulation and experiment have a maximum value of 45 degrees, 

indicating there is a good agreement between them. The slightly differences on the 

azimuth angles of 135 and 225 degrees are due to the distortion of the OAM beam after 

propagating through several optical elements, i.e., Obj., P2, and L2 in Figure 2.10. The 

distortion changes the OAM beam to be an asymmetric pattern that cannot fit well with 

the ring region. However, this difference is acceptable and enough for proof of our 

concept. To further confirm the validity of this approach, we measured various linear 

polarization states with different major axes by rotating the transmission axis of the 

polarizer, while the transmission axis of analyser is fixed along the horizontal direction. 
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Figure 4.17 Measurement of the major axis of the polarization state. (a) Numerically calculated 
superpositions of OAM states with ℓ = 1 and ℓ = −1. The transmission axes of the polarizer and analyser 
are π/4 and 0 with respect to the x-axis, respectively. The orange dash circle passes through the two 
maximum intensity points. (b) The corresponding experimental result. The image contains 460 × 460 pixels. 
The green dash circle has a radius r around the centre of the Figure. The radius r is determined by the 
distance between the centre (the zero intensity) and the maximum intensity. To improve the signal-to-noise 
ratio, the intensities in the ring region at each azimuth angle are considered, as schematically illustrated by 
the orange ring region. The width d of the orange ring is 20 pixels. (c) The intensity distribution along the 
orange ring is extracted based on an experimental result, as shown in (b). (d) The relation between light 
intensity distribution in (c) and the azimuth angle. The experimental, fitted and simulated results are in 
blue, yellow, and red colours. The yellow colour represents the 10th polynomial fitting curve of 
experimental data. 

Figure 4.18 shows numerically calculated and experimentally observed superpositions of 

OAM states with ℓ = 1 and ℓ = −1 when the rotation angles of the polarizer are 0°, 45°, 90° and −45°, respectively. Figure 4.18d presents the simulation (red curves) and 

experimental results (The blue colour represents the experimental data, and the yellow 

colour represents the 10th polynomial fitting curve of experimental data), which are 

normalized intensity distributions as a function of azimuth angle 2, respectively. Because 

our proposed metasurface is a reflective type, the green vertical line points to the first 

maximum intensity, whose 2­¿: just corresponds to the major axis Î = 2­¿: = � of 

incident linearly polarized light. The polarization direction of the incident linearly 

polarized light and the direction of the polarizer’s transmission axis in front of the CCD 

camera are respectively denoted by the red and blue double-headed arrows in the first row 

of Figures. As we expect, the predesigned major axes of the polarization states agree well 

with the measured values. 
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Figure 4.18 Numerically calculated and experimentally obtained results for the measurement of the major 
axis. (a) Simulation results for the superpositions of OAM states with ℓ = 1 and ℓ = −1 when the rotation 
angles of the polarizer are 0°, 45°, 90°, and −45°, respectively. The polarization direction of the incident 
linearly polarized light and the direction of the polarizer’s transmission axis in front of the CCD camera are 
respectively denoted by the red and blue double-headed arrows. (b) Experimental results. (c) The intensity 
distributions along the orange ring in Figure 4.17b. (d) The relation between light intensity distribution in 
(c) and the azimuth angle. 

The ellipticity of the incident polarization state can be determined by comparing the 

intensity of minimum and maximum from the images. Figures 4.19a and 4.19b show the 

simulation and experimental results of the intensity distribution for a typical polarization 

state of the incident light, respectively. The experimentally obtained intensity distribution 

for the superpositions of OAM states with ℓ = 1 and ℓ = −1 is processed by the software 

ImageJ. The spots A and B on the circle represent the two minimum intensity points in 

the simulation results, while C and D represent two maximum intensity points in the 

simulation results. The minimum intensity spots A’ and B’ on the circle are denoted by FwÏ and FxÏ and the maximum intensity spots C’ and D’ are denoted by F�Ï and FÐÏ in 

experimental results. In order to decrease error, the ellipticity � of the incident light can 

be calculated by the intensity ratio of minimum intensity and maximum intensity, that is � = �@FwÏ + FxÏ) 2⁄ /�@F�Ï + FÐÏ) 2⁄  . � = 1 and � = 0 correspond to CP and LP, 
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respectively. Figure 4.19c shows the simulation and experimental results of the ellipticity 

for the incident light with various polarization states, which are realized by rotating the 

transmission axis of the polarizer with the angle � = 0∘, 10∘, 20∘, 30∘, 40∘, 45,50∘, 60∘, 70∘, 80∘,  90∘ while the fast-axis of QWP and the transmission axis of analyser 

are fixed along the x-direction. The details for the generation of various polarization states 

can be found in Section 2.6. The experimental results of the light intensity distribution at 

the above angles are given in the insets of the figure. A clear dark boundary line between 

two petals and a doughnut shape is observed at � = 0∘ (linear polarization along the x-

axis) and � = 45° (circular polarization), respectively. The two petals are located at the 

top and bottom at � = 90∘ (linear polarization along the x-axis). The two petals are 

gradually joined with each other with the increase of the angle from 0∘ to 45∘, which is 

the inverse process for the range from 45∘ to 90∘. As we can see from Figure 4.19c, the 

experimental data (blue triangle) and simulation data (black line) agree very well with 

each other. The slight difference between experiment and simulation is due to the 

imperfection of the sample and measurement error. 

 

Figure 4.19 Ellipticity measurement based on the minimum and maximum intensities from the 

images. (a) Simulation and (b) experimental results of the intensity distribution for a typical polarization 
state of the incident light. The experimentally obtained intensity distribution for the superpositions of OAM 
states with ℓ = 1 and ℓ = −1 is processed using the software ImageJ. The minimum intensity spots A′ and 
B′ on the circle are denoted by IA′ and IB′ and the maximum intensity spots Cʹ and Dʹ are denoted by IC′ and 
ID′ respectively, while the corresponding intensity spots A, B, C, and D for simulated results. (c) Measured 
and simulated ellipticity value when the transmission axis of the polarizer changes. The experimental 
interference patterns are given in the insets. 
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4.3.4. OAM beam � = � and � = −� 

In order to determine the handedness of incident polarized light, we fabricate a 

metasurface that can realize the superpositions of OAM states with ℓ = 1 and ℓ = −3. 

Figure 4.20a shows the phase profile of the designed metadevice. Its corresponding SEM 

image is shown in Figure 4.20b. Upon the illumination of LCP light, the doughnut shape 

has a smaller radius (corresponding to ℓ = 1), which will become bigger (corresponding 

to ℓ = −3) when the polarization state of the incident light is RCP as illustrated in Figure 

4.21. Thus, we can tell the handedness of the incident light by comparing the light 

intensity on the two light rings as demonstrated in Figure 4.22. To facilitate data analysis, 

we choose a light intensity profile along a rectangle region (edge marked the orange line) 

with a width of 10 pixels passing through the centre of the superposed mode. The orange 

dash line in the numerical figure is the vertical centre of the light intensity distribution. 

We extract 600 × 600 pixels of the centre of the image. The handedness of incident 

polarized light is determined by the distance between two peak intensities. The 

normalized intensity profiles of numerically calculated and experimentally observed 

superpositions of OAM states with ℓ = 1 and ℓ = −3 are given in Figure 4.22. To 

confirm the proposed idea, the incident light with various polarization states is used to 

evaluate the performance of the fabricated sample. The two figures at the bottom are the 

polarization profiles of normalized intensity for the linear polarization, and the distance 

between two green vertical dash lines is about 300 pixels. The distances between two 

green vertical dash lines in the first column become narrower and narrower from bottom 

to top, indicating that the polarization state changes from linear polarization to left 

elliptical polarization, and then to left circular polarization (smallest distance). In 

comparison with the first column, the distances between two green vertical dash lines in 

the second column become wider and wider from bottom to top, indicating the 

polarization states changes from linear polarization to right elliptical polarization and then 

to right circular polarization. 
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Figure 4.20 (a) The phase profile and (b) SEM image of the metadevice to generate the superpositions of 
OAM beams with ℓ = 1 and ℓ = −3. 

 

Figure 4.21 (a) Numerically calculated superpositions of OAM states with ℓ = 1 and ℓ = −3. (b) 
Experimentally observed superpositions of OAM states. 
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Figure 4.22 Handedness measurement based on the superposition of OAM beams with ℓ = 1 and ℓ = −3. 
(a) The two figures at the bottom are the polarization profiles of normalized intensity for the linear 
polarization, and the distance between two green vertical dashed lines is about 300 pixels. The distance 
between two green vertical dash lines becomes narrower and narrower from bottom to top, indicating that 
the polarization state changes from linear polarization to left elliptical polarization, and then to left circular 
polarization (smallest distance). (b) The distance between two green vertical dashed lines becomes wider 
and wider from bottom to top, indicating that the polarization state changes from linear polarization to right 
elliptical polarization and then to right circular polarization. To facilitate analysis, we choose a light 
intensity profile along a rectangle region (edge marked by the orange dashed line) with a width of 10 pixels 
from top to bottom passing through the centre of the superposed mode based on the image processing 
software ImageJ. The orange dash line in the numerical figure is the vertical centre of the light intensity 
distribution. We extract 600 × 600 pixels of the centre of the image. The handedness of incident polarized 
light is determined by the distance between two peak intensities. 

4.3.5. OAM beam � = � and � = −� 

An interesting question is how to improve the accuracy of the polarization measurement 

based on this approach, especially the major axis of the polarization state, which can be 

improved by using the superpositions of the OAM beam with higher topological charges. 
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In the first experiment, there are only two petals in the interference patterns and one dark 

line passing through the centre. More petals and dark lines can increase the measurement 

accuracy since the major axis can be determined by the average values of angle shift at 

each maximum, equivalent to multiple measurements in an experiment. To test this idea, 

we fabricate a sample based on the superpositions of OAM states with ℓ = 2 and ℓ =−2, which can generate 4 petals with 2 dark lines. Figure 4.23a shows the phase profile 

of the designed metadevice. Its corresponding SEM image is shown in Figure 4.23b 

Various interference patterns from the superposition of OAM beams are obtained by 

rotating the transmission axis of the polarizer, while the transmission axis of the analyser 

is fixed along the horizontal direction. Figure 4.24 presents numerically calculated and 

experimentally observed superpositions of OAM states with ℓ = 2 and ℓ = −2 when the 

angles of the polarizer are 0∘, 45∘, 90∘ and −45∘, respectively. It is worth mentioning 

that the major axis of the polarization state corresponds to the double angle shift of the 

petals. 

 
Figure 4.23 (a) The phase profile and (b) SEM image of the metadevice to generate the superpositions of 
OAM beams with ℓ = 2 and ℓ = −2. 
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Figure 4.24 Major axis measurement based on superpositions of OAM states with ℓ = 2 and ℓ = −2. 
(a) Simulation results for the superpositions of OAM states with ℓ = 2 and ℓ = −2 when the rotation angles 
of the polarizer are 0°, 45°, 90°, and −45°, respectively. The polarization direction of the incident linearly 
polarized light and the direction of the polarizer’s transmission axis in front of the CCD camera are denoted 
by the red and blue double-headed arrows, respectively. (b) Experimental results. (c) The intensity 
distributions along the orange ring in Figure 4.17b. (d) The relation between light intensity distribution in 
(c) and the azimuth angle. 

4.4. Polarization Detection with Optical Ring Vortex (ORV) Beams 

4.4.1. Design and method 

In section 4.3, polarization detection has been performed by using the superposition of 

two doughnut beams with the same and also different topological charges and opposite 

signs. Recently, Liu et al. have experimentally demonstrated a 3D focused perfect vortex 

beam, which has a constant radius and is independent of TCs [144]. On the other hand, 

the superposition of OAM beams can generate novel structure beams [51, 145-147], for 

example, the superposition of ℓ = 1 and ℓ = −1 can give rise to a vector beam with a 

radially distributed polarization profile, which has been applied in various research fields, 

including focusing [148] and sensing [149]. However, the superposition of ring OAM 

beams in the far-field has not been studied. In this section, for the first time, we propose 
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and experimentally demonstrate an efficient method to generate the multiple ring OAM 

beams through a single metasurface, in which the superposition between the generated 

OAM beams can be continuously tuned by varying the polarization state of the incident 

light. The developed device is also studied further to detect the polarization states of 

incident light beams. 

Figure 4.25 shows the schematic of the experimental setup based on an ultrathin 

metasurface to generate ring OAM states, together with continuous manipulation of their 

superposition by varying the polarization of the incident light. A polarizer and a quarter-

wave plate (QWP) are used to control the polarization state of the incident light. The 

emitted light from the metasurface generates the superposition of ring OAM beams, 

which is displayed on a screen after passing through an analyser (linear polarizer), whose 

transmission axis is fixed along the x-direction (see the double-headed arrow in the 

figure). The screen is a white paper board with an opening (diameter 6 mm) in the middle, 

which allows the incident light and zero-order reflected light to pass through. In the 

figure, we also show a typical experimental result of the superposition of ring OAM 

beams on the screen. 

 

Figure 4.25 Schematic of the approach for generation and manipulation of ring OAM beams. Incident 
light with various polarization states is generated by a quarter-wave plate (QWP) and a polarizer. The 
emitted light from the reflective metasurface generates the superposition of two-ring OAM states, which is 
modulated by passing through an analyser (linear polarizer) whose transmission axis (white double-headed 
arrow) is fixed along the horizontal direction. The interference patterns of the superposition of ring OAM 
beams are displayed on the screen. 
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To generate ring OAM beams and realize their superposition, we design two different 

types of phase profiles based on the combination of phase profiles of a vortex beam 

generator, an axicon, and a beam deflector. |�, ℓd⟩ and |�, ℓ6⟩ are used to describe a ring 

OAM state with left circular polarization and a TC of ℓd and another ring OAM state with 

right circular polarization and a TC of ℓ6, respectively. We start from an example to 

generate a superposition of two ring OAM beams with LCP incidence, the phase profile 

for the superposition of |�, ℓd⟩ and |�, ℓ6⟩ on the left side of the screen is governed by 

 Φ@-, �) = arg W{dT3WℓÆÇk∆VÈÉÉkVÒj�ÓÈ�X + {6T3Wℓ¥Çk∆VÈÉÉkVÒj�ÓÈ�XX (4.5) 

where {d and {6 represent the amplitude components of two ring OAM beams with TCs 

of  and , respectively.  is the azimuthal angle and ΔSoff is the phase difference 

between neighbouring pixels to generate a phase gradient along the horizontal (x-) 

direction, which can realize the off-axis deflection. It is worth mentioning that the off-

axis design can avoid the disturbance of the non-converted part [147]. 

 is the phase profile for the axicon, where  is the axicon 

period to control the radius of the generated ring OAM beam [22, 91]. The relationship 

between  and an axicon angle  can be expressed as , where  is the 

wavelength. Details of explanation are available in the references [22, 91]. In our design, 

ΔSoff is chosen to be , corresponding to an off-axis angle of 12.4° at the wavelength 

of 650 nm. Although larger off-axis angles can be designed, it is not good for our 

experimental measurement since the collection of high-quality photos for images with 

wider viewing angles on both sides is more challenging. When the incident polarization 

changes from LCP to RCP, the superposition of |�, −ℓ6⟩ and |�, −ℓd⟩ is on the right side 

of the screen since the sign of the generated phase profile is flipped. The superposition of 

ring OAM beams only occurs when they are on the same ring. There is a slight change in 

the diameter of the ring (equal to the sample size) on the right side when the incident light 

polarization is LCP or RCP. Only when the sign of phase for the axicon (plus or minus) 

is the same, the two ring OAMs have the same diameters and can generate superposition. 

For an elliptical polarization state, there are two different types of superpositions on both 

sides of the screen. 

In order to generate the superpositions of |�, ℓd⟩ and |�, −ℓ6⟩ on the left side and |�, ℓ6⟩ 
and |�, −ℓd⟩ on the right side for any elliptical polarization, the phase profile for LCP 

incident light is governed by 

1l 2l 

2 2( , ) 2 /axicon x y x y d    d

d � sind �   

/5
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 Φ@-, �) = arg W{dT3WℓÆÇk∆VÈÉÉkVÒj�ÓÈ�X + {6T3Wℓ¥ÇU∆VÈÉÉUVÒj�ÓÈ�XX (4.6) 

It should be noted that the superposition does not exist for pure circular polarizations 

(LCP or RCP) in this case, but it occurs for any elliptical or linear polarization states. 

Furthermore, the number of displayed dark gaps after passing through the analyser is 

determined by |ℓd − ℓ6| [144]. Benefiting from high efficiency and broadband, reflective 

metasurfaces as discussed in Section 2.5 have been used to experimentally realize our 

proposed concept. The experimental setup in Figure 2.9 is used to characterise the 

developed devices. 

4.4.2. ORV Beams with TCs of Same Absolute Values and Opposite Signs 

A typical polarization state can be described by the major axis of polarization, the 

ellipticity, and handedness (clockwise or anticlockwise). The effect of the major axis of 

polarization state on the superposition is initially investigated. Based on Equation 4.6, we 

first design and fabricate two metasurfaces that can generate the superposition of ring 

OAM states with TCs of the same absolute values and opposite signs (one for |L, ℓ1 = 1⟩ 
and |R, ℓ2 = −1⟩ and another for |L, ℓ1 = 2⟩ and |R, ℓ2 = −2⟩). The phase profile used to 

generate the superposition of ring OAM beams |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩ is shown in 

Figure 4.26a. Figure 4.26b shows the SEM image of the fabricated metasurface, which is 

used to study the relationship between the major axis and superposition of ring OAM 

beams |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩. The phase profile and SEM images of the metadevice 

for |L, ℓ1 = 2⟩ and |R, ℓ2 = −2⟩ are shown in Figures 4.26c and 4.26d, respectively. There 

is image distortion since the centre of each light beam on one side is not perpendicular to 

the screen. To solve this issue, we collect the image on one side. By continuously 

changing the transmission axis of the polarizer, the evolution process of the intensity 

distribution can be observed, as shown in Figure 4.27. The resultant output beam from 

the superposition of ring OAM beams |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩ with equal components 

is an azimuthally polarized ring vector beam upon the illumination of an LP beam with a 

major axis along the vertical direction (see Figure 4.27a). Although we have ΔSoff 

destroying the rotational symmetry of the sample in deflecting the superimposed beam to 

one side, two symmetrically distributed images of red rings with two dark gaps along the 

horizontal direction are faithfully generated and clearly observed after passing through 

the analyser with a transmission axis along the horizontal direction. By gradually rotating 

the polarization axis of the polarizer from the vertical direction to the horizontal direction, 

the azimuthally polarized beam is changed to a radially polarized beam, leading to the 
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rotation of two dark gaps on the screen. Furthermore, the rotation angle of gaps is equal 

to that of the transmission axis of the polarizer with respect to the vertical direction. To 

facilitate the measurement of the major axis, we set a clock dial on the ring. The results 

for the ring OAM superposition of |L, ℓ1 = 2⟩ and |R, ℓ2 = −2⟩ with equal components are 

also provided in Figure 4.27. There are four dark gaps on each light ring and the rotation 

angle of each gap is halved in comparison with the angle between the transmission axis 

of the polarizer and the horizontal direction. We can see that the number of gaps in the 

superposition of ring OAM states |L, ℓ1⟩ and |R, ℓ2⟩ is equal to |ℓ1 − ℓ2|. To further confirm 

the relation between the number of dark gaps and the TCs for the ring OAM 

superposition, we fabricate a sample to realize the superposition of |L, ℓ1 = 1⟩ and |R, ℓ2 

= −2⟩ upon the illumination of LP light. The phase profile and SEM image are shown in 

Figures 4.26e and 4.26f, respectively. As predicted, three dark gaps are observed in the 

experimental result (Figure 4.27). 
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Figure 4.26 (a) The phase profile and (b) SEM image of the metadevice to generate the ring OAM beams 
with |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩. (c) The phase profile and (d) SEM image of the metadevice to generate 
the ring OAM beams with |L, ℓ1 = 2⟩ and |R, ℓ2 = −2⟩. e) The phase profile and (f) SEM image of the 
metadevice to generate the ring OAM beams with |L, ℓ1 = 1⟩ and |R, ℓ2 = −2⟩. 
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Figure 4.27 Effect of the major axis of the incident polarization on the superposition of the ring OAM 
beams. (a) Experimental results and (b) simulation results for the incident linear light polarization with 
different major axes (marked with double-headed arrows). The first, second, and third rows in each figure 
correspond to the superposition of ring OAM beams for |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩, |L, ℓ1 = 2⟩ and |R, ℓ2 = 
−2⟩, and |L, ℓ1 = 1⟩ and |R, ℓ2 = −2⟩, respectively. 
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4.4.3. ORV Beams with TCs of Different Absolute Values and Same Signs 

We then study the effect of ellipticity and handedness of the polarization state of the 

incident light on the superposition of ring OAM beams. We design and fabricate a 

metasurface that can generate the superposition of ring OAM states with TCs of different 

absolute values and the same signs (|L, ℓ1 = 1⟩ and |L, ℓ2 = 2⟩ for LCP). The phase profile 

and its corresponding SEM image are shown in Figures 4.28a and 4.28b, respectively. 

Suppose the fast axis of QWP is fixed along the vertical direction, five different 

ellipticities of the polarization states with a fixed major axis along the vertical direction 

can be generated by continuously changing the transmission axis of the polarizer. Only 

one ring OAM beam is observed on the left or right side of the screen upon the 

illumination of LCP or RCP light. However, two ring OAM beams can be observed when 

the incident light is elliptically polarized. When the polarization state is linear 

polarization, the ring pattern with the same intensity appears on both sides of the screen. 

The rise and fall of intensities in the ring patterns are closely related to the ellipticity of 

incident light. It is well known that completely polarized light is composed of LCP and 

RCP components. The ellipticity and the handedness of the polarized light can be deduced 

from the intensity ratio of its LCP and RCP component: � = W1 − √%X/W1 + √%X, where % is the ratio of intensity component for LCP to that for RCP. � is changed by controlling 

the angle between the transmission axis of a linear polarizer and the horizontal direction. � = ±1 and � = 0 represent RCP (LCP) and the linear polarization light, respectively. In 

addition, � > 0 and � < 0 correspond to the right-elliptically polarized (REP) light and 

left-elliptically polarized (LEP) light, respectively [16, 113]. When the resultant beam 

from the superposition of ring OAM beams passes through the analyser, two split rings 

are observed since the uniform light intensity on the rings is modulated. Figure 4.29 

shows the effect of various ellipticities and handedness on the superposition of the ring 

OAM beam passing through the polarizer. We can clearly see that the intensities on the 

two split rings change when the polarization state of the incident light is changed from 

RCP to REP, LP, LEP, and LCP. The dark gap originates from the superpositions of ring 

OAM beams with different topological charges and the same circular polarization states. 
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Figure 4.28 (a) The phase profile and (b) SEM image of the metadevice to generate the ring OAM beams 
with |L, ℓ1 = 1⟩ and |R, ℓ2 = 2⟩. 

 

Figure 4.29 Effects of the ellipticity and the handedness of the incident polarization on the 

superposition of the ring OAM beams. (a) Simulation and (b) experimental results for the incident linear 
light polarization with different ellipticities and handedness. The evolution process of the intensity change 
on the two split rings is given when the polarization state of the incident light is changed from RCP to REP, 
LP, LEP, and LCP. (c) The ellipticity and the handedness of the polarized light are described by a parameter � = W1 − √%X/W1 + √%X, where  % is the ratio of intensity component for LCP to that for RCP. � = ±1 and � = 0 represent RCP (LCP) and the linear polarization light, respectively. In addition, � > 0 and � < 0 
correspond to the REP light and LEP light, respectively. The values for � in the experiment are given in 
(c).   is the angle between the transmission axis of the linear polarizer with respect to the horizontal 
direction. 

4.4.4. Multiple ORV Beams 

To simultaneously measure the major axis, ellipticity, and handedness of incident light 

with an unknown polarization state, we design a compact metasurface device that can 

generate multiple superpositions of ring OAM beams. The polarization detection is based 

on two split ring patterns. The inner ring and outer ring are used to detect the major axis 

and the ellipticity of the incident polarization, respectively. By comparing the intensities 

on the outer ring on both sides of the screen, one can determine the handedness of the 

incident polarization. We choose the superposition of |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩ for the 

inner ring and that of |L, ℓ3 = 1⟩ and |L, ℓ4 = 3⟩ for the outer ring. It is worth mentioning 

that |ℓ3−ℓ4| does not need to be equal to |ℓ1−ℓ2|. We next quantify the performance of the 
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device. The axicon periods for the inner and outer rings are designed to be d1 = 6 m and 

d2 = 4 m, respectively. The phase profile and its corresponding SEM image are shown 

in Figures 4.30a and 4.30b, respectively. 

 

Figure 4.30 (a) The phase profile and (b) SEM image of the metadevice to generate the ring OAM beams 
with |L, ℓ1 = 1⟩ and |R, ℓ2 = −1⟩ for the inner ring and that of |L, ℓ3 = 1⟩ and |L, ℓ4 = 3⟩ for the outer ring. 

Figure 4.31 shows the simulation and the experimental results for the measurement of the 

major axis of the polarization state. For the inner ring, no gap is obtained without the 

analyser due to the uniform intensity distribution. For the outer ring, a dark gap exists 

even without the aid of the analyser (see Figure 4.31a). If we place the analyser in front 

of the screen, a dark gap is observed in the inner ring (see Figure 4.31b). The double-

headed arrow in the figure shows the major axis of the incident polarization state. The 

diameters of the inner ring and outer rings are 3.3 and 5.0 cm, respectively. The measured 

and predicted major axes are given by the blue double-headed arrows. The existence of a 

dim ring within the designed inner ring is due to the weak coupling between the inner and 

outer ring OAM beams. 
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Figure 4.31 Experimental and simulation results for the measurement of the major axis of a 

polarization state. (a) Without an analyser. (b) With an analyser, the measured and expected major axes 
are marked by the blue double-headed arrows. The transmission axis of the analyser is along the horizontal 
direction. 

Figure 4.32 shows the simulation and the experimental results for the measurement of 

ellipticity and handedness of the incident polarization state. Here, we focus on the detailed 

change on the outer ring. Although a pair of points on the two rings can work, two 

symmetrically distributed points can facilitate analysis. To minimize the measurement 

error, six symmetrically distributed points marked by A and A′, B and B′, C and C′ on the 

outer rings (shown in Figure 4.32a) are used to calculate the ellipticity of polarized light. 

The ellipticity and handedness are determined by the rise and fall of intensities on the 

outer ring on both sides of the screen. The intensities of the outer rings are the same for 

the incident LP light beam since an LP beam contains the same components of RCP and 

LCP. Finally, the ellipticities versus the incident polarization (a function of  ) are 

obtained, where   is the angle between the transmission axis of the linear polarizer with 

respect to the horizontal direction. Good agreement is found between the simulation 

results (black solid curve) and the experimental measurements (triangles). In our 

approach, the spin-orbit interaction provided by the metasurface allows coupling from 

SAM to OAM. It provides a fast and intuitive approach to visualize the polarization state 
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of the incident based on the intensity difference between two split ring patterns. As we 

discussed above, more accurate polarization information can only be obtained based on 

precise measurement, calibration processes, and detailed analysis. 

 

Figure 4.32 Experimentally measured and simulation results for the measurement of ellipticity and 

handedness of the incident polarization state. The fast axis of QWP is fixed along the vertical direction. 
The experimental and simulation results for the superposition of ring OAM beams upon the illumination of 
incident light with (a) RCP, (b) REP, (c) LP, (d) LEP, and (e) LCP, which are generated by controlling the 
angle between the transmission axis of the linear polarizer with respect to the horizontal direction. (f) 
Experimentally measured ellipticities � versus  .   is the angle between the transmission axis of a linear 
polarizer w.r.t. the horizontal direction. The solid curve and discreet triangles represent the simulation and 
experimental results, respectively. Six symmetrically distributed points marked by A and A′, B and B′, C 
and C′ on the outer rings are used to extract the field intensity. Standard deviation error bars obtained from 
the six points are added. 

4.5. Summary 

In this Chapter, we experimentally demonstrate compact metasurface devices to generate 

a hybrid hologram, doughnut beams, and ring OAM beams to detect polarization states 

of light. The polarization parameters such as major axis, ellipticity, and handedness are 

measured by using our developed metadevices. The subwavelength resolution and 

ultrathin nature make those technologies very attractive for many research fields, 

including polarization detection, polarization imaging, optical communications, optical 

tweezers, and quantum sciences. 
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CHAPTER 5  POLARIZATION AND EDGE IMAGING WITH 

METASURFACES 

The last chapter was concentrated on 1D polarization detection with the developed 

metadevices. In this chapter, 2D polarization detection (also called polarization imaging) 

is realised with optical metasurfaces by using a Fourier transform setup. Additional 

functionality, i.e., edge enhancement, is included to implement a homebuilt 

multifunctional optical microscope for polarization imaging and edge enhancement of 

biological samples. In this chapter, I have contributed to both simulation and experimental 

parts. 

5.1. Background 

To decrease the light scattering from different tissue structures, biological samples used 

for microscopy imaging are typically very thin. These tissue samples are usually 

transparent, leading to little contrast under a microscope without image enhancement 

techniques[150-152]. Distinguishing the edges of transparent biological samples 

precisely and enhancing the target detection and recognition performance of an imaging 

system are especially important [52, 153, 154]. Although chemical staining is a very 

popular approach, these dyes can interact with samples in a way that obscures 

observation, either by altering or killing the samples. Since living systems use almost 

exclusively L-amino acids and D-sugars, essentially, most of the biomolecules (peptides, 

DNA, collagens, etc) are chiral [155], meaning they are sensitive to circularly polarized 

light. Edge enhancement [156-158] and polarization detection [159-163] are critical to 

image transparent or low-contrast biological samples. However, currently available 

systems are limited to performing only a single functionality. In addition, imaging 

systems that combine multiple functionalities tend to be expensive and bulky because of 

the substantial footprint of their benchtop-based electronic and optical components, 

which reduce the portability and bring inconvenience for practical applications [164]. 

Moreover, such imaging systems are often custom fabricated and not commercially 

available. This makes them unsuitable for mass production or widespread adoption by 

biologists. There is a crucial need to develop portable microscopy systems that can 

simultaneously possess multiple functionalities.  
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Current edge imaging and circular polarimetric imaging suffer from technical and 

practical challenges. Phase-contrast microscopy works by recombining and interfering 

with the directly transmitted and scattered light. Unlike the typical phase contrast 

technique, the opposite halves of any radial line of the spiral phase element can introduce 

a phase difference of π between the positive and negative spatial frequencies of an 

incident light field, leading to a strong isotropic edge contrast enhancement of observed 

amplitude and phase objects. Since it only extracts important information and records 

basic geometric features related to the edges of an object, the spiral phase contrast 

imaging greatly reduces the amount of data to be processed. To date, the primary 

realization of spiral phase-contrast imaging is accomplished using a liquid crystal-based 

spatial light modulator [165-167], which suffers from large volume, limited resolution, 

and high cost. For example, the ultimate resolution of an edge imaging system is mainly 

determined by the objective lens and the spiral phase plate. Unfortunately, the resolution 

of the current spiral phase plate (primarily using q-plates, whose pixel size is at the micron 

scale) is much lower than that of the objective, degrading the performance of the imaging 

system. On the other hand, most biomolecules have different responses to circular 

polarizations with left and right-handedness due to their chiral structures.  The interaction 

between a chiral biomolecule and polarised light can be very specific, and cause changes 

to the polarised light intensity and/or the phase. Thus, polarimetric imaging can not only 

enhance image resolution but also derive a wealth of intrinsic information about cells and 

tissues, e.g., morphological, biochemical, and functional properties. Without the need for 

sample preparation, this approach is non-destructive, enabling real-time, in situ study of 

biological samples. Despite the apparent information that could be obtained from circular 

polarisation measurements, implementation of standalone circular polarimetry 

microscopy in biology is very limited, mainly due to the challenging imaging procedures 

that involve a repeated exchange of optical components for a sequential recording of 

different polarisation states [168]. 

Optical metasurfaces are planar nanostructured interfaces and have recently attracted 

tremendous interest due to their unprecedented capability in the manipulation of the 

amplitude, phase and polarization of light at the subwavelength scale [12-14, 23, 26, 38, 

39]. The emergent optical metasurface-based flat optics has revolutionized design 

concepts in photonics, providing a compact platform to develop unusual ultrathin optical 

devices with multiple functionalities [23, 85, 88]. To circumvent the abovementioned 

challenges, we propose to develop multifunctional microscopes based on novel ultrathin 
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optical devices with multiple functionalities, which are impossible with conventional 

optical elements. The metasurface devices are integrated with the currently available 

microscopy systems, which are able to simultaneously perform edge imaging, 

polarimetric imaging and conventional microscope imaging. Specifically, five images 

with different optical properties are obtained in the same imaging plane. Because the three 

different imaging mechanisms are integrated into the same imaging system, this does not 

increase the volume of the microscope due to the compactness and multifunctionality of 

the optical metasurface device, which is realised based on both polarization and spatial 

multiplexing methods. We experimentally demonstrate the capability of multifunctional 

microscopy with various samples. Edge imaging enables fast and reliable detection of a 

cell. Polarimetric imaging can obtain detailed polarization information, which can be used 

to resolve microstructure (such as chromatin, nuclei) and their anisotropic information 

(e.g., orientation, ordering). The information is complementary to that obtained via 

conventional microscopy imaging, allowing visualization of multiple facets of samples in 

real-time with subcellular resolution. 

5.2. Design and Method 

Figure 5.1 illustrates the concept of the multifunctional microscopy system based on 

metasurfaces. The imaging system is a Fourier transform setup, where the multifunctional 

metasurface is placed in the Fourier plane. When a light beam shines on an object, five 

images with different optical properties are generated in the imaging plane. Along the 

horizontal direction, two intensity images with different circular polarization states are 

symmetrically distributed with respect to the conventional microscope image in the 

middle, which arises from the non-converted part of light passing through the 

metasurface. The two intensity images with opposite circular polarizations can be used to 

construct a circular polarization image, which contains spatially variant circular 

polarization response to different handedness in a pixel. Two edge enhanced images with 

a dark background and different circular polarizations are symmetrically distributed along 

the vertical direction. The enhanced edge images can be used to distinguish the edges of 

the sample. 
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Figure 5.1 Schematic of the metasurface device for multifunctional microscopy. The imaging system 
is a Fourier transform setup, where the multifunctional metasurface is located in the Fourier plane. When a 
light beam shines on an object, five images with different optical properties are generated in the imaging 
plane. Along the horizontal direction, two intensity images with different circular polarizations are 
symmetrically distributed with respect to the normal microscope image in the middle, which arises from 
the non-converted part of light passing through the metasurface. The two intensity images with opposite 
circular polarizations are used to construct a polarization image, which contains spatially variant circular 
polarization responses to different handedness. Two edge enhanced images with a dark background and 
different circular polarizations are symmetrically distributed along the vertical direction. 

The multifunctional metasurface is designed based on both polarization and spatial 

multiplexing methods. A phase gradient along the horizontal direction and a spiral phase 

along the vertical direction are combined together, which is realized with a geometric 

metasurface. The phase gradient can generate two images with different circular 

polarizations, while the spiral phase can generate two edge enhanced images with 

different circular polarizations along the vertical direction. Moreover, the additional phase 

gradient is added to the spiral phase profile to realize the off-axis design along the vertical 

direction. The phase distribution of the metasurface is governed by 

 Φ@-, �) = arg�T3VÔ + T3@ℓÇkVÕ)� (5.1) 

where SÀ is a phase gradient along the horizontal direction that can generate an off-axis 

angle ΘÀ w.r.t. the optical axis, SÁ is a phase gradient along the vertical directions that 

can provide the off-axis angle ΘÁ w.r.t. the optical axis, θ is the azimuthal angle, and the 

spiral phase has a topological charge ℓ (similar to optical vortex design). The projection 

geometry of the metasurface is shown in Figure 5.2a. For LCP incident light, the 

multifunctional metasurface imprints a phase gradient (SÀ) along the horizontal direction 

and flips the handedness of the incident polarization to RCP. An RCP image is located on 
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the right side. On the other hand, upon the illumination of RCP incident light the 

metasurface imprints a phase gradient with −SÀ and again flips the handedness of the 

polarization to LCP, leading to an LCP image located on the left side. For linearly 

polarized (LP) incident light, both images appear and are symmetrically distributed with 

respect to the optical axis as the LP light consists of both LCP and RCP states. Similarly, 

two symmetrically distributed images with enhanced edges are observed along the 

vertical direction due to the imparted spiral phase distribution and the off-axis design @ℓ2 + SÁ). For a plasmonic metasurface consisting of gold nanorods, the majority on the 

transmission side is the non-converted part, which forms the conventional microscope 

image in the centre of the imaging plane. The multifunctional metasurface device is 

integrated with a conventional microscope system and its imaging performance mainly 

relies on the microscope, but the same imaging system has multiple functionalities, 

including circular polarization detection, edge enhancement, and functionality of a 

conventional microscope. 

 

Figure 5.2 Design principle, fabricated metasurface, and experimental setup. (a) Geometric parameters 
of the phase gradient along the horizontal direction and the off-axis spiral phase profile (topological charge ℓ = 1) along the vertical direction. Under the illumination of LP light at 600 nm, the half off-axis angles ΘÀ  and ΘÁ are 9.5° and 8.2°, respectively. (b) The calculated phase profile of the designed metasurface. (c) 
A scanning electron microscope (SEM) image of the fabricated device. (d) The experimental diagram to 
perform a Fourier transform. P1 and P2: Linear polarizers, Obj.1, Obj.2, and Obj.3: 20 objective lenses 
(working distance 19 mm), L1 and L2: Convex lenses (� = 75 		), Aperture: Rectangular aperture 
(2.52.0 mm2), MS: Metasurface, and CCD: Charge-coupled device. 

In the design, the phase gradient SÀ is designed to provide the off-axis angle ΘÀ of 9.5° 
along the horizontal direction, which is realized with a phase difference between 

neighbouring pixels of the sample along the horizontal direction of π/6 at the incident 

wavelength of 600 nm. For the edge enhancement, the topological charge ℓ is 1, and the 
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angle ΘÁ is 8.2° corresponding to the phase difference π/7 between neighbouring pixels 

of the sample along the vertical direction to generate the phase gradient SÁ. The phase 

profile of the designed metasurface can be calculated based on Equation 5.1, which is 

shown in Figure 5.2b. The designed metadevice is realised by using transmissive 

metasurfaces as described in Section 2.3 and its corresponding SEM image is shown in 

Figure 5.2c. At this moment, the developed metadevice is ready to characterise. 

The diagram of an experimental setup to characterize the fabricated metasurface is shown 

in Figure 5.2d. A light beam with tuneable wavelengths is generated by a supercontinuum 

laser source (NKT Photonics SuperK EXTREME). The laser beam is converted to an LP 

beam by using a linear polarizer (P1). A first objective lens (Obj.1) with a magnification 

of 20 and a first convex lens (L1) are used to create an image of a sample on a rectangular 

aperture (2.52.0 mm2). A second objective lens (Obj.2) with a magnification of 20 is 

used to focus the images of the sample and aperture onto a Fourier plane, where the 

metasurface (MS) is located. A third 20 objective lens (Obj.3) and a second convex lens 

(L2) are employed to transform the result from the Fourier plane to an imaging plane that 

can be captured with a CCD camera. A second linear polarizer (P2) or analyser is used to 

modulate the intensity of the conventional microscopic image in the centre of the imaging 

plane. The operating wavelength that we use is 600 nm. The transmission axis of the 

polariser P1 is kept at 0 w.r.t. the x-axis to generate an LP light beam along the horizontal 

direction. 

5.3. Polarization and Edge Imaging 

Figure 5.3 shows the experimental results obtained with our multifunctional microscope. 

If the system is investigated without a sample, the developed metasurface splits the LP 

incident light into LCP and RCP light beams along the horizontal direction (Figure 5.3a). 

The circularly polarized light image on the right-hand side is converted from the incident 

LCP, which can be used to represent the spatial distribution of the LCP component of the 

sample under inspection. On the other hand, the spatial distribution of the RCP component 

of the sample is represented on the left-hand side in Figure 5.3a. There are the edge images 

of the aperture along the vertical direction, representing the edge for the RCP component 

of the sample and the below one for the LCP component. Due to the LP incidence, the 

middle image is blocked by the analyser whose transmission axis is along the vertical 

direction. The rectangular aperture provides a working area of 375300 m2. In our 

experiment, a negative USAF 1951 resolution test chart is used to characterise the 
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functionality of the proposed optical microscope. At first, the line pairs of the group 4 

element 1 on the test chart are captured as a reference position for calculating the 

polarization information. 

 
Figure 5.3 Experimental results with different polarization states of the incident light beam. (a) 
Captured images without a sample. Captured images of the number “5” on the negative USAF 1951 test 
target at different polarization states, including (b) LCP, (c) LEP, (d) LP, (e) REP, and (f) RCP. The 
transmission axis of the analyser is along the horizontal direction. (g) The angle between the transmission 
axis of the analyser and the x-axis is 85°. The purple arrows and white double arrows represent the 
polarization states of the incident light beam and the transmission axes of the analyser, respectively. (h) 
Captured images on the left and right sides are selected and converted to a grayscale format for calculating 
the ellipticity �. A black scale bar is 300 m. A colour bar is used to represent the calculated ellipticity � 
shown the inset of fig. (b)-(g). (i) Experimentally measured ellipticities � of the number “5” versus � (the 
angle between the transmission axis of a polarizer and the fast axis of a QWP). The solid curve and discreet 
triangles represent the simulation and experimental results, respectively. (j) A Poincaré sphere is used to 
show the experimentally measured polarization states (red triangles) of the incident light and theoretical 
data (blue solid curve). 

In the diagram of Figure 5.2d, we place an additional QWP between P1 and a sample in 

order to dynamically change the LP beam to other polarization states (the details can be 

found in Section 2.6). The number “5” on the test target (206 m wide and 295 m high) 

is used as a sample to investigate the polarization response under different polarization 

states of an incident beam. The spatial intensities of the number “5” rise and fall according 

to the ellipticity of various incident polarized light (Figure 5.3b-5.3f), which is realized 

by changing the fast axis of the QWP. Initially, only the polarization image on the right 

and the edge at the bottom of the centre point can be observed upon the illumination of 



Chapter 5: Polarization and edge imaging with metasurfaces 

115 
 

the pure LCP (Figure 5.3b). Gradually, we can find the polarization images on both sides 

along the horizontal direction and the edge image on the top and at the bottom when the 

sample is illuminated by LEP light (Figure 5.3c). The intensity of images on the right and 

at the bottom is higher whilst that on the left and at the top is lower. The intensities of 

both sides along the horizontal and vertical directions are the same upon the illumination 

of the LP light since it contains an LCP light beam and an RCP light beam with equal 

components (Figure 5.3d). The intensity of the images on the left and the top dominates 

when the incident light is REP (Figure 5.3e). Finally, only the images on the left and the 

top appear when RCP light is incident on the sample (Figure 5.3f). Furthermore, with the 

incident LP beam, the intensity of the image in the middle can be tuned based on Malus’ 

law (Figure 5.3g), and the edge of the number “5” is enhanced and clearly shown in those 

obtained results. 

Since the intensity of the deflected images of the number “5” along the horizontal 

direction is closely related to the polarization states, thus both the helicity and ellipticity 

of those polarization states can be spatially determined by measuring the light intensities 

from those two CP images. As illustrated in Figure 5.3h, the captured images of the 

number ‘5’ on the left and right sides are selected and converted to a grayscale format for 

calculating the ellipticity � The ellipticity � and helicity of the incident light can be 

calculated by the intensity ratio % = F��� F���⁄ , � = W1 − √%X W1 + √%XÅ . � = B1 and � = 0 correspond to RCP (LCP) and LP, respectively [16, 117]. The ellipticities versus 

the incident polarization (a function of  ) are obtained, where   is the angle of the fast 

axis of the QWP, while the transmission axis of the P1 is still fixed at 0 w.r.t. the x-axis. 

The calculated ellipticity � based on the experimental results in Figure 5.3b-5.3f are 

shown in the inset at the top right corners. The measured and simulated results of the 

ellipticity � within the area of the number “5” for several angles   are given in Figure 

5.3i. Furthermore, the simulated and measured polarization states of the incident light are 

given on a Poincaré sphere (Figure 5.3j), which shows good agreement between the 

simulation and the experiment. As described in Section 2.6, the polarization states can be 

controlled by rotating either P1 or QWP1. The error of rotated angles leads to the shifts 

between the simulation and experiment. These shifts are also from the misalignment of 

the metadevice along the vertical and horizontal directions, which has to be improved in 

the future. 
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5.4. Practical Application 

By obtaining the line profiles across the line pairs from the polarization and edge images 

of the test target on an LCP side. We notice that the smallest line pairs that our optical 

system can be observed are in the group 6 element 1 of the test target with a signal-to-

noise ratio of more than 20% (Figure 5.4a). This indicates that the smallest size of a 

specimen can be 15.6 m. The polarization and edge images at other wavelengths from 

500 nm to 700 nm are also observed as the results in Figure 5.4b-5.4e. 

 
Figure 5.4 Resolution analysis, broadband performance, and imaging performance of the 

multifunctional microscope. (a) An LCP image and an LCP edge image of the test target on the LCP sides 
of the group 6 element 1. The averaged intensity profiles are along white dashed lines. The signal-to-noise 
ratios for line pairs and edges are more than 20%, indicating that the smallest size of a specimen is about 
15.6 m. Images obtained at the wavelengths of (b) 500 nm, (c) 550 nm, (d) 585 nm, and (e) 700 nm. (f) 
Polarization and edge images of cheek cells at the wavelength of 600 nm from the five positions of the 
captured image, and the calculated ellipticity � based on the two images with two opposite circular 
polarizations. Experimental results for the beef tendon at 600 nm are shown in (g), including the images 
from the five positions of the captured image, and the calculated ellipticity �. Scale bars are 150 m. 

The optical system is used to investigate biological samples. The first sample consists of 

cheek cells, which are obtained by swabbing and then put on a microscope glass slide. 

Five images (two LCP images, two RCP images, and one conventional microscope 

image) are shown in Figure 5.4f. Then, the calculated ellipticity distribution  is shown 

in the middle of the 2nd-row images in Figure 5.4f, which shows the dominated light 

polarization state is LP. Although the polarization state of light does not change much 

after the light passes through cheek cells, the edges of the cells are significantly enhanced. 
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The second sample is the beef tendon, which is the piece of connective tissue that holds 

muscle to bone. A thin slice of the beef tendon on a microscope glass slide is prepared. 

The experimental results are shown in Figure 5.4g, which clearly shows the difference 

between LCP and RCP images. The calculated ellipticity (ranging from -1 to 1) image is 

given in the middle of the 2nd-row images in Figure 5.4g, which shows that the tendon 

sample is very sensitive to the light’s polarization due to the orientation of collagen fibres. 

Due to the size of the collagen fibres in the tendon is smaller than the smallest size (less 

than 15.6 m) that can be recognised by the system, the edge enhancement is difficult to 

observe. 

5.5. Large-Area Imaging 

In our experiment, the field size is 375300 m2. To investigate large samples, we 

integrate a xy scanning system with a sample holder in order to acquire multiple images 

of samples on the xy-plane by moving the samples with a motorised stage along both 

horizontal and vertical directions. First, the whole image of the test target is acquired with 

a step size of 310 m along the horizontal direction and 250 m along the vertical 

direction. There are 54 images in total. The area of each image (310250 m2) is 

extracted before stitching them together, which can generate a large image. The extracted 

images before stitching are shown in Figure 5.5a. The images are manually stitched 

together, and the large image of the sample is given in Figure 5.5b. Similarly, the LCP 

edge images (Figure 5.5c) are also stitched together to generate a large image as shown 

in Figure 5.5d. Figure 5.5e and Figure 5.5f show the large LCP image and LCP edge 

image of cheek cells, which are obtained with 65 images. The polarization and edge 

images are created based on the multiple LCP images on the left and those on the top, 

respectively. The calculated ellipticity  is shown in Figure 5.5g. Experimental results 

for the beef tendon are given in Figures 5.5h, 5.5i, and 5.5j. Our system with a scanning 

approach can remarkably increase the field size of the view. 
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Figure 5.5 Large field size imaging with a scanning system-aided multifunctional microscope. (a) 
Original LCP image on the left of the imaging plane and (b) a large LCP image of the resolution target 
based on the stitching of multiple images. (c) Original LCP edge image and (d) a large LCP edge image of 
the resolution target. To investigate cheek cells, (e) a large LCP image, (f) a large LCP edge image, and (g) 
a calculated ellipticity � of cheek cells based on the LCP and RCP images on both sides. Experimental 
results for the beef tendon are given in (h), (i), and (j). Scale bars are 300 m. 

5.6. Summary 

We have experimentally demonstrated a multifunctional metasurface device that can 

enable biologists to visualize the multiple facets of samples in real-time. To verify the 

design, we used a metasurface with gold nanorods with a low conversion efficiency, 

which can be dramatically increased by using dielectric metasurfaces [93, 94]. The 

working area of 375300 m2 corresponds to the image dimension of 220180 pixels. 

Due to the limited size of the metasurface, we use an aperture to remove the light 

components with high spatial frequency, leading to the low resolution of the images, 

which can be further improved with a large metasurface and a high-resolution camera. 

The quality of large-area images can be improved by using a high-precision translational 

stage, a smaller scanning step (less than 310 m along x and 250 m along y), and an 

image stitching algorithm or commercial image processing software. 
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One major advantage of this technique is that it can readily detect samples with small 

refractive index differences from the background environment such as biological cells. 

The technology enables a compact platform for structured light illumination, which has a 

big impact on biomedical microscopy imaging and crystal dislocation detecting. Our 

work can bring cutting-edge technology in metasurface and advanced microscopic 

technology to develop high-resolution edge imaging microscopy, which will offer a new 

powerful tool for biomedical imaging, diagnosis, and inspection. Unprecedented 

information and new discoveries are expected, which will attract broad interest from the 

biology and life science communities. It is our goal to make the technology compatible 

with common practice in a conventional biology laboratory and easy to use, and thus 

facilitate its uptake by biologists and life scientists. 
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CHAPTER 6  CONCLUSIONS AND OUTLOOK 

6.1. Conclusions 

In this thesis, the geometric metasurfaces composed of gold nanorods have been utilised 

to develop unusual ultrathin devices for polarization generation, detection and imaging at 

a sub-wavelength scale. The developed metadevices have provided novel tools not only 

to understand the fundamental physics of metasurfaces, but also to tackle the technical 

challenges in practical applications that are very difficult or impossible to realise with 

conventional optical devices. Moreover, the ultrathin nature (subwavelength scale) and 

multifunctionality can meet the continuing trend of miniaturization and integration. The 

uniqueness of our approaches for 2D/3D polarization profile generation, polarization state 

detection, and multifunctional microscopy can find applications in many research fields 

where miniaturized systems are in high demand, including polarization sensing and 

imaging, optical communications, optical tweezers, quantum sciences, displays, and 

biomedical research. The main contribution of this thesis is summarised as follows: 

1. Various new transmissive and reflective metasurface devices are designed and 

fabricated. The transmissive metadevices are designed based on 2008040-nm3 gold 

nanorods sitting on ITO-coated glass substrates. The centre-to-centre distance between 

the nanorods is 300 nm along both x and y directions. The reflective metadevices are 

composed of three layers, i.e., a top layer of 2008030-nm3 gold nanorods, a silicon 

dioxide (SiO2) spacer layer (85 nm), and a gold ground layer (150 nm). The 

nanofabrication process is carried on by using the standard electron beam lithography, 

followed by the electron beam deposition and lift-off process. All the nanorods have the 

same geometry, but spatially variant orientation angles. 

 

2. Different homebuilt experimental setups are developed to characterise the developed 

metadevices, which can control the polarization state of the incident light and suppress 

the non-converted part. A pair of a quarter-wave plate and an analyser is used to generate 

different polarization states of the incident light beams. By using another pair of a quarter-

wave plate and an analyser, the unwanted light from the non-converted part can be 

suppressed. For the metadevice with the off-axis design, another pair of a quarter-wave 

plate and an analyser is not necessary. The objective lens is used to visualise and image 

onto the CCD camera for the small size of the generated patterns by the metadevices. For 
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the large patterns, which can be seen by the naked eyes, a screen and a digital camera are 

used to take a photo of the generated patterns. 

3. Experimentally demonstrate the metadevices for the generation of predesigned 

polarization structures in 2D and 3D spaces. The 2D and 3D polarization structures are 

generated based on a metalens approach. A ring focal curve, an Archimedean spiral focal 

curve, and seven-segment-based decimal numbers are experimentally demonstrated in 2D 

space, while a 3-foil knot, a 4-foil knot, and a 5-foil are realized in 3D space. The 

geometric metasurfaces are designed based on colour and phase multiplexing and 

polarization rotation, creating various 3D polarization knots. Various 3D polarization 

knots in the same observation region can be achieved by controlling the incident 

wavelengths, providing unprecedented polarization control with colour information in 3D 

space. Furthermore, the C3 30-nm-gold meta-atoms are utilised for the generation of a 

nonlinear polarization profile in 2D space, which has significant potential for applications 

in nonlinear optical image encryption, security, and anti-counterfeiting. 

 

4. Experimentally demonstrate the OAM superpositions with the same and different 

circular polarization states. The design is based on the superposition of multiple circularly 

polarized OAM beams with different topological charges in a single metadevice. The 

superpositions of four OAM beams with the same and different circular polarization states 

have been reported in this thesis. The research finding has opened a new avenue for 

engineering composite OAM beams with a minimal footprint, which has promising 

applications ranging from multiple optical traps to quantum science. 

 

5. Experimentally demonstrate polarization detection using different methods, including 

hybrid holography, light’s OAM, and optical ring vortex beams. 

5.1. For the hybrid hologram, the design is the integration of an arbitrary polarization 

profile for image concealment and a computer-generated hybrid hologram. The 

hybrid hologram can simultaneously reconstruct polarization-sensitive and 

polarization-insensitive holographic images, while the engineered polarization 

profile can hide a high-resolution grayscale image.  The polarization-sensitive 

images are used in the polarization measurement. 

5.2. For light’s OAM, the major axis and ellipticity of the polarized light are measured 

by the interference pattern of two OAM beams with the same topological charges 
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and opposite signs, while the handedness is determined by using topological 

charges with different values. 

5.3. For optical ring vortex beams, the metadevice is based on the combination of the 

functionalities of an axicon, a vortex beam generator, and a deflector onto a single 

device.  The polarization detection is performed with two split ring patterns. The 

inner ring is used to detect the major axis, while the outer ring is used to calculate 

the ellipticity of the incident polarization. By comparing the intensities on the 

outer ring on both sides of the screen, one can determine the handedness of the 

incident polarization.  

Thus, the measured polarization parameters such as major axis, ellipticity, and 

handedness can be performed by using the developed metadevices. The subwavelength 

resolution and ultrathin nature make these technologies very attractive for many research 

fields, including polarization detection, polarization imaging, optical communications, 

optical tweezers, and quantum sciences. 

 

6. Develop a homebuilt multifunctional optical microscope for polarization imaging and 

edge enhancement of biological samples. The multifunctional microscope is proposed 

and developed to image different objects, including biological samples such as cheek cells 

and beef tendons. For the same sample, five images with different optical properties are 

obtained on the same imaging plane, which can simultaneously perform edge imaging, 

polarimetric imaging, and conventional microscope imaging. Benefiting from the 

ultrathin nature, compactness, and multifunctionality of the optical metasurface devices, 

the integration does not excessively increase the volume of the optical system. With its 

promising capabilities and potential for expandability, we believe our microscope will 

herald an exciting new era in biomedical research. 

6.2. Outlook 

Currently, metasurfaces can operate different frequencies ranging from ultra-violet light 

to radio frequencies and have the unprecedented ability to modulate light’s amplitude, 

phase, and polarisation at the sub-wavelength scale. In my opinion, the future metasurface 

technology will include deep-learning [169], tuneable functionalities [170], and mass 

production [171], which could upgrade them to be more intelligent for real-life practical 

applications (Figure 6.1). Especially for the tuneable functionalities, they are highly 

desirable for many applications, such as holographic displays, optical communication, 
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and tuneable imaging systems. Currently, the tuneable metasurfaces can be realised by 

using active materials to tune the functionalities via various mechanism, including 

thermo-optic effects, free-carrier effects, and phase transitions [172]. The miniaturized 

optical devices could be integrated into many technology platforms, such as 

augmented/visual reality, mobile devices, and automotive sensing. 

 
Figure 6.1 Future version of metasurfaces. (a) Deep-learning approaches [169]. (b) Large area 
metasurfaces and mass production [173]. (c) Tuneable metasurfaces [174]. 

There are several research topics that I am interested in and would like to extend with 

optical metasurfaces as follows. 

 

Figure 6.2 Possible applications with optical metadevices presented in this thesis. (a) 2D [175] and (b) 
3D [176] particle trapping with structured light generated by spatial light modulators. (c) Spectral 
measurement with optical ring vortex beams [97]. (d) Generation of THz waves with split-ring resonators 
[177]. 

6.2.1. Particle Trapping 

Trapping particles with a highly focused light beam has provided a new tool for new and 

exciting applications in the fields of biophotonics and biomedical research, such as cell 

interaction studies, cancer research, and cell manipulation. Apart from Gaussian beams, 

structured light like Bessel beams, Airy beams, and Laguerre–Gaussian beams are also 

suitable for trapping a particle [178, 179]. For example, the structured light in Figure 6.2a-

6.2b generated by spatial light modulators have been used to manipulate particles in 2D 
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[175] and 3D [176] directions. This could open a new opportunity for us to experimentally 

demonstrate particle trapping with the structured light beams generated by our optical 

metasurfaces presented in Chapters 3 and 4, e.g., 2D/3D polarization structures, light’s 

OAM, and optical ring vortex beams as well as our recently novel composite vortex 

beams [98].  

6.2.2. Multispectral Imaging 

Dozens of spectral and spatial information about an object can be simultaneously obtained 

with a multispectral imaging system [180]. Multispectral images provide more details 

about the spectral information of the object than images captured by traditional colour 

cameras. Traditional multispectral imagers use either spectrographs or tuneable filters as 

wavelength selectors when acquiring images of an object. The involvement of more 

optical elements (e.g., filters) causes the system very bulky, which could be tackled with 

the ultrathin nature of optical metasurfaces. As expressed in Equation 3.11 and the results 

in Figure 3.31a, the metadevice can be designed to provide the different information for 

ten incident wavelengths. This could be a new avenue to implement a compact 

multispectral imager by using an optical metasurface. 

6.2.3. Multifunctional Microscope 

In Chapter 5, our multifunctional microscope can split two circular polarization states of 

light. It is desirable to design for full polarization measurement, including linearly 

polarized along vertical and horizontal directions, 45° and -45° w.r.t. the x-axis, and two 

circularly polarized. The metasurface could be designed and fabricated by using a 

dielectric metasurface that can produce the propagation phase, geometric phase, or the 

combined phase, which is sensitive to all polarization states. Furthermore, the reflection 

mode is also on-demand for the investigation of opaque samples that cannot be observed 

in the transmission mode. Integrating with a fluorescent imaging technique and 

microfluidic systems could increase the potential impact and robustness of our system to 

investigate biological samples. Finally, a portable version is expected for scientific users 

with metasurface devices. 

6.2.4. Spectropolarimeter 

Traditional spectrometers can be used for separating and measuring the spectral 

components of the combined electromagnetic (EM) waves, while polarization states can 

be measured by using polarimeters. A spectropolarimeter is an instrument used to 
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simultaneously measure the spectral components and polarization states of the EM wave. 

This traditional measurement system has advantages in measuring speed and accuracy, 

but its applications are still limited due to the various polarization elements and 

complicated data processing systems adopted, leading to large volume and high cost. The 

metasurface approach is different, both polarization states and spectral components could 

be performed with a single metadevice. The possible method is the use of optical ring 

vortex beams shown in Figure 4.26 for measuring the ellipticity and handedness of the 

incident polarization state. Simultaneously, the spectral components can be obtained by 

using the intensity profile along the white dashed line across a detection plane when the 

incident light has more than one wavelength as shown in the white dash lines in Figure 

6.2c. The ultrathin property of metadevices could be used to develop a compact and low-

cost spectropolarimeter for scientific users. 

6.2.5. Nonlinear Optics 

Unlike X-Ray, Terahertz (THz) radiation is low non-ionising energy, which is not 

harmful to electronic devices, medicines, and the human body [181]. THz waves can be 

generated from high order harmonic generations with nonlinear metasurfaces, such as 

split-ring resonators (SRRs). With the exciting electric fields from 1,100-1,600 nm, the 

5th harmonic waves associated with the THz region have arisen by the SRRs ranging from 

about 0.1–4 THz [177] as illustrated in Figure 6.2d. The SRRs have been developed by 

using a standard nanofabrication process similar to our procedure, i.e., electron-beam 

lithography, gold film deposition, and lift-off process. Thus, our research could be further 

extended for the generation of THz signals. Furthermore, our lens-based metadevices 

presented in Chapter 3 can also be used to realize THz polarization manipulation, 

including polarization rotation, 2D and 3D predesigned polarization structures in the 

future. Simultaneous phase and polarization control could be used to develop vectorial 

THz holograms and vector vortex beams, which might open the door to develop novel 

and ultracompact THz devices with unusual functionalities for diverse applications. 

6.2.6. Dielectric-based Metasurfaces for Higher Performance Devices 

As shown in Figure 2.2, the conversion efficiency of the transmissive metasurfaces is 

very low, but we can use the reflective metasurfaces with a multilayer in Figure 2.7 to 

improve the efficiency. However, transmission mode metadevices with high efficiency 

for are very promising. Dielectric metasurfaces have gained conversion efficiency in the 

transmission mode for many optical metadevices because the designed unit cell can be 
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acting as a half-wave plate [14]. Furthermore, there are many choices for dielectric 

metasurfaces to be designed in order to produce an abrupt phase shift, including the 

propagation phase, PB phase, and combined phase. Thus, if we could extend our unique 

research topic like the generation of polarization structures with dielectric metasurfaces, 

it would be more interesting. For example, we could realise a 3D polarization structure 

with multiple colours in the same structure. This colour mixing functionalities for the 

same polarization structures could be realised by using a super pixel consisting of multiple 

dielectric nanopillars with different feature sizes (each feature size corresponding to a 

specific wavelength) [182]. A multifunctional microscope for full polarization imaging 

could be implemented with dielectric metasurfaces for more functionalities and higher 

performance, which can be useful for scientific users. 
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