
 
 

 

 

 

Metasurfaces for Ultrathin Optical Devices with 

Unusual Functionalities 

 

 

 

by 

Dandan Wen 

Submitted for the degree of Doctor of Philosophy 

 

 

Institute of Photonics and Quantum Sciences 

School of Engineering & Physical Sciences 

Heriot-Watt University 

May 2017 

 

 

 

 

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 

Metamaterials are artificial materials that are made from periodically arranged 

structures, showing properties that cannot be found in nature. The response of a 

metamaterial to the external field is defined by the geometry, orientation, and 

distribution of the artificial structures. Many groundbreaking discoveries, such as 

negative refraction, and super image resolution has been demonstrated based on 

metamaterials. Nevertheless, the difficulty in three-dimensional fabrication, especially 

when the operating band is located in the optical range, hinders their practical 

applications. As a two-dimensional counterpart, a metasurface consists of an array of 

planar optical antennas, which locally modify the properties of the scattered light. 

Metasurfaces do not require complicated three-dimensional nanofabrication techniques, 

and the complexity of the fabrication is greatly reduced. Also, the thickness of a 

metasurface can be deep subwavelength, making it possible to realize ultrathin devices. 

In this thesis, geometric metasurfaces are utilized to realize a series of optical 

devices with unusual functionalities. Phase gradient metasurface is used to split the 

incident light into left-handed polarized (LCP) and right-handed polarized (RCP) 

components, whose intensities can be used to determine the polarization state of the 

incident light. Then we propose a method to integrate two optical elements with 

different functionalities into a single metasurface device, and its overall performance is 

determined by the polarization of the incident light. After that, a helicity multiplexed 

metasurface hologram is demonstrated to reconstruct two images with high efficiency 

and broadband. The two images swap their positions with the helicity reversion of the 

incident light. Finally, a polarization rotator is presented, which can rotate the incident 

light to arbitrary polarization direction by using the non-chiral metasurface. The 

proposed metasurface devices may inspire the development of new optical devices, and 

expand the applications of metasurfaces in integrated optical systems. 
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Chapter 1 Introduction 

Metamaterials are engineered to have periodic subwavelength structures, whose 

responses to the external field are determined by the structures rather than the base 

materials. These man-made materials have yielded many novel applications ranging 

from super-resolution imaging to negative refractive index. However, the difficulties in 

fabrication have hindered their practical applications, especially in the optical range, 

where high-resolution 3D fabrication is needed. In this chapter, we introduce a kind of 

2D metamaterials, or metasurfaces, which greatly reduce the complexity of the 

fabrication process, and have the ability to tune the properties of light within deep 

subwavelength ranges. For these reasons, metasurfaces not only open a new avenue to 

scale down the size of photonic systems but also provide unusual functionalities to 

optical devices. 

1.1 Introduction to metasurfaces 

Conventional optical elements, such as lenses and wave-plates gradually change the 

phase and polarization of light during the propagation. It is difficult to accumulate 

sufficient phase change once the device size is further reduced to subwavelength scale 

due to the limited refractive indices of natural materials. To meet the growing 

requirement of device miniaturization and system integration, a new design 

methodology is urgently needed to develop ultrathin optical devices. 

Metamaterials [1.1] are composed of artificial ‘atoms’ made from metals, dielectrics, 

and so on. These ‘atoms’ are usually subwavelength and arranged in repeating patterns 

[1.2]. The structures, orientations and distributions of these ‘atoms’ can be designed to 

manipulate electromagnetic waves in smart ways. Many unprecedented phenomena, 

such as super-resolution [1.3], negative refractive index [1.4] and artificial magnetic 

response [1.5] have been demonstrated using metamaterials. With the development of 

nanofabrication techniques, the operating wavelengths of metamaterials have been 

extended from microwave to optical range. However, the applications of metamaterials, 

especially in the infrared and visible spectrums are hindered by the fabrication 

difficulties, high losses and strong dispersion [1.6]. 

Recently, optical metasurfaces [1.7] have drawn much attention for their easy 

fabrication process and effective control of optical properties. Metasurfaces are 

composed of optical antennas that can locally change the phase, amplitude, and 

polarization of the scattered light within subwavelength range, which is completely 

different from the conventional optical elements relying on the propagation effect. As a 
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result, metasurface-based ultrathin optical devices such as lenses [1.8], waveplates [1.9] 

and axicons [1.10] have been developed. Besides, many novel applications have been 

explored including dual-polarity plasmonic metalens [1.11], anomalous refraction [1.12], 

giant spin-Hall effect [1.13], unidirectional surface plasmon polariton excitation [1.14], 

and so on. Although metasurfaces have shown great potential for practical applications, 

they are still at the infant stage and many new design principles and applications are still 

under exploration. This thesis aim to develop metasurface devices with unusual 

functionalities, such as helicity multiplexed holograms [1.15] and broadband 

polarization rotators [1.16], which further expand the application of metasurfaces in the 

field of optics. 

In this chapter, metasurfaces are classified and introduced based on their 

functionalities. Since the main goal of metasurfaces is the phase control and wavefront 

shaping, the corresponding metasurfaces are first introduced in section 1.2. In section 

1.3, metasurfaces with polarization conversion and measurement functionalities are 

reviewed. The two sections are closely related to the major part of this thesis in chapters 

3-6. In addition to the phase and polarization control, metasurfaces with other 

functionalities, such as amplitude modulation and frequency selection are introduced in 

section 1.4. This section also includes a brief review of dielectric metasurfaces. In 

section 1.5, the organization of this thesis is provided. 

1.2 Phase control and wavefront shaping 

Metasurfaces made their debut through flexible control of the wavefront of light 

[1.7]. Abrupt phase changes can be given to the scattered light if it is transformed by the 

metasurfaces with deep subwavelength thicknesses. The pixel size of metasurfaces can 

be much smaller than the commercially available optical elements, such as spatial light 

modulators. Thus the nanoantennas provide subwavelength resolutions of wavefronts, 

which eliminate the unwanted higher diffraction orders. Moreover, the wavefront 

generated by a geometric metasurface [1.17] will be changed to its conjugation if the 

helicity of the incident light is reversed, giving rise to many novel applications.  

A major approach for controlling the phase of the scattered light is the use of 

antenna dispersion. For an incident light beam shining on a metallic nanoantenna, its 

resonance condition is related to the size and geometry, which can be adjusted to tune 

the phase of the scattered light. For example, V-shaped antennas support both 

symmetric and anti-symmetric modes that are perpendicular to each other [1.7]. When 

the two modes are excited simultaneously, part of the scattered light has a polarization 
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cross to that of the incident light due to the distinct resonance conditions of the two 

resonant modes. The geometries and orientations of the antennas are properly chosen to 

provide certain phase delay to the cross-polarized light (figure 1.1). The metasurfaces 

consisting of V-antennas have been applied to realize anomalous refraction and 

reflection [1.12], lens [1.8, 1.18], axicon [1.10] and holograms [1.19]. 

 

Figure 1.1 Schematic of the metasurface based on V-shaped nanoantennas. (a) The incident light Einc 

can excite both the symmetric and antisymmetric modes, which are represented by the blue and red colors, 

respectively. Since the two modes have different resonance conditions, part of the scattered light has a 

polarization cross to that of the incident light. (b) Schematic of a supercell containing eight V-antennas. 

The cross-polarized scattered light from the neighboring antennas is designed to have equal amplitude 

and a phase difference of π/4. (c) Simulated electric field of the scattered light from the eight antennas 

composing the supercell [1.7]. 

As the simplest nanoantenna, a nanorod can tune the phase of the scattered light 

polarized along its long axis by adjusting its length [1.20, 1.21]. If the width of the 

nanorod is increased to form a rectangle-shaped nanoantenna, it will respond 

anisotropically to the light polarized along the two axes [1.22, 1.23]. Also, C-shaped 

antennas with different geometries and orientations have been experimentally verified to 

simultaneously control the phase and amplitude of the scattered light [1.24]. H-shaped 
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antennas with different heights [1.25] or widths [1.26], patch-dipole antennas [1.27] and 

multilayer Huygens’ surface [1.28-1.30] have also been demonstrated to effectively 

control the phase. 

 

Figure 1.2 Metasurface dual-polarity lens. (a) All the nanorods in the designed metasurface have the 

same geometry, and their orientations change along the x- direction. The pixel pitch s has the value of 400 

nm. (b) Under the illumination of RCP light, lens A is negative while lens B is positive. Therefore the 

focal lines are located at the virtual and real focal planes for lens Aand B, respectively. (c) The polarities 

of both lens are reversed for the LCP incident light [1.11]. 

For previous examples, metasurfaces are composed of nanoantennas of different 

shapes, which are designed to give spatially different phase delays to the scattered light. 

A different approach to introduce abrupt phase changes is to utilize the geometric phase, 

which is obtained through the polarization conversion caused by an anisotropic scatterer 
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[1.31]. For the circularly polarized incident light, an anisotropic scatterer can partly 

change the incident light into its opposite helicity and give a geometric phase ±2ψ to it. 

The parameter ψ is the orientation of the nanorod. ‘+’ sign is valid for the conversion 

from left-handed circularly polarized (LCP) light to right-handed circularly polarized 

(RCP) light and the ‘-’ sign for RCP to LCP. As a result, a sampled phase function can 

be encoded onto an array of nanoantennas that have the same geometry but varying 

orientations. Since the geometric phase is independent of wavelengths, the metasurface 

has the potential to work for a broad range of wavelengths. 

A typical example of the geometric phase-based metasurfaces is the dual-polarity 

plasmonic metalens [1.11]. The metasurface is formed by gradually changing the 

orientations of the gold nanorods along the x-direction [figure 1.2(a)]. It can converge 

the scattered light into a bright focal line at the real or virtual focal plane, depending on 

the helicity of the incident light [figures 1.2(b)-(c)]. Since the ‘+’ or ‘-’ sign of the 

geometric phase is determined by the helicity of the incident light, multifunctional 

metasurface devices and helicity multiplexed broadband metasurface holograms will be 

presented in chapters 4 and 5, respectively. 

If the surface waves are used as reference beams, holographic metasurfaces can tune 

the wavefront in a similar way to the traditional holograms. The interference pattern is 

first generated by the reference surface plasmon polaritons (SPP) and the scattered light 

from the object; then the pattern is transferred to the metallic film by etching apertures 

along the maximum of interference pattern [1.32], which forms a holographic 

metasurface. The image of the object can be reconstructed from the metasurface if the 

reference SPP beam propagates along the surface and passes the etched pattern. 

Holography with white light illumination [1.33], Airy beam generators [1.34] (figure 

1.3) and multi-beam plasmonic collimators [1.35] have been experimentally 

demonstrated. If the holographic metasurface is used in the opposite way, which means 

to illuminate the metasurface with a propagating wave with certain wavefronts, the SPP 

beam with designed wavefront can be generated accordingly. The optical angular 

momentum detectors [1.36], polarization-controlled directional coupling of SPP [1.14, 

1.37], and flexible coherent control of plasmonic spin-Hall effect [1.38] all fall into this 

category.  
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Figure 1.3 Airy beam generated by holographic metasurface The readout SPP wave passes the 

holographic metasurface (b) and generate the Airy beam (a) in free space [1.34].  

1.3 Polarization conversion 

Since polarization is one of the basic properties of light, the polarization conversion 

is crucial for many useful applications, such as photography, sensing and display 

technology. With the development of nanofabrication techniques, metasurface-based 

miniature optical devices show great potential in polarization conversion, which will be 

introduced in the following based on different working mechanisms. 

A natural birefringent crystal has a refractive index that is related to the polarization 

state of the incident light, and therefore it has the capacity to serve as a waveplate. 

Similarly, a metasurface can realize birefringence by using a single layer of anisotropic 

nanoantennas. For example, two nanoslits can be placed perpendicular to each other, 

and each nanoslit mainly interacts with the incident light polarized along its long axis. 

The two scattered light beams with orthogonal polarization can be designed to have 

equal amplitude and a π/2 phase difference at certain wavelength range, where the 

metasurface functions as a quarter-wave plate [figure 1.4(a)] [1.39-1.41]. Other 

metasurfaces consisting of anisotropic antennas such as split-ring [1.42] shaped, cross-

shaped [1.43] and L-shaped antennas [1.44] have also been demonstrated as quarter-

wave plates. A phase gradient metasurface composed of anisotropic nanorods that 

separate the LCP and RCP components of the incident light can be used for polarization 

measurement, which will be illustrated in chapter 3. 
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Figure 1.4 Metasurface based quarter-wave plate and half-wave plate. (a) The light beams polarized 

along the two nanoslits are designed to have the equal transmissivity and a phase difference of π/2 for a 

given wavelength, therefore the metasurface functions as a quarter-wave plate [1.41]. (b) Schematic of the 

half-wave plate based on reflection-type metasurface, which consists of a nanorod layer on the top, a 

dielectric spacer in the middle and a reflective layer at the bottom. (c) The simulated conversion 

efficiency of the metasurface [1.17]. The metasurface can convert most of the incident circularly 

polarized light into its cross-polarization, similar to a traditional half-wave plate. 

In comparison with metasurfaces based on single-layer anisotropic nanoantennas, 

multilayer anisotropic metasurfaces, although complicated in fabrication, show obvious 

advantages in polarization conversion [1.45-1.47]. For example, three cascaded 

anisotropic layers provide the required admittances, which aim to convert the 

transmitted light to any designed polarization [1.48, 1.49]. High extinction ratio 

metasurface polarizers operating at telecommunication wavelengths are realized using 

metasurfaces of three layers [1.50]. To improve the conversion efficiency and broaden 

the operational bandwidth, reflection-type multilayer metasurfaces are designed that 

include an anisotropic nanoantenna layer, a dielectric spacer, and a reflective layer 

[figure 1.4(b)]. The broadband performance arises from the interplay between the 

dispersion of the nanoantenna layer and the Fabry–Pérot like cavity formed by the three 
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layers. Reflection-type half- or quarter-wave plates [1.51-1.54], polarization converters 

[1.55, 1.56] and polarization beam splitters [1.57] have been experimentally verified. 

For the metasurfaces mentioned above, the desired polarization state of the scattered 

light can be realized by each unit cell independently. On the contrary, a metasurface 

based polarization element can also work based on the collective operation of all the 

nanoantennas. For example, a metasurface contains two subunits can generate two 

linearly polarized scattered light beams with cross-polarization [1.9] or two circularly 

polarized light beams with opposite helicities [1.58]. The spatial separation of the two 

subunits provides a phase difference ΔФ to the orthogonally polarized light beams, 

which then superpose and form a new polarization [figure 1.5(a)]. To improve the 

conversion efficiency and expand the operational bandwidth to visible range, a 

broadband polarization rotator will be presented in chapter 6 that based on metasurface 

rectangular phase grating. 

 

Figure 1.5 (a) The scattered light beams from subunits a and b have a phase difference of π/2, which is 

induced by the spatial separation of the two subunits [1.9]. (b) The rotation angle of the polarization 

ellipse Δ has an offset angle θ when the structures have left- or right-hand twist [1.59]. 
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Materials with chiral structures lift the degeneracy of LCP and RCP components and 

induce the optical rotation. A three-dimensional material is defined to be chiral if it 

lacks any planes of mirror symmetry [1.60]. Similarly, a two-dimensional chiral 

metasurface can be defined as the one containing nanoantennas, which cannot be 

brought into congruence with their mirror images unless they are lifted from the plane 

[1.61]. Since there is an additional interaction between the chirality of the incident wave 

and the chirality of the nanostructures, a chiral metasurface responses differently to the 

incident LCP and RCP light [figure 1.5(b)]. Therefore the transmitted light from the 

metasurface changes its polarization accordingly. Chiral metasurfaces have been used as 

polarization rotators [1.59, 1.61, 1.62], circular polarization filter [1.63, 1.64], and so on 

[1.65, 1.66]. 

1.4 Other applications and dielectric metasurfaces 

The majority of metasurface applications fall into the categories of wavefront or 

polarization control as discussed in sections 1.2-1.3. However, metasurfaces prove to be 

efficient in many other areas including the amplitude control, frequency selection, and 

so on. In this section, an introduction is given to these novel applications. Although 

dielectric metasurfaces are not involved in the main body of this thesis, an overview of 

dielectric metasurfaces is given in this section providing their abilities to achieve higher 

efficiency in transmission mode than their metallic counterparts. 

First, metasurfaces used for amplitude control of the scattered light are introduced. 

The simplest form of amplitude control is the binary modulation, where a function is 

sampled and represented by a matrix consisting of elements with the values of either 1 

or 0. The matrix can be encoded onto a metasurface, where each nanorod represent an 

element with nonzero value [1.67]. To obtain the multiple levels of amplitude 

modulation, V-shaped nanoantennas of different arm lengths and splitting angles 

[figures 1.6(a)-(b)] [1.19], or L-shaped antennas with tunable arm length differences 

[1.68] have been experimentally demonstrated. Arbitrary levels of amplitude 

modulation are realized by using C-shaped antennas, where the amplitude of the 

scattered light is determined by the angular orientations of the antennas [1.69].  
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Figure 1.6 (a) A V-aperture antenna that is etched into the gold film. The antenna can partly convert the 

linear polarization into its orthogonal one. (b) The amplitude of the converted light versus the arm lengths 

and split angles of the V-antennas [1.19]. (c) Reflection spectrum of a silicon substrate covered with gold 

nanoparticles. The inset is the SEM image of the sample, and the scale bar is 1 μm. The minimum 

reflectivity is located at 560 nm with the value of 0.5% (d) Measured reflection spectrum versus the 

incident angles [1.70]. 

The spectral response of a metasurface is dependent on the antenna geometry, 

packing density and other parameters, which yields many interesting applications. For 

example, high resolution color prints are demonstrated by using nanodisks of different 

diameters [1.71], where the plasmon resonance of a disk determines the color of an 

individual pixel. Similarly, nano-gratings with different geometries [1.72, 1.73] or 

orientations [1.74] can create vibrant colors. Besides the plasmonic color printing, 

multicolor holograms [1.20, 1.75], polarization-dependent color switching [1.76] and 

dual wavelength diffractive lenses [1.77] are also developed. Elimination of undesired 

wavelengths of the reflected light is important for many applications [1.78]. A single 

layer of disordered gold nanoparticles have been experimentally demonstrated to 

completely absorb the reflected light over a wide range of incident angles, yielding a 

zero reflectance meta-film [figures 1.6(c)-(d)] [1.70]. 
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Figure 1.7 (a) Schematic of the tunable metasurface absorber, which is composed of an array of 

nanoantennas on graphene, an aluminum oxide layer and an aluminum substrate. (b) Simulated reflection 

spectrum from the metasurface for different gate voltages |VG-VCNP|. VCNP represents the gate voltage 

when the concentrations of electrons and holes in the graphene sheet are equal [1.79]. (c) The metasurface 

with two-fold rotational symmetry allows third order harmonic generation (THG), but the RCP and LCP 

THG signals are diffracted to the first and second orders, respectively, since they have different phase 

gradients. (d) The metasurface with four-fold rotational symmetry diverts the LCP THG signal to the 

first-order [1.80]. 

The combination of metasurfaces and electrically tunable materials offer a degree of 

freedom to tune the properties of the scattered light. The conductivity and permittivity 

of graphene are tunable versus the gate voltage. Hence the polarization [1.81], reflection 

[1.79], transmission [1.82] and frequency shifts [1.83] of the scattered light from a 

metasurface can be dynamically modulated if it is integrated with graphene [figures 

1.7(a)-(b)]. To enhance the Faraday rotation in a magneto-optical thin film, a 

metasurface is utilized to introduce the localized plasmonic resonance that interacts 

strongly with the waveguide mode in the film [1.84, 1.85]. Besides the commonly used 

gold and silver, metasurfaces can be made of alternative materials such as transition 
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metal nitrides and transparent conductive oxides, which show great dynamic tunability 

[1.86, 1.87]. 

The capability to locally change the nonlinear optical properties of materials has 

great significance for real applications. Recently, metasurfaces have been utilized to 

generate high harmonics and locally control their phase shifts. For example, geometric 

phases can be given to the nonlinear polarizabilities of the n
th

 harmonic [1.80], and 

therefore the propagation of harmonic signals can be completely controlled [figures 

1.7(c)-(d)]. Based on the same principle, nonlinear metasurface holography with spin 

and wavelength multiplexing is realized through the proper arrangement of split ring 

antennas [1.88]. If a geometric metasurface is loaded by highly nonlinear multi-

quantum-well substrates, second order beam steering, focusing and polarization 

manipulation can be achieved thereby [1.89]. 

A majority of metasurface researchers have focused on the metallic nanostructures; 

however, the low conversion efficiency in the transmission mode hinders the further 

applications. High refractive index dielectric materials do not suffer from the Ohmic 

losses of the metallic structures. Besides, the dielectric resonators enable both the 

electric and magnetic resonances that are adjustable through geometries and packing 

densities of the dielectric nanoantennas. Many interesting functionalities have been 

realized using dielectric metasurfaces, such as directional scatterers [1.90] and 

broadband waveplates [1.91], etc. 

A dielectric nanoantenna can be properly designed to provide the scattered light with 

desired property. For example, a silicon elliptical post can give certain phase delays to 

the light polarized along its long and short axes; hence both the phase and polarization 

of the scattered light can be controlled [figures 1.8(a)-(b)]. It is worth noting that the 

experimentally measured efficiency in transmission mode ranges from 72% to 97% 

depending on exact designs [1.92]. If the elliptical posts are used as building blocks, 

subwavelength thick lens [1.93, 1.94], optical function decouples [1.95] can be realized. 

Besides the elliptical posts, silicon cuboids with different geometries can provide phase 

modulations to the scattered light, which are used to realize beam deflectors and vortex 

beam generators at near infrared [1.96]. By using high aspect ratio dielectric 

nanoantennas, whose scattering contributions of several multipoles are overlapped 

[1.91], broadband half-wave plates and quarter-wave plates are achieved. 

Benefiting from the high refractive index of the dielectric nanoantennas, the modes 

are highly confined, and therefore the scattered light from an antenna is merely affected 

by its neighbors. Nevertheless, the coupling between two closely spaced antennas can 
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provide additional freedoms for optical properties control. A unit comprised of two 

coupled rectangular dielectric resonators can be designed to have distinct phase delays 

for three different wavelengths, resulting in a multi-wavelength achromatic metasurface 

[1.97, 1.98]. 

 

Figure 1.8 (a) The dielectric metasurface based on silicon elliptical posts. The incident light Ein can be 

locally changed into the output light Eout with arbitrary phase and polarization. (b) The silicon elliptical 

posts have the same height, but different geometries and orientations [1.92]. (c) Working principles of the 

dielectric metasurface based on silicon nanobeam arrays. Middle: the silicon nanobeam arrays function as 

half-wave plates with the fast axes rotating from 0 to 7π/8 counterclockwise. Bottom: The incident light is 

LCP. Top: The output beam is RCP with the picked-up phase ranging from 0 to 7π/4 [1.99].  

The phase shifts of the scattered light from the dielectric nanoantennas mentioned 

above are closely related to the geometries of the antennas. However, dielectric 

metasurfaces based on geometric phases can serve as alternatives. A dielectric 

metasurface consisting of silicon nanobeam array located on the surface of the glass is 

shown in figure 1.8(c), each nanobeam array has the same functionality of a half-wave 

plate with the fast axis perpendicular to the nanobeams. Therefore the metasurface can 

imprint a locally varying geometric phase to the scattered light that has an opposite 

helicity with regard to the incident light. The metasurface also features with high 

transmission efficiency with 75% at 550nm [1.99]. If TiO2 nanofins are used as building 

blocks to provide geometric phases, a high numerical aperture lens with magnification 

as high as 170× and high efficiency over the visible wavelength range is proposed 

[1.100]. 
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Dielectric materials that are tunable versus the external field can be utilized as 

building blocks to form active metasurfaces. Chalcogenide compound Ge2Sb2Te5 (GST) 

has the capacity to be changed from the amorphous state to the crystalline state 

according to the temperatures, or vice versa. By controlling the number of pulses 

emitting from a high-repetition-rate femtosecond laser, the functionality of a GST based 

metasurface can be erased and rewritten in a dynamical way [1.101]. By putting a 

temperature tuned lossy dielectric film onto a lossy substrate, the reflected light from 

the air/film interface and the film/substrate interface can have tunable phases, which 

makes it possible to engineer the reflectance of the reflected light versus the temperature 

[1.102]. 

1.5 Overview of the thesis 

The thesis begins with an introduction chapter, which includes the concept of 

metasurfaces and their applications. In chapter 2, the background information about the 

geometric phase is first introduced, followed by the basic working mechanisms of the 

transmission and reflection-type geometric metasurfaces that are the basis of the 

following chapters. Chapters 3 and 4 demonstrate novel applications based on 

transmission-type metasurfaces. Phase gradient metasurface for polarization 

measurement (chapter 3) and metasurface device that tunes the wavefront based on the 

helicity of the incident light (chapter 4) are presented. To improve the conversion 

efficiency of the transmission-type metasurfaces, the reflection-type metasurfaces are 

adopted in chapters 5 and 6. A helicity multiplexed metasurface hologram (chapter 5) 

and a polarization rotator (chapter 6) are developed, whose design principles and high 

performances within a broadband may facilitate the future application of metasurfaces. 

The last chapter summarizes this thesis and gives the prospect of future work. 
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Chapter 2 Geometric phase and geometric metasurfaces 

A variety of metasurfaces based on different operating mechanisms have been 

introduced in chapter 1. In this chapter, we will focus on geometric metasurfaces, which 

are the basis for the main body of the thesis. Geometric metasurfaces depend on 

geometric phases picked up through helicity reversion of the scattered light in 

comparison with that of the incident light. A geometric metasurface composed of 

anisotropic nanoantennas with spatially varying orientations can control the wavefront 

precisely with high fabrication tolerance. 

2.1 Introduction to the geometric phase 

Geometric phase in optics originates from the coupling between intrinsic angular 

momentum and rotations of coordinates [2.1]. The most studied manifestations of 

geometric phase are spin-redirection phase and Pancharatnam-Berry (P-B) phase [2.1]. 

If a beam of circularly polarized light propagates along curvilinear trajectories and 

returns to its initial propagation direction, its phase will be different from the value of 

∫ 𝒌𝑑𝒍, where k is the wave vector, and l is the trajectory. The extra phase is named spin 

redirection geometric phase. On the other hand, P-B phase arises from transformations 

of the polarization state. In this section, we will concentrate on a specific P-B phase, 

which is generated when a circularly polarized light beam has its helicity reversed. The 

detailed analysis about the specific P-B phase is shown in references [2.2] and [2.3]. 

Here in this chapter, we adopt an effective method, which is based on the Jones calculus 

to reveal the specific P-B phase. 

First, an anisotropic scatterer is assumed to have the transmission coefficients To and 

Te along the x- and y- directions, respectively. If the scattered light has no cross-

coupling between the two directions, a Jones matrix can be used to represent the 

polarization conversion property of the scatterer 

𝑇0 = [
𝑇o 0
0 𝑇e

]                                                      (2.1) 

In general, when the scatterer is rotated around the z- direction to an arbitrary direction 

φ, its Jones matrix changes to 

𝑇(𝜑) = 𝐽(−𝜑)𝑇0𝐽(𝜑)                                               (2.2) 

With the rotation matrix 

𝐽(𝜑) = [
cos(𝜑) sin(𝜑)

−sin(𝜑) cos(𝜑)
]                                             (2.3) 
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If the rotated scatterer is under the illumination of the LCP light that has the normalized 

Jones vector 

�̃� =
1

√2
[
1
𝑖

]                                                     (2.4) 

The transmitted electric field Et is written as 

𝐸t−LCP = 𝑇(𝜑)�̃� =
𝑇o+𝑇e

2
�̃� +

𝑇o−𝑇e

2
𝑒𝑖2𝜑�̃�                               (2.5) 

where �̃� represent the Jones vector of the RCP light  

�̃� =
1

√2
[

1
−𝑖

]                                                    (2.6) 

Similarly, with the RCP incident light, the transmitted field is 

𝐸t−RCP = 𝑇(𝜑)�̃� =
𝑇o+𝑇e

2
�̃� +

𝑇o−𝑇e

2
𝑒−𝑖2𝜑�̃�                             (2.7) 

The first terms in equations (2.5) and (2.7) represent the transmitted light with the same 

helicity of the incident light. The second terms represent the transmitted light that has 

the different helicity and a P-B phase of ±2φ. 

2.2. Scattering properties of a single nanorod and the transmission-type geometric 

metasurface 

One of the key steps to utilize geometric phase as shown in equations (2.5) and (2.7) 

is to find a proper anisotropic scatterer as mentioned in the last section. Here, we 

consider a simple but effective anisotropic scatterer, which is a silver rectangular 

nanorod located on a glass substrate [figure 2.1(a)]. The nanorod has a size much 

smaller than the operating wavelength. Hence a quasi-static approximation is utilized to 

analyze the electric field both inside and outside the nanorod [2.4]. If the incident light 

is polarized along the long (short) axis of the silver nanorod, the electric potential 

outside the nanorod is the superposition of the applied field and that of an electric dipole 

located at the rod center. The direction of the electric dipole is parallel to the long (short) 

axis of the nanorod. 

If the incident light has nonzero components along both axes of the nanorod, two 

dipole moments with perpendicular directions are generated [figures 2.1(b) and (c)]. 

Due to the different resonance conditions along the two axes, the two dipole moments 

have different magnitudes, and therefore the nanorod can be regarded as an anisotropic 

scatterer. Since the value of geometric phase is solely determined by the orientation of 

the nanorod [equations (2.5) and (2.7)], it is possible to encode a sampled phase 
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function to an array of nanorods with different orientations, which form a geometric 

metasurface (figure 2.2). 

 

Figure 2.1 Schematic of a rectangular nanorod and its dipole model. (a) A silver rectangular nanorod 

is located on the glass substrate. The parameters l, w and d represent the length, width and thickness of 

the nanorod. The pixel pitch is a. The parameters are set as follows: l=220 nm, w=90 nm, d=30 nm and 

a=350 nm. The electric field around the nanorod is simulated if the incident light is polarized along its (b) 

long axis and (c) short axis. The incident light has the wavelength of 926 nm for (b) and 528 nm for (c). 

The result is obtained using finite difference time domain (FDTD) method. The amplitude of the incident 

light is set to be 1V/m in both (b) and (c).  

 

Figure 2.2 The encoding process of a geometric metasurface. (a) A random phase profile with 6×6 

pixels. The color of each pixel denotes its phase value. (b) The phase profile in figure (a) is represented 

by an array of nanorods with different orientations. 
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The conversion efficiency of a metasurface denotes its ability to change the incident 

circularly polarized light into the light with opposite helicity. As shown in equations 

(2.5) and (2.7), the conversion efficiency is determined by the transmission coefficients 

To and Te of a single nanorod, which can be written as 

𝜂convert =
|𝑇o−𝑇e|2

4
                                                    (2.8) 

The parameters To and Te are related to the geometry of the nanorod (l, w, d), pixel pitch 

a, and its component material. In figure 2.3, ηconvert is simulated for several specific 

examples, where the nanorods have different widths and component materials. When 

the nanorod width is increased, the peak of an efficiency curve will be blue-shifted. For 

the silver and gold nanorods of the same geometry, the efficiency peak of the former is 

located at a shorter wavelength than that of the latter. 

 

Figure 2.3 Simulated conversion efficiency of the metasurface. The four efficiency curves in each 

figure correspond to four different metasurfaces, whose nanorods have the widths of 40 nm, 70 nm, 100 

nm and 130 nm, respectively. The nanorods of different metasurfaces have the same length of 200 nm, 

the thickness of 30 nm and the pixel pitch of 300 nm. The component material is silver in (a), and gold in 

(b). 



Chapter 2: Geometric phase and geometric metasurfaces 

26 
 

 

Figure 2.4 Simulated scattering properties of a single silver nanorod. The nanorod is 200 nm long, 70 

nm wide and 30 nm thick. The pixel pitch is 300 nm. (a) The transmission coefficients of the light 

polarized along the long and short axes of the nanorod. (b) The phase difference between the two cross-

polarized light beams scattered by the nanorod.  

It should be noted that the conversion efficiency of the transmission-type geometric 

metasurface composed of a single layer of metallic nanorods is relatively low (figure 

2.3). To get higher conversion efficiency, the scattered light without geometric phase 

has to be eliminated, meaning that 

𝑇o + 𝑇e = 0                                                    (2.9) 

For a rectangular metallic nanorod, the equation (2.9) can be interpreted as  

|𝑇o| = |𝑇e|                                                     (2.10) 

arg(𝑇o) − arg(𝑇e) = ±𝜋                                    (2.11) 
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Equations (2.10)-(2.11) imply that a nanorod should work as a half-wave plate with the 

fast axis along its long or short axis. However, this goal cannot be achieved for the 

following reasons: First, |To| does not equal to |Te| in most of the wavelength range of 

interest due to the different resonance conditions along the two axes of the nanorod 

[figure 2.4(a)]. Second, the phase difference between To and Te cannot reach π as shown 

in figure 2.4(b).  

2.3 The reflection-type geometric metasurface 

In order to boost the conversion efficiency of the metasurface, a three-layer structure 

can be applied as shown in figure 2.5. The antenna layer, along with the dielectric 

spacer and the metallic reflective layer compose a Fabry-Pérot-like cavity. The high 

efficiency arises from the interplay of the antenna resonance and the cavity effect of the 

multilayer structure. Several different theoretical models have been proposed to 

illustrate the high efficiency and broadband performance of the metasurface. Grady [2.5] 

calculated the amplitude of the co- and cross-polarized reflected light after each round 

trip in the cavity. After multiple reflections, the superposition of all the cross-polarized 

light results in a constructive interference, while the co-polarized light forms a 

deconstructive interference.  Jiang [2.6] pointed out that the metallic ground layer acts 

as a perfect mirror. The light reflected from the ground layer can be regarded as the 

mirror image of the incident light together with the radiation of the mirror image of the 

metallic structure. Then the total reflection is the superposition of all components of 

light propagating along the surface normal. The dispersion of the metallic nanoantennas 

is canceled out by that of the dielectric spacing layer, which yields a dispersionless 

performance. Zheng [2.7] proposed a multi-beam interference model to illustrate the 

high efficiency and broadband property of the reflection-type metasurface. Although the 

interference model is commonly used to analyze traditional Fabry-Pérot cavities, it is 

effective to link the conversion efficiency of the metasurface with the scattering 

parameters of the nanorod layer.  
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Figure 2.5 Schematic of the reflection-type metasurface. The metasurface is composed of three layers: 

the silver nanorods on the top, the SiO2 spacer in the middle and the silver ground layer on the silicon 

substrate. All the silver nanorods are assumed to have the same orientation for simplicity. 

Although gold is chosen to be the component material in references [2.5-2.7], silver 

is used here since it has less absorptions of blue and green light. Therefore it turns to be 

a better candidate for the visible range. As shown in figure 2.5, we consider a reflection-

type metasurface with nanorods of uniform orientations for simplicity. The silver 

nanorod layer can be regarded as a homogeneous but anisotropic layer. According to the 

multi-beam interference model [2.7], the conversion efficiency of the metasurface is 

determined by the refractive indices and thicknesses of the nanorod layer and the SiO2 

spacer, and the reflection coefficient of the silver ground layer. 

We first link the refractive index of the nanorod layer with the scattering properties 

of the nanorods. The case when the incident light has a polarization parallel to the long 

axis of a nanorod is first considered, and the subscript letter L is added to the related 

parameters thereby. For a certain volume in the material Δv that carries a dipole moment 

ΔpL, the polarization density PL has the expression [2.7] 

𝑃𝐿 =
∆𝑝𝐿

∆𝑣
=

𝜀0𝛼𝑒𝐿𝐸𝐿

𝑎2ℎ
                                                     (2.12) 

The parameter a is the pixel pitch and h represents the height of the nanorod layer. The 

expression a
2
h denotes the average volume of a single pixel in the nanorod layer. αeL is 

the polarizability of a nanorod along its long axis. ε0 represents the permittivity of free 

space, and EL is the electric field polarized along the long axis of the nanorod. From 

classical electromagnetics, PL also has the definition of  

𝑃𝐿 = 𝜒𝑒𝐿휀0𝐸𝐿                                                      (2.13) 
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where χeL is the susceptibility of the medium. In comparison with equation (2.12), χeL 

can be written as 

𝜒𝑒𝐿 =
𝛼𝑒𝐿

𝑎2ℎ
                                                          (2.14) 

The relative permittivity εL of the nanorod layer is  

휀𝐿 = 1 + 𝜒𝑒𝐿                                                      (2.15) 

Therefore the refractive index of the nanorod layer is written as  

𝑛𝐿 = √휀𝐿 = √1 +
𝛼𝑒𝐿

𝑎2ℎ
                                            (2.16) 

Similarly, we have nS when the incident light has a polarization parallel to the short axis 

of a nanorod  

𝑛𝑆 = √휀𝑆 = √1 +
𝛼𝑒𝑆

𝑎2ℎ
                                            (2.17) 

Equations (2.16)-(2.17) show that the refractive indices of the nanorod layer nL and nS 

are determined by the parameters αeL, αeS, a and h. Since αeL and αeS are related to the 

geometry of the nanorod (length l, width w, and height h) and the pixel pitch a, it means 

that nL and nS are both determined by l, w, h and a. 

When the incident light impinges normally onto a nanorod layer, the transmitted 

light passes through the SiO2 spacer and is reflected back by the silver ground layer. 

The reflected light keeps on stimulating the nanorod to generate the light beam carrying 

geometric phase. Therefore the thickness of the SiO2 spacer layer dspacer is important to 

provide constructive interference condition for the output beam. The refractive index of 

the SiO2 spacer nspacer is known; hence dspacer is the only parameter of the SiO2 spacer to 

be considered. 

The silver ground layer has a thickness of 150 nm, which is thick enough to make 

sure that no light is transmitted, and the reflection coefficient of the silver ground layer 

can be obtained from literature values. 

We first study the air-nanorod-SiO2 structure with the assumption that there are no 

silver ground layer and the silicon substrate in figure 2.5. If a beam of light is polarized 

along the long axis of the nanorod and it is incident from the air side, the transmission 

coefficient tL and the reflection coefficient rL can be found in the reference [2.8], which 

are the functions of nL, nspacer and h. If the light is incident from the SiO2 side, the 

transmission and reflection coefficients are written as t'L and r'L, respectively. Similarly, 

we can get tS, rS, t'S and r'S, which are valid for the light polarized along the short axis of 
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the nanorod. Next we take the silver ground layer into consideration, and the reflection 

coefficient for the light polarized along the long axis of the nanorod can be written as 

[2.7] 

𝑅𝐿 = 𝑟𝐿 +
𝑡𝐿𝑡𝐿

′ |𝑟𝑚|𝑒𝑖𝛼

1−𝑟𝐿
′|𝑟𝑚|𝑒𝑖𝛼                                          (2.18) 

The parameter rm is the reflection coefficient of the SiO2/silver interface, and it can be 

easily calculated. The parameter α has the expression 

α =2nspacerk0dspacer+φ(rm)                                         (2.19) 

k0 is the wave vector of free space. φ(rm) is the phase of rm. α represents the round-trip 

phase accumulated in the SiO2 spacer. Similar to equation (2.18), the reflection 

coefficient for the light polarized along the short axis of the nanorod is 

𝑅𝑆 = 𝑟𝑠 +
𝑡𝑠𝑡𝑠

′|𝑟𝑚|𝑒𝑖𝛼

1−𝑟𝑠
′|𝑟𝑚|𝑒𝑖𝛼                                          (2.20) 

Based on equations (2.18-2.20), the conversion efficiency of the reflection-type 

metasurface is 

𝜂convert =
|𝑅𝐿−𝑅𝑆|2

4
                                           (2.21) 

Equations (2.18)-(2.21) show that the conversion efficiency ηconvert is related to the 

refractive indices and thickness of the nanorod layer through parameter set {tL, rL, t'L, r'L, 

tS, rS, t'S, r'S}, and ηconvert is also related to dspacer.  

Instead of discussing the influence of nL and nS, h and dspacer on the conversion 

efficiency, it can be written as a more straightforward way 

𝜂convert = 𝑓(𝑙, 𝑤, ℎ, 𝑎, 𝑑spacer)                             (2.22) 

For a metasurface with given configuration (l, w, h, a, dspacer), it is possible to 

approximate αeL and αeS to Lorentzian forms with the aid of FDTD method. The 

analytical expression of ηconvert versus the wavelengths of the incident light can be given 

by using the multilayer reflection model [2.7]. However, it is not practical to deduce a 

generalized expression of f(l, w, h, a, dspacer) from which the optimum design of the 

metasurface can be calculated. 
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Figure 2.6 Simulated conversion efficiency of the reflection-type metasurfaces with silver nanorods. 

The four efficiency curves in each figure correspond to four different metasurfaces, whose nanorods have 

widths of 40 nm, 70 nm, 100 nm and 130 nm, respectively. The nanorods of different metasurfaces have 

the same length of 200 nm, the thickness of 30 nm and the pixel pitch of 300 nm. The thickness of the 

SiO2 spacer is 40 nm in (a), 80 nm in (b) and 120 nm in (c). 

In the following, the relationship between the conversion efficiency and the 

metasurface configuration parameters is analyzed, which aims to achieve a high 

efficiency and broadband performance. For simplicity, the length and thickness of a 

nanorod are set to be 200nm and 30 nm, respectively. The pixel pitch is fixed to be 300 

nm. As shown in figure 2.6, the efficiency curve changes with the thickness of the SiO2 
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spacer and the width of the nanorods. Since we are interested in the visible and near 

infrared range, the case when the nanorod width is within 70 to 100nm, and dspacer 

equals to 80 nm is the best choice [blue and green curves in figure 2.6(b)]. With the 

increase of dspacer, the efficiency is improved for the wavelengths longer than 1300 nm.  

 

Figure 2.7 Simulated scattering properties of a silver nanorod in a reflection-type metasurface. The 

nanorod is 200 long, 100 nm wide and 30 nm thick. The pixel pitch is 300 nm, and the SiO2 spacer is 80 

nm. (a) The reflection coefficients of the light polarized along the long and short axes of the nanorod. (b) 

The phase difference between the two cross-polarized light beams scattered by the nanorod. 

If the configuration parameters of the metasurface are chosen properly, each 

nanorod, in combination with the SiO2 spacer and silver ground layer can form a 

broadband reflection-type half-wave plate, which accounts for the high efficiency and 

broadband performance. We simulate the reflection coefficients of the light beams 
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polarized along the long and short axes of the nanorod and the phase difference between 

them (figure 2.7). Figure 2.7 shows that the two cross-polarized light beams have 

roughly equal amplitude and a phase difference that approaches π in a wide operational 

bandwidth. In comparison with those of the transmission type metasurface (figure 2.4), 

the reflection type metasurface here is much closer to the function of a half waveplate. 

Alternatively, if the calculation results in figures 2.4 and 2.7 are both substituted into 

equation (2.8), it shows that the efficiency is much higher for the reflection type 

metasurface. 

2.4 Conclusion 

In this chapter, the geometric phase and the transmission/reflection-type geometric 

metasurfaces are introduced. Since the geometric phase is determined by the orientation 

angle of the anisotropic scatterer, the geometric metasurface can continuously tune the 

phase of the scattered light from 0 to 2π. As geometric phase is independent of the 

incident wavelengths, the geometric metasurface can work in the broad wavelength 

range. When the helicity of the incident light is reversed, the phase function of the 

geometric metasurface will be added to a minus sign, which gives rise to many new 

applications [2.9-2.12]. Above all, the distance between the neighboring nanorods can 

be sub-wavelength, and the thickness of the nanorods is only a few dozen nanometers, 

which makes the geometric metasurface a potential candidate for miniature optical 

devices. 
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Chapter 3 Phase gradient metasurface for polarization measurement 

Polarization measurement system conventionally uses a series of polarizers and 

waveplates, which change the polarization of light over a distance much longer than the 

operating wavelengths. Here in this chapter, a phase gradient metasurface is utilized to 

realize the polarization measurement. The incident light is separated into two orthogonal 

circular components (LCP and RCP), and they are deflected to different directions. The 

ellipticity and helicity of the incident polarized light can be derived from the intensities 

of two components. Since the ultrathin metasurface offers unique advantages such as 

broadband, simplicity, and miniaturization, it shows the potential to simplify the 

experimental setup and improve the system integration dramatically. 

3.1 Introduction 

Polarization state measurement has found many applications [3.1], ranging from 

ellipsometry [3.2], remote sensing [3.3] to polarization light scattering [3.4] and 

ophthalmic polarimetry [3.5]. Miniaturization and integration of polarization 

measurement systems are necessary for their applications in integrated optical systems. 

However, since the conventional polarization elements rely on gradual polarization 

changes accumulated through propagation, the further reduction of the system volume is 

confronted with many challenges. Besides, as conventional waveplates are wavelength-

sensitive, it is practically difficult to achieve the broadband polarization modulation. 

Benefiting from the burgeoning field of metamaterials [3.6-3.12], much attention has 

been paid to the metamaterial-based polarization converting elements [3.13-3.16]. For 

example, metamaterials with artificial chirality may be used as circular polarizers [3.17-

3.19] and polarization rotators [3.20-3.21]. Recently, two-dimensional metamaterials, or 

metasurfaces [3.22-3.24] show their unique ability in polarization manipulation, such as 

the conversion from a linear or circular polarization to its orthogonal one [3.23, 3.25-

3.29]. Moreover, they can abruptly change the phase and polarization of light within a 

deep subwavelength range [3.30-3.31], which makes them potential candidates for 

miniature polarization measurement systems. 

Here in this chapter, a phase gradient metasurface is adopted for the polarization 

measurement within a broad wavelength range. The metasurface is composed of an 

array of gold nanorods with varying orientations. For the incident light impinging 

normally onto the metasurface, part of it will be decomposed into the two orthogonal 

circular components and deflected to different directions. By measuring the intensities 
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of the two components, the polarization state of the incident light can be determined 

accordingly. 

3.2 Design of the phase gradient metasurface 

The designed metasurface is composed of an array of nanorods, which change their 

orientations along the x-direction, and the two neighboring nanorods have an orientation 

difference of π/8 [figure 3.1(a)]. In another view, eight nanorods form a supercell, and 

the supercell repeats in the x-direction to form the metasurface. The nanorods have the 

same length (200 nm), width (50 nm) and thickness (30 nm). The pixel pitch s equals to 

400 nm. To fabricate the metasurface, a polymethyl methacrylate (PMMA) layer is first 

spin-coated onto the indium tin oxide (ITO) coated glass substrate. Then the nanorod 

structures are defined using electron-beam lithography and followed by the exposure 

and development processes. After that, a 30 nm thick gold film is deposited on the 

surface of the developed PMMA layer, and finally, a lift-off procedure is used to obtain 

the nanorods. The scanning electron microscope (SEM) image of the metasurface is 

shown in figure 3.1(b).  

 

Figure 3.1 Schematic and SEM image of the phase gradient metasurface. (a) Schematic of the 

metasurface. The orientation angle φ is formed by the nanorod and the y-axis. The pixel pitch s equals to 

400 nm. (b) SEM image of the fabricated metasurface [3.29].  

As mentioned in chapter 2 [equations (2.5) and (2.7)], each nanorod can be regarded 

as an anisotropic scatterer, which decomposes the incident circularly polarized light into 

two parts [3.32]. The first part has the reversed helicity in comparison with the incident 

light, and it is given a geometric phase ±2φ (the angle φ is shown in figure 3.1). The 

second part has the same helicity, and it is without the geometric phase. Therefore the 

metasurface proposed here is similar to a polarization grating [3.33], which operates in 

visible and near infrared wavelengths rather than that for far infrared and terahertz 

ranges [3.34-3.35]. When the LCP light impinges normally onto the phase gradient 

metasurface, the first part scattered light is RCP, which is given a geometric phase 
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gradient [figure 3.2(a)] and anomalously refracted to the right side of the incident light 

[figure 3.2(b)]. On the contrary, the second part scattered light is still LCP and is 

regularly refracted along the original direction of the incident light. 

 

Figure 3.2 Schematic to show the case when the incident light is LCP. (a) The phase profile of the 

RCP refracted light. (b) The RCP refracted light is diverted to the right side of the metasurface due to the 

phase gradient. The LCP refracted light preserves the direction of the incident light for there is no phase 

gradient [3.29]. 

 

Figure 3.3 Schematic to show the case when the incident light is RCP. (a) The phase profile of the 

LCP refracted light. (b) Schematic to show the polarization and the propagation directions of the refracted 

light beams [3.29]. 

If the incident light is RCP, the phase gradient of the anomalously refracted LCP 

light is reversed in comparison with that in figure 3.2(a) [figure 3.3(a)]. Therefore the 

LCP refracted light is diverted to the left side because of the phase gradient [figure 

3.3(b)]. When the incident is linearly or elliptically polarized that contains both RCP 

and LCP components, there will be anomalously refracted LCP and RCP light beams 

located on both sides of the metasurface (figure 3.4).  
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Figure 3.4 Schematic to show the case when the incident light is linearly or elliptically polarized 

[3.29]. 

By measuring the intensity ratio τ between the anomalously refracted RCP and LCP 

light, the intensity ratio between the LCP and RCP components of the incident light also 

equals to τ due to the helicity reversion 

𝐼𝐿𝐶𝑃

𝐼𝑅𝐶𝑃
= 𝜏                                                          (3.1) 

The ellipticity of the incident light is derived as 

𝜂 =
1−√𝜏

1+√𝜏
                                                         (3.2) 

It can be deduced from equations (3.1)-(3.2) that the positive or negative sign of η 

denotes the helicity of the incident polarized light, with ‘+’ and ‘-’ representing the right 

and left-handedness, respectively. Especially, η=±1 represents the pure RCP (LCP) light. 

For a linearly polarized light, we have η=0. 

3.3 Experimental characterization of the polarization measurement functionality 

The experimental setup to characterize the polarization measurement functionality of 

the metasurface is shown in figure 3.5. The incident light comes from a continuous 

wave tunable laser (NKT, SuperK EXTREME supercontinuum), and its polarization 

state can be adjusted by a polarizer and a quarter- wave plate. The transmission axis of 

the polarizer is fixed while the fast axis of the quarter-wave plate is rotatable. Then the 

light is slightly shrunken by a lens and impinges normally onto the metasurface. An 

objective (10x/0.30 infinity corrected) and a lens are placed in the transmission side to 

collect the refracted light, including both the anomalously and regularly refracted parts. 

The image of the refracted light is captured by a CCD camera.  

The damage threshold of the metasurface is related to the geometry and packing 

densities of the nanorods, the wavelength of the incident light, the repetition frequency 

and pulse duration of the pulsed laser source, and so on. It was reported that a 
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metasurface similar to figure 3.1 can work well under the 30 mW femtosecond (fs) laser 

(repetition frequency: 80MHz, pulse duration: 200 fs) [3.36]. In our experiment, the 

output power of the laser is about 0.5mW, which is much less than the damage 

threshold. 

 

Figure 3.5 Schematic to show the experimental setup. 

The incident light is first set to be RCP, and two light spots can be observed as 

shown in figure 3.6(a). The spot in the middle vanishes if we only collect the LCP 

refracted light by putting another quarter-wave plate and polarizer after the objective 

[figure 3.6(b)]. Therefore it proves that the middle and right light spots correspond to 

the regularly refracted RCP light and the anomalously refracted LCP light, respectively. 

Similarly, with the LCP incident light, the refracted light spots in the middle and on the 

left side are proved to be LCP and RCP, respectively [figures 3.6(c)-(d)]. For the 

linearly polarized incident light, three refracted light spots can be observed [figure 

3.6(e)]. The two spots on both sides correspond to the anomalously refracted RCP and 

LCP light, while the one in the middle has the same linear polarization of the incident 

light [figure 3.6(f)]. 

 

Figure 3.6 Verification of the polarization state of the refracted light at 633 nm. Images of the 

refracted light are obtained when the metasurface is illuminated by (a) RCP, (c) LCP and (e) linearly 

polarized light. If the refracted light with the same polarization of the incident light is filtered out, images 

(a), (c) and (e) change into (b), (d) and (f), respectively [3.29]. 

Figure 3.7 quantitatively shows the evolution of the anomalously refracted light 

versus the incident light polarization. A linearly polarized incident light contains equal 

RCP and LCP components; hence the anomalously refracted LCP and RCP light beams 
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have equal intensities [figure 3.7(a)]. When the incident light is left-handed elliptically 

polarized, the anomalously refracted RCP light has a higher intensity than that of the 

LCP light [figure 3.7(b)], and the latter disappears for pure LCP incident light [figure 

3.7(c)]. Similarly, the cases for the right-hand elliptically polarized light and pure RCP 

light [figures 3.7(d) and (e)] can be understood in comparison with that in figures 3.7(b) 

and (c), respectively. Figure 3.7 clearly shows that the ellipticity and helicity of the 

incident light are closely related to the intensity ratio between the anomalously refracted 

RCP and LCP components. 

 

Figure 3.7 Intensity of the refracted light versus the incident light polarization. The left column 

shows the polarization ellipse of the incident light. The figures in the middle column are the images of the 

refracted light captured by the CCD cameras. The curves in the right column are the corresponding 

intensity values along a line that crosses the center of the light spots [3.29]. 
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The efficiency of the metasurface for converting the incident circularly polarized 

light to its opposite helicity changes with wavelengths. However, the intensity ratio in 

equation (3.1) is dispersionless for a given incident polarization state, meaning that the 

method proposed in section 3.2 can work for a broad wavelength range. Here in this 

section, three different wavelengths are chosen as examples, and the ellipticity η is 

experimentally measured for different incident polarization states (figure 3.8). The 

experimental results show reasonable agreement with the prediction, which verifies the 

broadband performance of the proposed method. 

 

Figure 3.8 Measured ellipticity η for different incident polarization states and wavelengths. The 

polarization state of the incident light is changed by adjusting the value of β, which is the angle between 

the transmission axis of the polarizer (fixed along the horizontal direction) and the fast axis of the quarter-

wave plate as shown in figure 3.5. The red circles, green triangles and pink squares represent the 

experimental results at 633 nm, 750 nm, and 850 nm, respectively. The blue curve represents the 

predicted relationship between η and β [3.29]. 

Besides the ellipticity and helicity, the azimuth angle of the polarization ellipse is 

needed to fully characterize the polarization of the incident light. As mentioned in 

section 3.2, the polarization state of the regularly refracted light is the same with that of 

the incident light. A polarizer can be deployed in front of the regularly refracted light, 

and the polarization azimuth angle can be detected by rotating the polarizer to find the 

maximum transmitted intensity. Here the polarization azimuth angles for different 

polarization states at 750 nm are experimentally measured, and the full polarization 

states are mapped onto the Poincaré sphere [figure 3.9]. The measurement process is 

without a quarter-wave plate, which usually cannot keep the π/2 phase retardance over a 
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broad wavelength range. Hence the polarization measurement method proposed here 

may facilitate the development of miniature and broadband polarization measurement 

systems. 

 

Figure 3.9 Full polarization state of the incident light at 750 nm. The azimuth angle of the polarization 

ellipse is measured and represented by ρ. Then the Stokes parameters S1, S2 and S3 can be calculated by S1 

= cos2χcos2ρ, S2 = cos2χsin2ρ, S3 = sin2χ with χ representing the arc tangent function of the ellipticity η. 

The solid line and the individual triangles represent the theoretical and experimental results, respectively. 

[3.29].  

3.4 Discussion 

As shown in figures 3.2-3.3, the phase profile of the anomalously refracted light has 

saw tooth shapes. Hence the refracted light from the metasurface has to follow 

𝑠𝑖𝑛(𝜃𝑜𝑢𝑡) − 𝑠𝑖𝑛(𝜃𝑖𝑛) = 𝜎
𝜆

𝑑
                                          (3.3) 

Where d is the length of a supercell in the metasurface. θin and θout are the incident and 

refraction angles, respectively. λ represents the wavelength. σ=±1 for the RCP and LCP 

refracted light. According to equation (3.3), the energy of the anomalously refracted 

RCP (LCP) light is concentrated in the direction θR (θL) by 

𝑑𝑠𝑖𝑛𝜃𝑅 = λ                                                        (3.4) 

and 

−𝑑𝑠𝑖𝑛𝜃𝐿 = λ                                                       (3.5) 
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The angle formed by the two anomalously refracted light beams can be represented by 

𝛼 = 𝜃𝑅 − 𝜃𝐿                                                      (3.6) 

Equations (3.4)-(3.6) denote that the split angle α changes with the incident wavelengths. 

From equation (3.6), it is not difficult to deduce that α has the value of 22.8
°
 with the 

633 nm incident light. α can also be measured as  

𝛼 = 2arctan (
𝑑2

𝑑1
)                                              (3.7) 

d1 is the distance between the metasurface and the observation plane. d2 is the distance 

between the anomalously refracted light spot and the regularly refracted light spot in the 

observation plane (figure 3.10). α is measured to be 22.6
°
 at 633 nm, which agrees well 

with the prediction. 

 

Figure 3.10 Measurement of the angle formed by the two anomalously refracted light beams. 

 

Figure 3.11 Conversion efficiency of the metasurface at different wavelengths. The red dots are the 

measured results [3.29]. 

Although the polarization measurement method proposed here can work for 

different wavelengths, its real operational bandwidth is limited by the conversion 



Chapter 3: Phase gradient metasurface for polarization measurement 

44 
 

efficiency, which is defined as the intensity ratio between the anomalously refracted 

light and the incident light. The experimentally measured conversion efficiency is 

shown in figure 3.11. The maximum conversion efficiency is located at 940 nm with the 

value of 7.6%. As the measurement accuracy can be boosted with the improvement of 

conversion efficiency, the reflection-type metasurface [3.37] proves to be a potential 

candidate to achieve a measurement system with higher performance. 

3.5 Conclusion 

In conclusion, a measurement method to determine the polarization state of a 

polarized light beam is demonstrated using phase gradient metasurface. By measuring 

the intensities of the anomalously refracted light beams, the ellipticity and the helicity of 

the incident light can be determined accordingly. The metasurface, along with a linear 

polarizer, can fully characterize the polarization state of the polarized light. In 

comparison with traditional polarization measurement systems, the device proposed in 

this chapter shows several advantages such as simplicity, miniaturization, and 

broadband, which may facilitate the development of integrated optical systems. 
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Chapter 4 Polarization selective metasurface devices 

Polarization selective optical elements (PSOEs) have the capacity to respond 

differently to the incident light based on its polarization state and realize different 

functions. Conventional PSOEs rely on well-defined nanostructures to realize 

anisotropy, but their mass applications are limited since high-precision machining 

proves to be difficult. In this chapter, we propose an approach to realize a novel 

metasurface PSOE, which merges two distinct functionalities by controlling the 

distribution of the nanoantennas. Moreover, the subwavelength pixel size and arbitrary 

phase levels can be achieved easily. The method proposed may further facilitate the 

development of multifunctional devices and the integration of micro-optical systems. 

4.1 Introduction 

People have always been looking for ways to integrate tools of different functions 

into a single device. Without exception, the field of optics keeps on developing 

multifunctional optical elements based on different mechanisms [4.1-4.4]. For example, 

PSOEs can achieve distinct functions according to the polarization state of the incident 

light, which makes them applicable for optical encryption [4.5], image processing [4.6] 

and so on. To make a PSOE, researchers conventionally use two anisotropic substrates 

[4.7-4.8] or a single form-birefringent structure [4.9-4.10] that respond differently to the 

two linearly and perpendicularly polarized light beams. However, traditional methods 

face the problems of limited phase levels and large pixel size due to the design 

principles and fabrication process. 

Recently, the development of metasurfaces provides new opportunities to realize 

practical flat optical elements [4.11-4.26]. Benefiting from the polarization-sensitive 

properties and the flexibility in wavefront control, metasurfaces have the potential to 

work as PSOEs. Different from the conventional PSOEs that depend on anisotropic 

nanostructures, metasurface-based PSOEs can merge two different phase functions by 

controlling the distribution of the nanoantennas. Chen et al. proposed a metasurface 

hologram with polarization-controlled dual images, and each image is reconstructed 

either by horizontally or vertically polarized light [4.27]. Montelongo et al. 

demonstrated a polarization holography that can “switch on” or “switch off” the 

nanoantennas according to the polarization state of the incident light [4.28]. However, 

the limited phase levels [4.27] and binary amplitude modulation [4.28] remain as 

problems for further applications since multiple phase levels are always needed to 

control the wavefront precisely. 
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Figure 4.1 Schematics of the metasurface PSOE. (a) With the LCP incident light, a holographic ‘cat’ is 

observed. (b) A focal point replaces the holographic ‘cat’ for the RCP incident light, which shows that the 

metasurface device is polarization-switchable [4.14].  

In this chapter, a PSOE is realized by using a transmission-type geometric 

metasurface, which can work as a hologram or a lens, depending on the polarization of 

the incident beam [figure 4.1]. Benefiting from the inherent properties of the geometric 

metasurface (chapter 2), arbitrary phase levels are achieved through more concise ways 

comparing with conventional PSOEs. Besides, the metasurface PSOE is ultra-thin and 

broadband, which can further facilitate its applications in integration optics and other 

relevant research fields. 

4.2 Design methodology for the metasurface-based PSOE 

4.2.1 Integration of two completely different phase functions 

A phase-only hologram is first generated that reconstructs the image of ‘cat’ at a 

distance of 200 μm. As shown in figure 4.2(a), the target image is binary, and the value 

of each pixel is either 0 or 1. All the pixels in the target image are assumed to have 

random phase distributions, and each pixel emits a spherical wave. The spherical waves 

interfere in the hologram plane and form the field distribution 

𝑈(𝑥, 𝑦) = ∬ 𝑈(𝑥0, 𝑦0)
∞

−∞
ℎ(𝑥, 𝑦; 𝑥0, 𝑦0)d𝑥0d𝑦0                               (4.1) 

with 
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ℎ(𝑥, 𝑦; 𝑥0, 𝑦0) =
exp[𝑗𝑘√𝑧2+(𝑥−𝑥0)2+(𝑦−𝑦0)2]

𝑗𝜆√𝑧2+(𝑥−𝑥0)2+(𝑦−𝑦0)2
                                    (4.2) 

where U(x0, y0) represents the complex amplitude of the target image. 

 

Figure 4.2 Design methodology for the metasurface-based PSOE. (a) The target image of ‘cat’ with a 

size of 150 μm×150 μm. |U(x, y)| is calculated if the pixels in the target image are assumed to have (b) 

equal and (c) random phase distributions. It is shown that |U(x, y)| is much more uniform in (c) than that 

in (b) [4.14]. 

Due to the random phase distributions of the target image, the energy is spread 

across a wide spectrum [figures 4.2(b)-(c)]. Therefore the argument of U(x, y) is 

extracted to be the phase function of the phase-only hologram [4.29] 

𝜑1(𝑥, 𝑦) = −angle [𝑈(𝑥, 𝑦)]                                          (4.3) 

φ1(x, y) is sampled by a square lattice with the lattice distance d. The sampled φ1(x, y) is 

then encoded on a transmission-type metasurface. For the LCP incident light, a 

holographic image of ‘cat’ is reconstructed by the RCP scattered light as shown in 

figure 4.3(a). The hologram proposed here can be categorized into the computer 

generated holograms, which does not need a reference beam and no twin image is 

generated [4.29]. It is different from the traditional holograms, where the scattered light 

from the object interferes with the reference beam, and the intensity is recorded by the 

photosensitive material. 

Similarly, a phase function of a concave lens can be written as [4.30] 

𝜑2(𝑥, 𝑦) =
2𝜋

𝜆
(√𝑥2 + 𝑦2 + 𝑓2 − 𝑓)                               (4.4) 

where the focal length f equals to 200 μm. The phase function φ2(x, y) is also sampled 

and encoded onto the metasurface using the similar process. Under the illumination of 

LCP light, the outgoing RCP rays are diverged and form a background [figure 4.3(b)]. 

Finally, the metasurface hologram and lens are merged to form a new device. As 

shown in figure 4.3(c), the yellow nanorods correspond to the hologram, and they are 

named as type I for the description convenience. The purple nanorods correspond to the 
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lens, and they are named as type II. Although the merging process reduces the pixel size 

of the metasurface from d to √2d/2 (viewing from the 45
°
 direction), it is still large 

enough to make each nanorod work independently.  

 

Figure 4.3 Design principle of the metasurface PSOE. (a) With the LCP incident light, the scattered 

RCP light forms a holographic ‘cat’ in the transmission side. (b) The metasurface concave lens diverges 

the scattered RCP light. (c) The hologram and the lens are merged to form a new device. The overall 

performance of the merged metasurface is a hologram. The distance d equals to 600nm. (d) For the RCP 

incident light, the metasurface in (a) diverges the scattered LCP light. (e) The metasurface in (b) turns 

into a convex lens and focus the scattered LCP light into a focal point. (f) The overall performance of the 

merged metasurface is a convex lens [4.14]. 

With the LCP incident light, the RCP scattered light from the merged metasurface 

can be divided into two parts: the light from nanorods I and that from nanorods II. The 

former converges to reconstruct the image of ‘cat’ while the latter diverges to form a 

subtle background [figure 4.3(c)]. Overall, the metasurface functions as a hologram for 

the LCP incident light. In contrast, under the illumination of RCP incident light, the 

phase of the LCP scattered light from the metasurface will be conjugated due to the 

inherent property of the geometric phase [4.31-4.38]. Hence the cases in figures 4.3(a), 

(b) and (c) change into that in (d), (e) and (f), respectively, and the merged metasurface 

works as a convex lens. Figures 4.3(c) and (f) clearly show the polarization-switchable 

property of the metasurface device.  

4.2.2 Simulation of the background noise introduced by the merging method 

As mentioned above, the scattered light from nanorods I contributes to the signal 

while that from nanorods II serves as the background noise, and vice versa. To evaluate 

the effect of the background noise, a comparison is made between the holographic 

images reconstructed by the metasurfaces before and after merging [figures 4.4-4.5]. In 

comparison with figure 4.4(b), figure 4.4(d) shows that the background noise is 
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increased after the merging process. But the outline of ‘cat’ is still much brighter than 

the background noise; hence the ‘cat’ pattern is still very clear [figure 4.4(c)]. Figure 4.5 

shows that the background noise can be ignored when the metasurface device works as 

a convex lens. 

 

Figure 4.4 Comparison of the holographic images of ‘cat’ before and after the merging process. The 

simulated holographic images of ‘cat’ are obtained from (a) the single metasurface hologram and (c) the 

merged metasurface. The normalized intensity profiles along the dashed lines in (a) and (c) are shown in 

(b) and (d), respectively [4.14]. 

 

Figure 4.5 Comparison of the focal points. The simulated focal points are obtained from (a) the single 

metasurface lens and (c) the merged metasurface. The normalized intensity profiles along the dashed lines 

in (a) and (c) are shown in (b) and (d), respectively [4.14]. 
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4.3 Experimental characterizations of the multifunctional metasurface device 

4.3.1 Polarization selective properties of the metasurface 

The phase function of the merged metasurface is first generated and encoded onto a 

nanorod array [figure 4.6(a)]. Then the nanorod array is transferred onto a glass 

substrate by using the similar fabrication process as mentioned in section 3.2 [figure 

4.6(b)]. The fabricated sample covers an area of 400 μm×400 μm. 

 

Figure 4.6 (a) Schematic to show the merged metasurface. The color of a nanorod represents the 

corresponding geometric phase value of the scattered light. (b) SEM image of the sample. The nanorods 

have the same length (150 nm), width (50 nm) and thickness (40 nm). 

The experimental device is shown in figure 4.7. The light source is a 

supercontinuum laser (NKT, SuperK Extreme), and the incident beam is first slightly 

focused by a lens. A polarizer and a quarter-wave plate are used to change the incident 

light into LCP or RCP, which then impinges normally onto the metasurface. The 

scattered light is collected by an objective lens (10X/0.3) that is fastened to a three 

dimensional translational stage. Another quarter-wave plate and a polarizer are placed 

after the objective to make sure that only the orthogonally polarized scattered light is 

collected by the CCD. The lens in front of CCD, along with the objective forms a 

microscope to amplify the holographic image and the focal point. 

 

Figure 4.7 Experimental setup of to characterize the polarization selectivity of the metasurface. 

With the LCP incident light, the position of the objective is gradually adjusted to get 

a clear image of ‘cat’ that is formed by the RCP scattered light [figure 4.8(a)]. Then we 

change the incident light to be RCP and only observe the LCP scattered light, a focal 
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point is formed at the same position that the holographic image of ‘cat’ is observed. The 

experimental results verify the polarization selective properties of the metasurface, 

agreeing with the prediction.  

 

Figure 4.8 Experimental results at the wavelength of 633 nm. (a) With the LCP incident light, a 

holographic ‘cat’ is captured by the CCD. (b) The metasurface convex lens focuses the LCP scattered 

light to a point with the RCP incident light [4.14]. 

The signal-to-noise ratio (SNR) is an important factor for the image quality of a 

hologram. As shown in figure 4.9, the SNR is defined as IB/SA, where IB represents the 

mean amplitude of area B, which is a part of the holographic image. SA is the standard 

deviation of the amplitude in area A that is a part of the background. The value of SNR 

is 10.51 in the simulated image [figure 4.9(a)] and 7.97 in the experimentally obtained 

image [figure 4.9(b)]. The enlarged parts in figure 4.9 also verify that the background 

noise (intensity in areas A and C) is higher in the experiment than that in the simulation, 

and the mismatch can be ascribed to the fabrication errors and the observation system 

misalignment [4.39].  

 

Figure 4.9 Comparison of the reconstructed images from (a) the simulation and (b) the experiment. 

Area B represents a part of the holographic image. The background is represented by the two areas A and 

C that are located beside area B [4.14]. 
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Figure 4.10 Focusing properties of the metasurface when it works as a convex lens. (a) 

Experimentally obtained CCD images of the light spots at different points A-E along the optical path. The 

distance between the two neighboring points is 20 μm. The focal point is located at C. (b) The 

corresponding normalized intensity distribution in (a) [4.14]. 

The focusing properties of the metasurface when it works as a convex lens are 

studied. Five different points along the optical path are chosen, and their CCD images 

are captured as shown in figure 4.10. Here the beam size of a light spot is defined as the 

full width at its half maximum, and it shows that the beam size is almost symmetric 

about the focal point. In comparison with the size of the metasurface (400 μm×400 μm), 

the beam size is about 6.5 μm at the focal point, representing an effective focus of the 

scattered light. 

4.3.2 Broadband performance of the metasurface PSOE 

 

Figure 4.11 Experimental demonstration of the broadband performance of the metasurface. (a) 

Images of the holographic ‘cat’ with the LCP incident beam. (b) Images of the focal points with the RCP 

incident beam [4.14]. 
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Since the geometric phase is independent of wavelengths, the metasurface PSOE can 

work for a broad wavelength range. The images of ‘cat’ and the focal point are captured 

between 533 nm and 733 nm with the step of 50 nm, as shown in figure 4.11. 

4.3.3 Metasurface PSOE that integrates two holograms 

 

Figure 4.12 (a) and (c) represent the simulated holographic images for the LCP and RCP incident light, 

respectively. (b) and (d) are the experimental results that correspond to (a) and (c) at 633 nm, respectively.  

By using the design principle proposed in section 4.2, two holograms can also be 

merged to form a PSOE. As shown in figure 4.12, the reconstructed holographic image 

is either ‘cat’ or ‘leaf’, which is dependent on the polarization of the incident light. 

4.4 The multifunctional metasurface lens for imaging and Fourier transform 

4.4.1 Design of the multifunctional metasurface lens 

 

Figure 4.13 Design of the multifunctional lens. The functionalities of (a) a conventional cylindrical lens 

and (b) a spherical lens can be realized by metasurfaces consisting of nanorods. d is the pixel pitch, and it 

equals to 500 nm. The nanorods have the same length (200 nm), width (80 nm) and thickness (40 nm). (c) 

The two metasurface lenses are merged to form a multifunctional lens, with the size of 333 μm×333 μm. 

(d) SEM image of the multifunctional lens [4.15]. 
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Conventional lenses cannot distinguish the incident light with different polarization 

states, and their functionalities are determined by the surface topography [figure 4.13]. 

In this section, we propose a multifunctional lens with flat surface, and it responds 

differently to the incident LCP and RCP light. The multifunctional lens functions as the 

combination of a spherical lens and a cylindrical lens with different polarities. Imaging 

and 1D/2D Fourier transform properties of the multifunctional lens are experimentally 

demonstrated in this section. 

To create the multifunctional lens, we first generate the phase functions of the 

positive cylindrical lens and the negative spherical lens, which are represented by φ1 and 

φ2, respectively.  

𝜑1(𝑦) = −
2𝜋

𝜆
(√𝑦2 + 𝑓2 − 𝑓)                                             (4.5) 

𝜑2(𝑥, 𝑦) =
2𝜋

𝜆
(√𝑥2 + 𝑦2 + 𝑓2 − 𝑓)                                       (4.6) 

The focal length f is designed to be 198 μm for the 640 nm incident light. Then the two 

phase functions φ1 and φ2 are sampled and encoded onto the nanorod arrays as shown in 

figures 4.13(a) and (b), respectively. Finally, the two nanorod arrays are merged to form 

the multifunctional lens [figure 4.13(c)]. For the convenience of description, the 

nanorods in the merged metasurface corresponding to the positive cylindrical lens and 

the negative spherical lens are named as type I and type II, respectively. 

For the RCP incident light shining on the multifunctional lens, the LCP scattered 

light from nanorods I is converged into a real focal line at z=f. Meanwhile, the LCP 

light from nanorods II diverges in the transmission side, as if it is emitted from a virtual 

focal point at z=-f. Due to the intrinsic properties of the geometric phase, the polarities 

of the cylindrical lens and spherical lens both reverse if the incident light is changed to 

LCP. Therefore, a real focal point and a virtual focal line can be observed at z=f and z=-

f, respectively. 

4.4.2 Focusing properties of the multifunctional lens 

To characterize the focusing properties of the multifunctional lens, the experimental 

setup is the same as that in figure 4.7. With the RCP incident light, the image of a real 

focal line is captured at z=f [figure 4.14(a)]. If the objective is gradually moved along 

the optical path to shorten its distance from the metasurface, a virtual focal point at z=-f 

can be observed [figure 4.14(b)]. The focal point and focal line swap their positions if 

the incident light is changed into LCP [figures 4.14(c) and (d)]. 
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Figure 4.14 Focusing properties of the multifunctional lens. (a-b) With the RCP incident light at 640 

nm, a real focal line and a virtual focal point can be observed at z=f and z=-f, respectively. (c-d) If the 

incident light changes into LCP, a real focal point and a virtual focal line are observed at z=f and z=-f, 

respectively [4.15]. 

4.4.3 Imaging properties of the multifunctional lens 

Imaging is one of the primary functionalities of a lens. Here the polarization 

selective imaging of the multifunctional lens is experimentally verified. The object to be 

imaged is a T-aperture array [figure 4.15(a)], which is generated by using the focused 

ion beam to cut through a layer of chromium film with 40 nm thickness [figure 4.15(b)]. 

Since chromium is a high lossy material in the visible range, the incident light can only 

pass through the apertures themselves.  

 

Figure 4.15 Schematic of the T-aperture array and the SEM image. (a) Schematic of the T-aperture 

array. The size of each aperture is 50 μm by 50 μm. The pixel pitch is 100 μm. (b) SEM image of the 

fabricated T-aperture array. 
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The experimental setup is shown in figure 4.16, which is similar to that in figure 4.7, 

but the T- array is added to the optical path and fixed in front of the metasurface lens 

with a distance s. The incident light passes through the T-array, transformed by the 

metasurface lens, and captured by a CCD camera. 

 

Figure 4.16 Experimental setup to study the imaging properties of the multifunctional lens. 

In the experiment, the value of s is first set to be 105 μm, which is smaller than the 

focal distance of the lens (f=198 μm when the incident light is 640 nm). From geometric 

optics, we know that only virtual images can be formed by a lens if the object distance 

is within the focal length (figure 4.17).  

 

Figure 4.17 Schematics of the virtual images if the object distance is within the focal length. (a) The 

object (real arrow) is transformed by a convex lens, and a magnified virtual image (dashed arrow) is 

formed. (b) The object is transformed by a concave lens, forming a shrunken image [4.12].  

Under the illumination of RCP light, the virtual image generated by the positive 

cylindrical lens is first captured as shown in figure 4.18(a), which is magnified along the 

y- direction. By moving the objective along the optical path to the CCD direction, a T-

image shrunken both in x- and y- directions can be observed due to the transformation 

of the negative spherical lens [figure 4.18(b)]. The virtual images are also simulated 

using the diffraction theory [figures 4.18(c-d)], which agree well with the experimental 

results both in the image shapes and magnifications.  
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Figure 4.18 Different virtual images formed by the multifunctional lens with the RCP incident light.  

(a) The virtual image is stretched along the y-direction due to the transformation of the positive 

cylindrical lens. (b) The virtual image is shrunken in both directions due to the transformation of the 

negative spherical lens. (c-d) Simulated images corresponding to figures (a) and (b) [4.15]. 

 

Figure 4.19 Different virtual images formed by the multifunctional lens for the LCP incident light. 

(a) The virtual image is shrunken along the y-direction due to the transformation of the negative 

cylindrical lens. (b) The virtual image is magnified in both directions by the positive spherical lens. (c-d) 

Simulated images corresponding to figures (a) and (b) [4.15]. 

When the incident light changes into LCP, the polarities of the cylindrical lens and 

the spherical lens both reverse. Then a virtual image shrunken along the y-direction 

[figure 4.19(a)] and another image magnified along both directions [figure 4.19(b)] are 
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obtained. Comparing figures 4.18(a) with 4.19(a), the virtual images formed by the 

cylindrical lens are either magnified or shrunken in the y-direction that is dependent on 

the polarization of the incident light. It is the same for the virtual images formed by the 

spherical lens, which are either shrunken or magnified along both directions.  

If the object distance s is increased from 105 μm to 330 μm, it falls into the range 

between f and 2f. Then the positive spherical lens in the metasurface can form an 

inverted and magnified real image [figure 4.20(b)] in comparison with the original 

image of the T-shaped aperture [figure 4.20(a)]. Besides the large T-aperture array, a 

smaller T-aperture array (11μm×6μm for each aperture) is also used as an object [figure 

4.20(c)], and its magnified real image is shown in figure 4.20(d). 

 

Figure 4.20 Real images formed by the multifunctional lens with the LCP incident light. (a) Original 

image of a large T-aperture (50 μm×50 μm) under the illumination of 640 nm laser beam. (b) The light 

passing through the T-aperture is transformed by the positive spherical lens and forms a real image, which 

is inverted and magnified. (c) Original image of a smaller T-aperture array and each aperture has the size 

of 11 μm×6 μm. (d) The real image of the smaller T-aperture array [4.15]. 

4.4.4 Fourier transform by the multifunctional lens 

Since a cylindrical lens and a spherical lens can give certain phase functions 

[equations (4.5) and (4.6)] to the incident light, the 1D and 2D Fourier transforms can 

be performed accordingly. The T-aperture array (figure 4.15) is adopted again as the 

object to be Fourier transformed. The experimental setup is the same as that in figure 

4.16, and s is set to be 105 μm. 
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Figure 4.21 1D and 2D Fourier transforms performed by the multifunctional lens with the RCP 

incident light. The simulated (a) 1D and (c) 2D Fourier transforms of the T-aperture array are obtained 

using fast Fourier transform. (b) 1D and (d) 2D Fourier transforms by the multifunctional lens are 

obtained at 640 nm. The images (b) and (d) are captured at the real and virtual focal planes, respectively 

[4.15].  

 

Figure 4.22 1D and 2D Fourier transforms performed by the multifunctional lens with the LCP 

incident light. The simulated (a) 2D and (c) 1D Fourier transforms of the T-aperture array are obtained. 

(b) 2D and (d) 1D Fourier transforms by the multifunctional lens are obtained at 640 nm. The images (b) 

and (d) are captured at the real and virtual focal planes, respectively [4.15]. 
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Under the illumination of RCP incident light, the intensity distribution at the real 

focal plane is proportional to the 1D Fourier transform of the object, which is performed 

along the horizontal direction by the positive cylindrical lens [figures 4.21(a)-(b)]. The 

intensity distribution at the virtual focal plane represents the 2D Fourier transform of the 

object, and it is performed along both the horizontal and vertical directions by the 

negative spherical lens [figures 4.21(c)-(d)]. When the incident light changes to LCP, 

the positions of 1D and 2D Fourier transforms are swapped as shown in figure 4.22. 

Both the 1D and 2D Fourier transforms are useful in the Fourier spectrum analysis 

systems, which can be applied to analyze the structure of the target object.  

4.5 Conclusion 

In conclusion, an approach to integrate two completely different functionalities into 

a single metasurface device is experimentally verified. The overall performance of the 

metasurface device is dependent on the helicity of the incident circularly polarized light. 

Benefiting from the geometric metasurface, multiple phase levels, and broadband 

performance are achieved through more concise ways comparing with conventional 

PSOEs. The approach proposed in this chapter may pave the way for further reducing 

the volume of the optical elements and increasing the density of functionalities. 
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Chapter 5 Helicity multiplexed broadband metasurface holograms 

In this chapter, a helicity multiplexed metasurface hologram (HMMH) is presented, 

which reconstructs two holographic images simultaneously. The two images can swap 

their positions with the helicity reversion of the incident light. Due to the off-axis design 

principle, the background noise is greatly suppressed. Besides, the reflection-type 

metasurface provides high conversion efficiency over a wide operating wavelength 

range. The design principle of the HMMH and its high performance provide new 

opportunities for the functionality-switchable optical devices. 

5.1 Introduction 

Computer-generated holograms (CGHs) fabricated as phase-only optical elements 

are usually polarization-independent. However, a polarization selective CGH (PSCGH) 

can reconstruct distinct holographic images according to the polarization state of the 

incident light, and therefore extends the CGH applications, such as image processing 

[5.1] and multilevel optical switching [5.2]. To create a PSCGH by the conventional 

method, two phase-only CGHs are usually encoded onto one birefringent substrate [5.3], 

or an isotropic substrate with the form-birefringence [5.4]. There is a positive 

correlation between the conversion efficiency of a PSCGH and its phase levels within 0 

and 2π. Multiple phase levels are generally realized through pixels of different depths 

for the birefringent substrate, or gratings with variable filling factors for the isotropic 

substrate. However, the risks of etching, resolution and alignment errors increase 

significantly with the number of phase levels for both kinds, especially when the 

extreme anisotropy is required. Besides, traditional PSCGHs usually have pixels much 

larger than the operating wavelength, which hinders fine sampling of the hologram. 

Above all, most current PSCGHs are narrowband since their nanostructures are 

designed to work for a given wavelength. 

With the development of nanofabrication technology, metamaterials provide great 

flexibility in tailoring electromagnetic properties. As an emerging field of metamaterials, 

metasurfaces have attracted much attention [5.5-5.15], and they are opening up new 

opportunities to realize CGHs as well as PSCGHs [5.16-5.17]. Recently, a PSCGH with 

four phase levels has been realized by using a high-efficiency broadband metasurface 

consisting of the gold cross nanorods [5.16]. Although the nanorods with different 

lengths provide designed phase retardance to the scattered light, it is practically not able 

to generate a continuous phase profile due to the unwanted amplitude modulation. 

Another PSCGH is demonstrated through silver L-shaped nanorods [5.17], where their 



Chapter 5: Helicity multiplexed broadband metasurface holograms 

68 
 

vertical and horizontal arms work for different polarization states. However, it falls into 

the category of binary amplitude hologram, and the twin-image cannot be avoided. 

 

Figure 5.1 Schematics of the HMMH. The metasurface consists of three layers: the silver nanorods on 

the top, the SiO2 layer in the middle and a silver ground layer at the bottom. (a) The reconstructed images 

of ‘bee’ and ‘flower’ are projected to different directions. (b) With the helicity reversion of the incident 

light, ‘bee’ and ‘flower’ swap their positions [5.9]. 

In this chapter, we demonstrate a PSCGH that is based on the reflection-type 

geometric metasurface. It shows distinct properties depending on the helicity of the 

incident light, and therefore it is named helicity multiplexed metasurface hologram 

(HMMH). Based on the off-axis design, two independent images can be reconstructed, 

and they have different projection angles. With the helicity reversion of the incident 

light, each reconstructed image flips around the normal of the HMMH and forms a 

mirror image on the opposite side [figure 5.1]. The HMMH shows advantages such as 

high efficiency and polarization contrast ratio, broadband, as well as the high quality 

images even in a large angular range. 

5.2 Design of the HMMH 

5.2.1 Theoretical explanations of the image switchable functionality 

To generate a phase-only hologram, the Gerchberg−Saxton algorithm [5.18] proves 

to be a powerful tool. As shown in the flowchart (figure 5.2), the inverse Fourier 

transform of the target image is first obtained. The parameter Δ is introduced here with 

the expression 

𝛥 = 𝑇𝑎𝑟𝑔𝑒𝑡 − |𝐹𝑇[𝑒𝑖∗𝑃ℎ𝑎𝑠𝑒(𝐴)]|
2
                                 (5.1) 

The loop terminates if Δ is within the error criterion, and the phase of A is extracted as 

the phase function for the phase-only hologram. Or else the loop continues to get the 

values of B, C, D and A. 
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Figure 5.2 Flowchart of the Gerchberg−Saxton algorithm. Target and Source are the intensity 

distributions of the target image and light source, respectively. FT denotes the Fourier transform, and IFT 

represents the inverse Fourier transform. The functions of Amplitude and Phase extract the modulus and 

argument of a complex field, respectively [5.19]. 

The Gerchberg−Saxton algorithm is conventionally regarded as successful if the 

phase function φ(x0, y0) of the phase-only hologram is retrieved, which reconstructs the 

target image  

𝐼(𝑥, 𝑦) = 𝐴0
2|𝐹𝑇[𝑒𝑖𝜑(𝑥0,𝑦0)]|

2
                                           (5.2) 

Here (x0, y0) and (x, y) denote the coordinates of the hologram and the observation 

plane, respectively. It is interesting to find that I(x, y) changes into I(-x, -y) if φ(x0, y0) is 

added to a minus sign 

𝐴0
2|𝐹[𝑒−𝑖𝜑(𝑥0,𝑦0)]|

2
 

   = 𝐴0
2 | ∬ 𝑒−𝑖𝜑(𝑥0,𝑦0)𝑒−𝑖2𝜋(𝑓𝑥𝑥0+𝑓𝑦𝑦0)

∞

−∞

𝑑𝑥0𝑑𝑦0|

2
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        = 𝐴0
2 |[ ∬ 𝑒𝑖𝜑(𝑥0,𝑦0)𝑒−𝑖2𝜋(−𝑓𝑥𝑥0−𝑓𝑦𝑦0)

∞

−∞

𝑑𝑥0𝑑𝑦0]

∗

|

2

 

       = 𝐼(−𝑥, −𝑦)                                                                                 (5.3) 

where we have fx=x/λz and fy=y/λz, which represent the x and y components of the wave 

vector, respectively. λ denotes the wavelength and z is the reconstruction distance. The 

change from I(x, y) to I(-x, -y) means that the reconstructed image is rotated by 180
°
 

around the image center (figure 5.3). This interesting property can give rise to many 

useful applications, as it does in the case of image switchable functionality that will be 

discussed in the next section. 

 

Figure 5.3 Schematics of the change from I(x, y) to I(-x, -y). 

5.2.2 Realization of the helicity multiplexed functionality using a metasurface 

Here another question arises: how to add a minus sign to the phase function φ(x0, y0)? 

As discussed in chapter 2, the positive or negative sign of the geometric phase is 

determined by the left- or right-handedness of the incident light, providing an exactly 

right solution to the question. Here the recently proposed reflection-type metasurface 

[5.20] is utilized to achieve the helicity multiplexed functionality. The reflection-type 

metasurface has nanorods on the top (each nanorod is 75nm wide, 200nm long and 

30nm high), a SiO2 spacer (80 nm) and a metallic ground layer (150 nm). Each nanorod 

can work as a reflection-type half-wave plate with the fast axis along the nanorod. The 

light converted by the reflection-type half-wave plate preserves the helicity of the 

incident circularly polarized light, and it is given an additional geometric phase of ±2φ 

(‘+’ is valid for the conversion from LCP to LCP and ‘-’ for that from RCP to RCP). 

Considering that the half-wave plate is non-ideal, there is also unconverted part, which 

has the opposite helicity and no geometric phase. 
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Figure 5.4 Design principle of the HMMH. The holographic ‘flower’ and ‘bee’ are projected to 

different sides of the LCP incident light by the metasurfaces in (a) and (b), respectively. Both metasurface 

holograms are designed based on the Gerchberg−Saxton algorithm. The two off-axis images are 

symmetrically distributed. (c) The two metasurfaces in (a) and (b) are merged, which can reconstruct 

‘flower’ and ‘bee’ simultaneously [5.9]. 

The design principle of the HMMH is shown in figure 5.4. First, two phase-only 

metasurface holograms are generated by using the Gerchberg−Saxton algorithm, which 

can reconstruct the images of ‘flower’ and ‘bee’ and project them to different directions 

[figure 5.4(a-b)]. Then the two metasurfaces are merged as shown in figure 5.4(c). Since 

the blue nanorods correspond to ‘bee’ and the purple ones contribute to ‘flower’, both 

images can be reconstructed simultaneously. With the helicity reversion of the incident 

light, phase profiles of the reflected light from the three metasurfaces in figure 5.4 are 

all added to a minus sign, and the reconstructed images are rotated around the incident 

light to 180
°
 (figure 5.5). As a result, the reconstructed image at a given position is 

switchable, i.e., either ‘bee’ or ‘flower’. 

 

Figure 5.5 Reconstructed images of the HMMH with the RCP incident light [5.9]. 

Gold and silver are both conventional materials for metasurfaces. For example, gold 

is used in reference [5.20] to provide high conversion efficiency between 630 nm to 
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1050 nm. The plasmon frequencies for gold and silver are 13.8×10
15

s
-1

 and 14×10
15

s
-1

, 

respectively, which are very close to each other and they both lie in the ultraviolet 

region. However, their behaviors in the visible spectrum can be rather different due to 

the interband transitions, where bound electrons are excited to higher bands when 

working at high frequencies. As shown in figure 5.6, the absorptions of the blue and 

green light are much weaker for silver than that for gold. Therefore we conclude that 

silver is a better choice for the metasurfaces designed to operate in the full visible 

spectrum. 

 

Figure 5.6 Imaginary part of the permittivity ε(ω) for gold and silver. The solid curves are obtained 

through the free electron gas model, and the dots represent the literature values. The mismatch between 

the curves and the dots are due to the interband transitions, which are not included in the free electron gas 

model. (a) Gold. (b) Silver [5.21]. 

5.3 Experimental characterizations of the HMMH 

5.3.1 Design of the projection angles 

 

Figure 5.7 Schematics of the projection angles of the metasurface. 

As shown in figures 5.4-5.5, the holographic images are projected out by the 

metasurface; therefore it is needed to find out the parameters of the metasurface that 
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determine the projection angles. The pixel numbers of the hologram and the holographic 

image are both assumed to be m in the x-direction and n in the y-direction. A single 

pixel in the hologram has the size of P1x× P1y, and that in the holographic image is P2x× 

P2y.  

Since the holographic image can be regarded as a Fourier transform of the hologram, 

their respective pixel sizes have the following relationship 

𝑝2𝑥 =
𝜆𝑧0

𝑚𝑝1𝑥
                                                     (5.4) 

𝑝2𝑦 =
𝜆𝑧0

𝑛𝑝1𝑦
                                                     (5.5) 

where λ is the designed wavelength, and z0 is the reconstruction distance. As shown in 

figure 5.7, the holographic image is generated by a hologram with projection angles αx 

and αy. Therefore the following geometric relationship can be obtained 

𝑚𝑝2𝑥 = 2𝑧0tan(𝛼𝑥/2)                                            (5.6) 

𝑛𝑝2𝑦 = 2𝑧0tan(𝛼𝑦/2)                                            (5.7) 

Combining equations (5.4)-(5.7), the projection angles αx and αy can be deduced as 

𝛼𝑥 = 2𝑎𝑟𝑐𝑡𝑎𝑛 (
𝜆

2𝑝1𝑥
)                                             (5.8) 

𝛼𝑦 = 2𝑎𝑟𝑐𝑡𝑎𝑛 (
𝜆

2𝑝1𝑦
)                                             (5.9) 

For simplicity, the target images of ‘bee’ and ‘flower’ are both square with the pixel 

numbers m=n=531 (figure 5.8). The wavelength is 632.8 nm, and the pixel size of the 

hologram is 424 nm×424 nm. According to equations (5.8)-(5.9), the projection angles 

are αx=αy=73.46
°
.  

 

Figure 5.8 Binary target images of ‘bee’ and ‘flower’. The black and white pixels have the intensity 

values of 0 and 1, respectively.  
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By properly adjusting the locations of the ‘bee’ and ‘flower’ as shown in figure 5.8, 

the off-axis angles of the holographic images can be controlled accordingly. In this 

section, the designed projection angles are shown in figure 5.9.  

 

Figure 5.9 Projection angles of the merged hologram. The angles α1/ α2/ α3 have the values of 20.7
°
/ 

22
°
/ 64.7

°
[5.9]. 

5.3.2 Other concerns of the metasurface hologram 

 

Figure 5.10 Compensation of the target images. The holographic images are simulated if the target 

images are (a-b) not compensated or (c-d) compensated. (e)-(f) The compensated target images [5.9]. 

Gerchberg−Saxton algorithm utilizes the paraxial approximation to simplify the 

propagation function between the hologram and the target image. However, the 

holographic images will be distorted when the projection angles are large enough 

[figures 5.10 (a)-(b)]. To reconstruct undistorted images [figure 5.10 (c)-(d)] in the far 
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field, the target images have to be compensated in advance as shown in figures 5.10 (e)-

(f). 

It is reported that in the case of Fourier elements, the replication of the basic element 

does not change the overall diffraction pattern, but increases the SNR [5.22]. Therefore 

the merged hologram is arranged in a 2×2 periodic array (figure 5.11), and the total size 

of the metasurface hologram will be 450 µm×450 µm.  

 

Figure 5.11 Replication arrangement of the hologram. (a) The merged metasurface has the size of 225 

μm × 225 μm. (b) By placing the merged metasurface into a 2×2 periodic array, the reconstructed image 

will not be changed, but the laser speckles will be greatly suppressed.  

 

Figure 5.12 Near-field coupling of the nanorods. (a) The uniform arrays of nanorods with different 

orientations are used as examples. (b) Simulated phase deviation versus the orientations of the nanorods 

in (a) [5.9]. 
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The nanorods in the metasurface are densely packed, hence the near field coupling 

has to be considered. Here the coupling effect is evaluated by calculating the phase 

deviations from the designed value 2φ, which is the ideal geometric phase. As shown in 

figure 5.12(a), uniform arrays of nanorods are used as examples, and d1 is the distance 

between the nearest corners of the neighboring nanorods. Figure 5.12(b) shows that the 

peaks of the phase deviation curve correspond to the smallest values of d1, and the 

maximum phase deviation is within ±3
°
. Although the number of phase levels is not 

limited when we use the geometric phase, here the 16 phase levels are used as shown in 

figure 5.13. In comparison with the phase step of π/8, the maximum phase deviation 

caused by the coupling is much less and therefore can be ignored [5.20].  

 

Figure 5.13 Schematic of the phase steps. 16 phase levels are adopted to make sure that the near field 

coupling is much less than the phase step [5.9]. 

5.3.3 Experimental setup and the reconstructed images versus the polarization state of 

the incident light 

 

Figure 5.14 Experimental setup to characterize the HMMH. The light comes from a supercontinuum 

laser, and its polarization state is adjusted by a polarizer and a quarter-wave plate. Then it passes through 

an opening on the screen and shines on the sample. The holographic images on the screen are captured by 

a camera [5.9].  
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The experimental setup to characterize the HMMH is shown in figure 5.14. The light 

source is a supercontinuum laser (Fianium-SC400-PP), which covers the visible and 

near infrared range. A polarizer and a quarter-wave plate are used to change the incident 

light polarization. Then the light is slightly focused by a lens and passes through an 

opening on the screen. The metasurface to be tested is fastened to a three dimensional 

translational stage. Due to the off-axis design of the metasurface hologram, the reflected 

light contributing to the holographic images will be projected onto the screen. The 

unconverted light is reflected back and passes through the opening again; hence it does 

not affect the quality of the reconstructed images. The size of the reconstructed images 

grows with the reconstruction distance, so the images are large enough to be captured 

by a normal camera. 

 

Figure 5.15 Reconstructed images for the LCP and RCP incident light at 633 nm. The opening on 

the screen is marked out. The scale bar is 1 cm [5.9]. 

Figure 5.15 shows the images captured on the screen at 633 nm. The reconstruction 

distance is set to be 5 cm. It shows that the patterns of ‘bee’ and ‘flower’ rotate 180
°
 

around the image center with the helicity reversion of the incident light, which agrees 

well with the prediction. Also, the reconstructed ‘bee’ and ‘flower’ patterns have high 

fidelity in comparison with the target images. 

The cases for the pure RCP or LCP incident light are shown in figure 5.15. However, 

the situation changes with other polarization states. Here the evolution of the images on 

the right side of the screen is taken as an example. At first, there are only ‘flower’ with 

LCP incident light [figure 5.16(a)]. Then a dim ‘bee’ begins to appear since a subtle 

RCP component is introduced into the left-handed elliptically polarized light [figure 

5.16(b)]. For the linear polarization, which has equal orthogonal circular polarizations, 

the ‘bee’ and ‘flower’ patterns also have the equal amplitude [figure 5.16(c)]. After that, 

the ‘bee’ turns to be brighter than ‘flower’ since the right-handed elliptically polarized 
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light has more RCP component [figure 5.16(d)]. Finally, only ‘bee’ is observed on the 

right side when the incident light changes to RCP [figure 5.16(e)]. Overall, since all the 

intermediate polarization states in figures 5.16(b)-(d) can be regarded as a superposition 

of the two orthogonal circular components, the corresponding images can be regarded 

as superpositions of figures 5.16(a) and (e) with different coefficients. 

 

Figure 5.16 Reconstructed images versus the evolution of the incident light polarization. The left 

column shows the schematics of the polarization ellipse. The middle and right columns show the 

experiment and simulation results, respectively [5.9]. 

 

Figure 5.17 Evolution of the images versus the polarization of the incident light. (a) A short line 

crosses the patterns of ‘bee’ and ‘flower’ simultaneously. (b) The five lines a-e correspond to the 

polarization states in figures 5.16(a)-(e), respectively. The horizontal axis represents the pixel numbers on 

the line, and the vertical axis is the normalized intensity [5.9].  
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In the following, the evolution of the images versus the incident light polarization is 

quantitatively analyzed. Assuming that there is a line on the right side of the screen, 

which crosses part of the ‘flower’ and ‘bee’ patterns [figure 5.17(a)], then the intensity 

along this line is studied for different polarization states. The five lines with different 

colors in figure 5.17(b) correspond to the five polarization states in figure 5.16. The 

peaks around the 55
th

 and 135
th

 pixels represent the intensity of the ‘bee’ and ‘flower’, 

respectively. It intuitionally shows that intensity of ‘flower’ decreases while that of the 

‘bee’ pattern increases when the incident light gradually changes from LCP to RCP. 

5.3.4 Image quality and efficiency of the HMMH 

As mentioned in section 4.3, the SNR is important to characterize the quality of a 

holographic image. Here the SNR is defined as the ratio between the peak intensity of 

the reconstructed image and the standard deviation of the background noise [5.23]. The 

background is chosen to be the dark areas around the reconstructed image. The off-axis 

design enables the unconverted light to be reflected back through the hole on the screen, 

and it barely affects the reconstructed images. The SNR is measured to be 43.5 for the 

image in figure 5.16(a). In comparison with the reported SNR value of 24.4 [5.23], the 

image obtained here shows a significant improvement in the background noise 

suppression. 

 

Figure 5.18 Experimental setup for the efficiency measurement. 
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The experimental setup for the efficiency measurement is shown in figure 5.18. 

Since the size of the reconstructed image grows fast with the propagation distance, a 

pair of condenser lens (Ø45 mm, f=32.1 mm, NA=0.60) are used to collect the entire 

image of ‘bee’ or ‘flower’. The conversion efficiency of the metasurface is calculated as 

the intensity of the reflected light contributing to the holographic images divided by that 

of the incident light: 

η=(Ibee+Iflower)/(pIin)                                                   (5.10) 

where p represents the transmissivity of the condenser lenses pair. The efficiency is 

measured from 475 nm to 1100 nm [figure 5.19], and the peak efficiency is located at 

960 nm with the value of 40%. 

 

Figure 5.19 Measured conversion efficiency of the metasurface [5.9]. 

5.4 Optimized design of the HMMHs 

5.4.1 Design principle 

The design method proposed in section 5.2 provides a unique way to integrate two 

different functionalities into a single device. However, the same helicity multiplexed 

functionality can be realized with higher conversion efficiency by utilizing an optimized 

design principle. As shown in figure 5.20, the target image for the optimized design 

contains both the ‘bee’ and ‘flower’, which is different from the target images in figure 

5.8. Then Gerchberg−Saxton algorithm is used to retrieve the phase profile that 

contributes to ‘bee’ and ‘flower’ simultaneously. With the reversion of the incident light 

helicity, the reconstructed image rotates 180
°
 around the image center, which is similar 

to that in figures 5.4-5.5. 
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Figure 5.20 Target image of the optimized design. 

To show the difference between the original design and the optimized design, the 

angular spectrum representation is used to analyze the complex field distribution across 

the metasurface plane. It is known that a two-dimensional monochromatic field U(x,y) 

can be Fourier-transformed, and the obtained angular spectrum represents a series of 

plane waves propagating in different directions away from that field  

𝐴(𝑓𝑥 , 𝑓𝑦) = ∬ 𝑈(𝑥, 𝑦)𝑒𝑥𝑝[−𝑖2𝜋(𝑓𝑥𝑥 + 𝑓𝑦𝑦)]𝑑𝑥𝑑𝑦
∞

−∞
                  (5.11) 

The parameters fx and fy are the spatial frequencies along the x- and y- directions, 

respectively, and they are related to the direction cosines a the plane wave by 

𝑓𝑥 =
𝑐𝑜𝑠𝛼

𝜆
                                                         (5.12) 

𝑓𝑦 =
𝑐𝑜𝑠𝛽

𝜆
                                                         (5.13) 

where α (β) represents the angle formed by the wave vector of the plane wave and the x- 

(y-) axis. If we have 

𝑓𝑥
2 + 𝑓𝑦

2 <
1

𝜆2                                                    (5.14) 

The planar wave is a propagating wave, and its travel over the distance z only adds a 

phase shift without affecting the amplitude. Or else if  

𝑓𝑥
2 + 𝑓𝑦

2 >
1

𝜆2                                                    (5.15) 

The wave is an evanescent wave, whose amplitude decreases with the propagation 

distance. Therefore only the propagating waves contribute to the holographic image in 

the far field. Equations (5.14)-(5.15) denote that the propagation of plane waves is 
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limited by a spatial frequency filter as shown in figure 5.21, and the edge of the circle 

represents the cut-off frequencies. 

 

Figure 5.21 Spatial frequency limitations to the plane wave propagation. 

If the metasurface is under the illumination of a plane wave, the reflected light has 

the complex field distribution in the metasurface plane 

𝑈(𝑥, 𝑦) = 𝐴1𝑒±𝑖𝜑(𝑥,𝑦)                                           (5.16) 

where A1 represents the amplitude of the reflected light, and φ(x, y) denotes the phase 

profile. The positive or negative sign is valid for the left- or right- helicity, respectively. 

According to the equation (5.11), Fourier transform is applied to U(x, y) to obtain the 

angular spectrum A(fx, fy) of the reflected light. 

The phase profiles of the reflected light in figures 5.4(a), (b) and (c) are first 

analyzed, and their angular spectrums are shown in figures 5.22(a), (b) and (c), 

respectively. Then the angular spectrum of the reflected light from the optimized 

metasurface is obtained [figure 5.22(d)]. In comparison with figures 5.22(a)-(b), figure 

5.22(c) shows that the merging process transfers a great part of energy to the higher 

spatial frequencies. In contrast, most of the energy is still located at low frequencies for 

the optimized design [figure 5.22(d)]. 
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Figure 5.22 Normalized angular spectrums for different metasurfaces. (a)-(c) Angular spectrums 

corresponding to the reflected light in figures 5.4(a), (b) and (c), respectively. (d) Angular spectrum of the 

reflected light from the optimized metasurface [5.9].  

Comparing figure 5.21 with figure 5.22(c), it shows that a significant part of high 

spatial frequencies is filtered out by the frequency filter for the wavelengths between 

475 nm to 1100 nm. Besides, the high frequencies loss increases with the wavelengths, 

which are inversely proportional to the cut-off frequencies. On the contrary, the 

optimized design faces much less high frequencies loss [figure 5.22(d)], and the 

majority of energy contributes to the holographic image. 

5.4.2 Efficiency of the optimized metasurface 

The efficiency of the optimized metasurface is measured (figure 5.23), which shows 

a significant improvement in comparison with the original design (figure 5.19). The 

efficiency is over 40% for the wavelengths between 620 nm and 1020 nm. The peak 

efficiency is located at 860 nm with the value of 59.2%, and the experimentally 

measured SNR is 73.8 at 633 nm.  
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Figure 5.23 Measured efficiency of the metasurface with the optimized design [5.9]. 

By using the FDTD method, the conversion efficiency is simulated as shown in 

figure 5.24. The red curve denotes that the majority part of the incident light is 

converted by the metasurface, and the unconverted part (blue curve) has low amplitude 

for a broad wavelength range.  

 

Figure 5.24 Simulated conversion efficiency of the metasurface [5.9]. The blue (red) curve represents 

the efficiency of the reflected light which has the opposite (same) helicity as the incident light.  

The simulated conversion efficiency is higher than that of the experimental results. 

There are three main reasons accounting for the lower experimental values: First, the 

fabrication errors, such as the nanorod distortion and the defects in the SiO2 layer 

(figure 5.25) make the metasurface different from the initial design. Second, since a 

titanium layer (~1 nm) is added above the SiO2 layer to increase its adhesion to the 
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silver nanorods, the conversion efficiency is therefore decreased as titanium is a highly 

lossy material (figure 5.26). Finally, the holographic image has a wide projection angle, 

which makes the efficiency measurement difficult. The measured efficiency values are 

very sensitive to the positions of the condenser lenses (figure 5.18), and the error in the 

measurement system is hard to avoid. 

 

Figure 5.25 Fabrication errors of the metasurface. (a) The nanorods deviate from the designed 

rectangular shape. (b) The defects in the SiO2 layer [5.9].  

 

Figure 5.26 Simulated conversion efficiency for metasurface with or without titanium layer [5.9]. 

The red (blue) curve represents the simulated conversion efficiency of the metasurface, which is with 

(without) titanium layer between the nanorods layer and the SiO2 spacer.  

The reflection-type metasurface functions like a Fabry–Pérot cavity as illustrated in 

chapter 2. However, the resonance condition in the Fabry–Pérot cavity deviates from the 

original design if the incident light is tilted. Here we measure the conversion efficiency 

of the metasurface for different incident angles (figure 5.27), and the result shows that 

the efficiency decreases with the increase of the incident angle. 
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Figure 5.27 Experimentally obtained conversion efficiency of the metasurface for the incident light 

at different incident angles [5.9]. 

Although it is challenging for the metasurface holograms proposed in the literature 

to generate clear images within the whole visible wavelength range, the metasurface 

proposed here can reconstruct fine images by using blue (475 nm) and green (524 nm) 

lasers (figure 5.28).  

 

Figure 5.28 Experimentally obtained holographic images at (a) 524 nm and (b) 475 nm [5.9]. 

5.5 Conclusions 

In conclusion, a metasurface hologram with helicity multiplexed functionality is 

demonstrated, which is of great interest from the practical point of view. The HMMH is 

realized by merging two arrays of nanorods into a single device, or by placing two 

different patterns on the same target image, which are straightforward for both design 

and fabrication. Furthermore, the reflection metasurfaces provide high efficiency and 

broadband performance. The clear images of blue, green and red colors unambiguously 

demonstrate its potential for the applications in the visible range. Since several major 

concerns regarding the image fidelity, efficiency and bandwidth are addressed by the 
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HMMH proposed here, it may facilitate the applications of polarization selective 

devices such as data storage, information processing, and microscopy. 
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Chapter 6 Geometric phase induced broadband optical rotation 

In this chapter, a broadband optical rotation device is proposed and experimentally 

verified using the geometric metasurface-based rectangular phase grating. The grating 

responds differently to the LCP and RCP incident light, which provides a degree of 

freedom to control the optical rotation angle of the reflected light. The design method, 

along with its high performance within the visible and near infrared range can facilitate 

the application of optical rotation devices in integrated optical systems. 

6.1 Introduction 

Optical rotation occurs when a beam of light passes through certain materials that 

respond differently to the LCP and RCP light, thereby rotating the polarization angle of 

the incident light [6.1]. Many useful applications such as concentration determination 

[6.2] and organic structure analysis [6.3, 6.4] are based on the measurement of optical 

rotation angles. Conventionally, optical rotation is observed in chiral materials, which 

lack microscopic mirror symmetry, such as quartz or sugar solutions. However, since 

the optical rotation functionality is generally weak in the naturally occurring materials, a 

distance much longer than the operating wavelength is needed to provide notable optical 

rotation angles. Faraday rotation is a magneto-optical phenomenon that causes slightly 

different speeds of the LCP and RCP light beams, but the size of a Faraday rotator is 

also limited by the available magneto-optical materials. 

Optical metamaterials derive their properties from the structures rather than the 

component materials. By using artificial structures that are different from their mirror 

images, 3D chiral metamaterials open up new avenues to manipulate optical rotation 

[6.5-6.8]. However, the fabrication of 3D metamaterials faces technical challenges, 

especially when they are designed to work in the visible and near infrared range. 2D 

metamaterials, or metasurfaces [6.9-6.13], can be designed to have chirality with much 

simpler fabrication processes [6.14, 6.15], but the magnitude of the rotation angle is 

limited. Besides the chirality-induced optical rotation, a non-chiral metasurface can also 

be used to realize optical rotation [6.16]. The metasurface consists of two subunits of 

nanorods with a spatial displacement between them. The linearly polarized incident 

light is decomposed into LCP and RCP components with a phase difference 

proportional to the spatial displacement. The optical rotation is realized through 

collective operation of all the non-chiral nanoantennas rather than the chirality of each 

antenna. This method provides an effective way to rotate the polarization angle of the 

scattered light, whose wavelength is larger than the two times of p (p is the pixel pitch 
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of the metasurface). Nevertheless, the scattered light beam with a wavelength shorter 

than 2p will be shifted away from the designed plane of refraction due to the spatial 

arrangement of the two subunits. Furthermore, the efficiency of the transmission-type 

plasmonic metasurface is very low as mentioned in chapter 2. Therefore, a new way to 

realize arbitrary optical rotations with high efficiency and broadband performance is 

highly needed. 

 

Figure 6.1 The reflection-type geometric metasurface designed for optical rotation. (a) A linearly 

polarized light beam is incident normally onto the metasurface, each order of the reflected light remains 

to be linearly polarized but with an optical rotation angle βrot. Here βrot is defined as the angle between the 

oscillation direction of the reflected light and the vertical direction of the reflection plane. (b) Schematic 

and (c) SEM image of the designed metasurface. The nanorods colored with red and yellow form angles 

of φ1 /2 and φ2 /2 with the x-axis, respectively. The scale bar is 1μm. All the nanorods have the same 

length (200 nm), width (75 nm) and thickness (30nm). The pixel pitch is 300 nm. 

In this chapter, a method is demonstrated to achieve the optical rotation using a non-

chiral reflection-type geometric metasurface. A metasurface-based rectangular phase 

grating can separate the incident light into two orthogonal circular components, and 
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give a designed phase difference to them. The superposition of the RCP and LCP light 

then forms a new light beam with a rotated polarization angle [figure 6.1(a)]. The high 

efficiency and broadband performance of the proposed device make it potential for 

practical applications. 

6.2 Design principle of the metasurface for optical rotations 

First, a rectangular phase grating is realized by using a reflection-type geometric 

metasurface, which consists of a silver nanorod layer on the top, a SiO2 spacer in the 

middle and a silver ground layer at the bottom. Each supercell contains eight nanorods: 

the first four have the same orientation angle of φ1/2, and the last four have the angle of 

φ2/2 [figures 6.1(b)-(c)]. If the metasurface is under the illumination of RCP light, the 

reflected RCP light from a supercell will be given geometric phases of φ1 and φ2, which 

agree with the rectangular-shaped phase curve in figure 6.2(a). 

The reflection coefficient of the rectangular phase grating with the RCP incident 

light is [6.21, 6.22] 

𝑡(𝑥0, 𝑦0) = (𝑒𝑖𝜑1 − 𝑒𝑖𝜑2)𝑟𝑒𝑐𝑡 (
𝑥0

𝑎
) ∗

1

𝑑
𝑐𝑜𝑚𝑏 (

𝑥0

𝑑
) + 𝑒𝑖𝜑2              (6.1) 

Here (x0, y0) is used to represent the coordinates in the grating plane. The parameter a is 

the length of the phase step φ1, and d is the period length. The function rect represents a 

rectangular function. The value of rect (x0/a) equals to 1 if |x0|≤a, or else it equals to 0. 

comb denotes the periodically distributed Dirac delta functions. If a planar wave is 

incident onto the rectangular phase grating and modulated by t(x0, y0), the reflected light 

in the far field with a distance z will have the field distribution 

𝑈(𝑥1, 𝑦1) =
1

𝑖𝜆𝑧
𝑒𝑖𝑘𝑧𝑒[𝑖

𝑘

2𝑧
(𝑥1

2+𝑦1
2)]𝑇(𝑓𝑥 , 𝑓𝑦 )

𝑓𝑥=
𝑥1
𝜆𝑧

,𝑓𝑦=
𝑦1
𝜆𝑧

                         (6.2) 

where λ represents the wavelength of the incident light, and the wave vector k equals to 

2π/λ. T(fx, fy) is the Fourier transform of t(x0, y0) 

𝑇(𝑓𝑥, 𝑓𝑦 ) = (𝑒𝑖𝜑1 − 𝑒𝑖𝜑2)
𝑎

𝑑
sinc (

𝑎𝑥1

𝜆𝑧
) ∑ 𝛿 (

𝑥1

𝜆𝑧
−

𝑛

𝑑
,

𝑦1

𝜆𝑧
)+∞

𝑛=−∞ + 𝑒𝑖𝜑2𝛿 (
𝑥1

𝜆𝑧
,

𝑦1

𝜆𝑧
)  (6.3) 

Equation (6.3) shows that the reflected light will be divided into several diffraction 

orders lying symmetrically on both sides of the incident light. The schematic of the ±1
th

 

orders is shown in figure 6.2(b). 

If the incident light changes into LCP, the phase profile of the reflected LCP light is 

added to a minus sign [figure 6.2(c)]. Then equation (6.3) changes to 
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𝑇′(𝑓𝑥, 𝑓𝑦 ) = (𝑒−𝑖𝜑1 − 𝑒−𝑖𝜑2)
𝑎

𝑑
sinc (

𝑎𝑥1

𝜆𝑧
) ∑ 𝛿 (

𝑥1

𝜆𝑧
−

𝑛

𝑑
,

𝑦1

𝜆𝑧
)+∞

𝑛=−∞ + 𝑒−𝑖𝜑2𝛿 (
𝑥1

𝜆𝑧
,

𝑦1

𝜆𝑧
)   (6.4) 

And the schematic of the ±1
th
 LCP light is shown in figure 6.2(d). 

 

Figure 6.2 Design principles of the metasurface for polarization rotation. (a) Phase profile of the 

reflected RCP light from the metasurface. (b) The ±1
th

 orders reflected RCP light both have the amplitude 

𝐴𝑅(𝑒𝑖𝜑1 − 𝑒𝑖𝜑2). (c) Phase profile of the reflected LCP light. (d) The ±1
th

 orders reflected LCP light both 

have the amplitude 𝐴𝐿(𝑒−𝑖𝜑1 − 𝑒−𝑖𝜑2). (e) Since the metasurface responds differently to the LCP and 

RCP light, it shows dual phase profiles for the linearly polarized incident light. (f) The +1
th

 order LCP 

and RCP reflected light superpose and form a light beam with rotated polarization direction. So do the -1
th

 

order LCP and RCP reflected light. 

A linearly polarized incident light beam consists of equal LCP and RCP components, and 

the metasurface responds differently to the two components [figure 6.2(e)]. Equations (6.3) -

(6.4) denote that the n
th
 order (n=±1, ±2 …) reflected RCP and LCP light beams have the 

identical propagation direction, which forms an angle γn with the metasurface normal 

𝛾𝑛 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝜆𝑛

𝑑
)                                                      (6.5) 

Besides, they have the equal reflection coefficient since 
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|𝑒𝑖𝜑1 − 𝑒𝑖𝜑2| = |𝑒−𝑖𝜑1 − 𝑒−𝑖𝜑2|                                  (6.6) 

The n
th

 order RCP and LCP reflected light also have a phase difference ΔФ between 

them, which is induced by the rectangular phase grating 

∆𝛷 = 𝜑𝑛𝑅−𝜑𝑛𝐿 = phase(𝑒𝑖𝜑1 − 𝑒𝑖𝜑2) − phase(𝑒−𝑖𝜑1 − 𝑒−𝑖𝜑2)             (6.7) 

where the function phase extracts the phase angle of a complex number.  

According to equations (6.5)-(6.7), the reflected RCP and LCP components have the 

equal amplitude, same propagation direction, and a phase difference ΔФ. By properly 

adjusting the value of ΔФ, the n
th

 order of RCP and LCP reflected light would 

superpose and form a linearly polarized light beam with a designable optical rotation 

angle [figure 6.2(f)]. For the y-polarized incident light (figure 6.1), it can be deduced 

that ΔФ is twofold of the optical rotation angle 

∆𝛷 = 2𝛽𝑟𝑜𝑡                                                    (6.8) 

Where the optical rotation angle βrot is also defined in figure 6.1. Equation (6.7) can be 

rewritten as 

∆𝛷 = 𝑝ℎ𝑎𝑠𝑒[(𝑒𝑖𝜑10 − 𝑒𝑖𝜑20)𝑒𝑖𝛼] − 𝑝ℎ𝑎𝑠𝑒([𝑒−𝑖𝜑10 − 𝑒−𝑖𝜑20]𝑒−𝑖𝛼)           (6.9) 

where φ10+α = φ1 and φ20+α= φ2. If we choose φ10= π and φ20= 0, ΔФ would have a very 

brief expression of  

∆𝛷 = 2𝛼                                                    (6.10) 

Equations (6.8) and (6.10) imply that α equals to βrot, which provides an elegant way to 

encode the optical rotation angle to the configuration of the metasurface. To achieve the 

optical rotation angle βrot, the values of {φ1, φ2} can be written as {π+βrot, βrot}, which 

are then represented by a geometric metasurface similar to that in figure 6.1(b). 

6.3 Simulation of the optical rotation functionality 

Here, the polarization direction of a linearly polarized light is defined as the angle 

between the direction of the light oscillation and the x-axis as shown in figure 6.1. To 

verify the optical rotation method proposed above, four different samples are designed, 

aiming to rotate the 90
° 
polarized (y-polarized) incident light by the angles of βrot = 45

°
, 

90
°
, 135

°
 and 180

°
. In other words, the desired polarization directions of the reflected 

light from samples I-IV are -45
°
, 0

°
, 45

°
 and 90

°
, respectively. As discussed above, the 

values of {φ1, φ2} for the four samples I, II, III and IV are {225
°
, 45

°
}, {270

°
, 90

°
}, 
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{315
°
, 135

°
} and {360

°
, 180

°
}, respectively. The SEM image of the sample III is shown 

in figure 6.1(c) as an example.  

Prior to the experimental characterization of the samples, their optical rotation 

functionalities are first simulated using the diffraction theory. Here sample III is taken 

as an example. Each nanorod in the metasurface can be regarded as a point source that 

emits a diverging LCP (RCP) spherical wave. The initial phase of a spherical wave is 

±2φ, and φ is the orientation angle of the corresponding nanorod. The ‘+’ and ‘-’ signs 

are valid for the RCP and LCP light, respectively. Then the amplitude distribution in the 

far field can be calculated as the superposition of all the spherical waves. Here AL and 

AR are used to represent the far-field amplitude distributions of LCP and RCP light, 

respectively.  

 

Figure 6.3 Polarization state of the reflected light from sample III if the incident light is linearly 

polarized along the y direction. An observation area around the +1
th

 order with a size of 0.05×0.05 m
2
 is 

chosen, and it is 1m away from the metasurface. The +45
°
 and -45

°
 linearly polarized components of the 

reflected light are calculated as shown in (a) and (b), respectively. The calculation process is equivalent to 

filtering the reflected light with a +45
°
 or -45

°
 polarizer.  
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If the incident light is linearly polarized along the y- direction, it has equal RCP and 

LCP components and a π phase difference between them. The Jones vector of the 

reflected light can be written as 

𝑅𝐽𝑜𝑛𝑒𝑠 = [
𝐴𝐿 − 𝐴𝑅

𝑖𝐴𝐿 + 𝑖𝐴𝑅
]                                                 (6.11) 

Then the +45
° 
linearly polarized component of the reflected light can be represented by 

the Jones vector  

𝐽+45° =
1

2
(

1 1
1 1

) 𝑅𝐽𝑜𝑛𝑒𝑠                                         (6.12) 

The calculated result in an area around the +1
th

 order is shown in figure 6.3(a). Similarly, 

the -45
° 
linearly polarized component is  

𝐽−45° =
1

2
(

1 −1
−1 1

) 𝑅𝐽𝑜𝑛𝑒𝑠                                     (6.13) 

And the result is shown in figure 6.3(b). The calculation clearly shows the reflected 

light has no -45
° 

linearly polarized component. Therefore the reflected light is +45
°
 

linearly polarized, which agrees well with our initial design. 

6.4 Experimental verification of the optical rotation functionality 

 

Figure 6.4 Experimental setup to characterize the polarization state of the reflected light. The 

incident light passes through the polarizer I and is shrunk by the lens, then it is incident normally onto the 

metasurface. The polarization state of the +1
th

 order reflected light is measured by polarizer II and the 

power meter. 

The experimental setup to characterize the optical rotation functionality of the 

fabricated samples is shown in figure 6.4. The incident light comes from a 

supercontinuum laser; then it passes through polarizer I with the transmission axis along 
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the y-direction. The light is focused by a lens and impinges normally onto the 

metasurface. The polarization state of the reflected light is analyzed by rotating 

polarizer II to different directions θ and recording the intensity values I. The obtained 

I(θ) curve carries the polarization information of the reflected light. 

 

Figure 6.5 Measured polarization states at different wavelengths. The blue, red, black and green 

discrete asterisks represent the measured intensity values from samples I, II, III and IV, respectively. The 

four solid lines denote the ideal I(θ) curves corresponding to the -45
°
 , 0

°
, 45

°
 and 90

°
 linearly polarized 

light. The incident wavelengths are (a) 550nm, (b) 640 nm, (c) 800nm and (d) 1000nm. 

The wavelength of the incident light is first set to be 550 nm. As shown in figure 

6.5(a), the individual asterisks represent the experimentally obtained intensity values at 

different θ, and they are plotted in a polar coordinate. The blue, red, black and green 

colors denote the results obtained from samples I, II, III and IV, respectively. The four 

solid lines represent the predicted I(θ) curves for the linearly polarized light along -45
°
, 

0
°
, 45

°
 and 90

°
. The location of a curve peak at a certain angle θ denotes its polarization 

direction. As the experimental results agree well with the predicted ones, it 
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unambiguously shows that samples I-IV rotate the incident light to the designed 

polarization angles. Since the geometric phase induced by a nanorod is solely 

determined by its orientation, the optical rotation method proposed above is valid for a 

broad range of wavelengths. Here the four samples are tested with other three 

wavelengths of 640 nm, 800 nm, and 1000 nm, and the experimental results show good 

agreement with the predicted values [figures 6.5(b)-(d)]. 

Since a majority of the reflected energy is concentrated to the ±1
th

 orders, the 

conversion efficiency is defined as the total intensities of ±1
th

 orders reflected light 

divided by that of the incident light. The conversion efficiency of sample IV is 

experimentally measured as shown in figure 6.6, which is comparable with that in 

chapter 5. 

 

Figure 6.6 Measured conversion efficiency of sample IV.  

6.5 Discussion 

The energy distribution among different reflection orders is related to the 

configuration of the metasurface. As shown in equation (6.3), the intensity of the n
th

 

order reflected light has to satisfy  

𝐼𝑛 ∝ |(𝑒𝑖𝜑1 − 𝑒𝑖𝜑2)
𝑎

𝑑
𝑠𝑖𝑛𝑐 (

𝑛𝑎

𝑑
)|

2

                                  (6.14) 

If we have φ1= π+α and φ2= α, equation (6.14) is simplified as 

𝐼𝑛 ∝ |
1

𝑛𝜋
𝑠𝑖𝑛 (

𝑛𝑎𝜋

𝑑
)|

2

                                            (6.15) 
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As a result, a/d is the key parameter determining the energy distribution. The 

normalized reflection intensities of the first four orders versus a/d are shown in figure 

6.7. In this chapter, a majority of the reflected light is designed to concentrate on the 

±1
th

 orders. So a/d is chosen to be 0.5, with a = 1.2 μm and d = 2.4 μm. It should be 

noted that the measured efficiency is about 26% for each order due to the equal energy 

distribution between the ±1
th

 orders. However, the design is applicable for the cases 

when the optical rotation and beam splitting have to be met simultaneously. 

 

Figure 6.7 Normalized intensity distributions of the first four reflection orders. 

In comparison with other methods for the optical rotation, such as the combination 

of two sawtooth gratings with a spatial displacement [6.16], the one proposed here does 

not shift the reflected light away from the designed plane (figure 6.8). The fabricated 

samples maintain the polarization rotation functionality for different wavelengths; 

however, it is worth noting that the reflection angles change with the wavelengths, as 

shown in equation (6.5). 
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Figure 6.8 The area around the +1
th

 order in the observation plane at (a) 550 nm and (b) 600 nm.  

The polarization contrast ratio of the reflected light is measured, which is defined as 

the intensity ratio between the desired polarization and its cross polarization. The 

sample IV is taken as an example, and the results are shown in table 6.1. It verifies that 

the polarization state of the reflected light agrees with the initial design and the noise is 

low.  

Table 6.1 Measured polarization contrast ratio of the reflected light from sample IV 

Wavelength(nm) 550 600 660 700 750 800 

Ratio(dB) 23.7 27.0 28.9 36.2 33.0 38.0 

Wavelength(nm) 850 900 950 1000 1050 1090 

Ratio(dB) 33.8 34.3 30.3 30.2 28.4 27.5 

Although the metasurfaces are designed to provide high conversion efficiency when 

the incident light is normal to the metasurface, their optical rotation functionality still 

exists when the incident light is tilted to a certain degree (figure 6.9).  

 

Figure 6.9 Polarization state of the reflected light when the incident angle is 15.22
°
. The incident light 

is set to be y-polarized.  
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6.6 Conclusion 

In conclusion, we propose an approach to rotate the incident linearly polarized light 

to arbitrarily designed directions by using the metasurface-based rectangular phase 

gratings. The optical rotation angle of the reflected light is solely dependent on the 

phase steps in the grating, providing an elegant way to realize the optical rotation. The 

reflection-type metasurface has high efficiency in the visible and near infrared range. 

Besides, the geometric phase is independent of the wavelengths, which guarantees the 

broadband performance of the metasurface. Since this approach addresses several major 

issues of the traditional optical rotation elements, such as the volume and bandwidth, it 

may facilitate the device miniaturization and system integration. 
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Chapter 7 Conclusions and Outlook 

7.1 Conclusions 

In this study, nanorods of subwavelength sizes are used as building blocks to form 

geometric metasurfaces, which give geometric phase to the transmitted or reflected light. 

The sign of geometric phase is determined by the helicity of the incident light, which 

yields miniature optical devices of novel applications. In chapter 3, a phase gradient 

metasurface is proposed that provides opposite phase gradient to the anomalously 

refracted LCP and RCP components, and therefore send them to different directions. 

The ellipticity and helicity of the incident polarized light can be obtained by measuring 

the intensities of the two components. In chapter 4, two optical elements with different 

functionalities, such as a hologram and a cylindrical lens, can be integrated into a single 

device. The overall performance of the device is determined by the helicity of the 

incident circularly polarized light. In chapter 5, a broadband high-efficiency 

metasurface hologram is realized with helicity multiplexed functionalities. Two 

holographic images swap their positions when the helicity of the incident light is 

reversed. In chapter 6, a metasurface is used to realize a rectangular phase grating, 

which gives the designed optical rotation angle to the reflected light according to the 

heights of the two phase steps. 

In conclusion, the geometric metasurface based optical elements have the following 

key strengths. First of all, the fabrication of metasurfaces is much simpler than that for 

three-dimensional metamaterials. Second, the distance between neighboring nanorods 

can be subwavelength, which not only gives a fine sampling of a phase function but also 

minimize the total size of the device. Also, arbitrary phase levels can be achieved since 

the geometric phases are solely determined by the orientations of the nanorods. Finally, 

the different responses of the geometric metasurfaces to the incident LCP and RCP light 

can yield many novel optical properties. 

7.2 Outlook 

The development of metasurface devices continues to evolve rapidly. However, 

there are still several major challenges. For example, most of the metasurfaces are 

fabricated by using ebeam lithography or focused ion beam, imposing a cost barrier to 

their mass applications. Recently, much effort has been made to achieve large scale 

metasurfaces with alternative ways. For example, large-scale metasurface for near 

perfect absorption has been experimentally demonstrated using direct sputtering 
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deposition. Random metallic nanoparticles layer can be formed on a substrate by 

controlling the deposition and post-treatment conditions [7.1]. Chemically synthesized 

silver nanocubes can be randomly adsorbed by a polymer spacer layer on a gold film, 

which forms a large scale metasurface absorber without the need to control the accurate 

position of each nanocube [7.2]. Despite the successful demonstrations of metasurface 

absorbers, large scale metasurfaces to achieve phase and polarization control still need 

nanoantennas with precise geometry, orientations, and positions, whose fabrication 

process remains to be improved. 

The integrations of metasurfaces to other optical elements are more important for 

real applications than their usages as single devices. Metasurfaces can be fabricated on 

the end of the optical fibers using “decal transfer” [7.3] technique to enhance the Raman 

scattering signals [7.4]. Or else the nanopatterns can be placed along the fibers to 

interact with the evanescent waves [7.5]. The combination of metasurface with the 

magneto-optical material can enhance the degree of the polarization rotation, due to the 

strong coupling between the localized plasmon resonance of the metasurface and the 

waveguide mode of the magneto-optical film [7.6, 7.7]. By integrating metasurfaces 

onto the commercially available silicon photodiodes, the orbital angular momentum can 

be selectively detected [7.8]. In spite of the efforts toward the integrations of 

metasurfaces with other devices, the commonly used materials, such as gold and silver, 

still lacks CMOS compatibility. Also, the overall efficiency of the integrated systems 

has to be improved. 

The properties of metasurfaces can be adjusted if their component materials are 

tunable versus the external field. For instance, the conductivity of doped 

semiconductors can be adjusted by the voltage bias and photoexcitation [7.9, 7.10]. 

Therefore semiconductors prove to be an ideal material for tunable metasurfaces in the 

microwave, THz and near infrared ranges [7.11]. Besides, the helix pitch of the chiral 

nematic liquid crystal can be tuned using external stimulate such as heat and electric 

field. Therefore its reflection band can be tuned by the temperature and voltage [7.12]. 

The phase-change medium Ge2Sb2Te5 can switch between an amorphous state and a 

metastable cubic crystalline state by femtosecond laser pulses. Hence the functionality 

of a metasurface based on Ge2Sb2Te5 can be erased and rewritten in a dynamical way 

[7.13]. Overall, since active control of metasurfaces would largely extend their 

applications, metasurfaces with smart responses to the external stimulation will play a 

critical role in the future development of metasurfaces. 
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As the metasurfaces are developing rapidly, a lot of novel applications are induced 

thereby. Besides the phase, amplitude and polarization control in free space as 

mentioned in chapter 1, metasurfaces prove to be effective when applied to the fields of 

guided wave optics [7.14-7.16], nonlinear optics [7.17-7.23], spin-Hall effect [7.24-

7.25], chemical sensors [7.26], polarimeters [7.27-7.28], and so on. Despite the great 

advances in metasurfaces, there is still large room for improvements in electric or 

optical tunability, CMOS compatibility and manufacturing techniques, which are the 

key points for large scale applications. 
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