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Abstract 

Photonic metasurface, the quasi-two-dimensional platform, provides flexible 

control of phase, amplitude, polarization, and other fundamental properties of the 

light by the elegant design of the constituent artificial structures or so-called meta-

atoms. This novel platform makes it more practical to realize optical holography, 

which has been widely applied in the research fields including three-dimensional 

image display, bioimaging, optical anti-counterfeiting, and so on. Yet, most 

applications of photonic metasurface have focused on its linear optical region, while 

less attention has been paid to its nonlinear counterpart. Recently, the generation of 

nonlinear optical holography that manipulates light-field with extra degrees of 

freedom through the frequency conversion processes has been achieved. The 

development of photonic metasurfaces containing subwavelength meta-atoms is the 

focus of this thesis to modulate the phase, amplitude, polarization, and frequency 

of light. In this thesis, we demonstrated photonic metasurfaces with multiple 

functionalities including real-space and Fourier space images encryption, vortex 

beam generation, and display of vectorial holographic images. To emphasize, these 

demonstrations of metasurfaces were generated in the second harmonic generation 

(SHG) process and utilizing the linear or nonlinear geometric phase.  

In this thesis, a review of advances and applications of linear and nonlinear 

metamaterials and metasurfaces is presented at the beginning. Then a brief 

introduction to harmonic generations is given. In Chapter 2, the experimental 

methods of nanofabrication and the optical measurement that are essential in the 

demonstration of photonic metasurfaces in this thesis were described.  

In Chapter 3, we designed and fabricated the nonlinear diatomic 

metasurfaces for displaying images in both real and Fourier spaces. The photonic 
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metasurface for nonlinear optical holography is built on the nonlinear geometric 

phase of plasmonic meta-atoms with three-fold rotational symmetry. We 

experimentally verified the phase and amplitude control of the diatomic 

metasurface for holographic images display in the SHG process. 

In Chapter 4, we proposed a hybrid platform, dielectric decorated nonlinear 

optical crystal, to seek a route for nonlinear optical holography with potentially 

high-frequency conversion efficiency. We simulated and fabricated dielectric 

metasurfaces on the nonlinear crystals with diffraction efficiency up to ~ 68%. Then 

we characterize the optical properties of two nonlinear optical crystals. From the 

design of the dielectric metasurface decorated optical crystal, we experimentally 

demonstrate the vortex beam generation and holographic image display in the SHG 

process. 

In Chapter 5, we proposed the plasmonic quad-atom metasurface stem from 

the first work to display holographic images with vectorial polarization distribution. 

Based on the superposition of two circularly polarized light, the quad-atoms 

metasurfaces that enable the ability to control the phase and amplitude of second 

harmonic waves can display holographic images with an arbitrary polarization state. 

Moreover, we adopted the modified phase retrieve algorithm to design the 

metasurface hologram which can reconstruct the image with arbitrary polarization 

and intensity distributions. 

The presented approaches in this thesis may attract more interest in the 

investigation of metasurface for nonlinear optics and would have applications in the 

fields of optical information storage, nonlinear structured light source, and so on.   
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Chapter 1 Introduction 

1.1 Photonic Metamaterials 

In the last two decades, the developments of nanotechnology and numerical 

modeling have enabled the fabrication and simulation of artificial structures with 

qualitatively new properties that are theoretically realizable but not discovered in 

nature. Electromagnetic metamaterials represent the artificial materials with 

unnatural electromagnetic responses that are beyond their constructed materials, 

where the prefix “meta” stems from Greek and has the meaning of “transcending”.  

The most prominent demonstration of metamaterials is the negative 

refractive index of matter. The refractive index n is described by the relative 

dielectric permittivity ε, and relative magnetic permeability μ. In natural materials, 

the values of n and μ are positive. In 1968 and even earlier, V. Veselago recognized 

the possibility of the negative value of n, when both ε and μ are negative, which 

may lead to the abnormal phenomena of reverse Doppler shift, reverse Cherenkov 

radiation, anomalous refraction, and reverse radiation pressure [1]. According to 

the Poynting vector and the Maxwell equations describing the wave propagation in 

materials, it is intrinsic that simultaneous negative values of n, ε, and μ contribute 

to the results of the antiparallel phase and the group velocities [2]. To the best of 

our knowledge, A. Schuster initially illustrated this abnormal negative group 

velocity of the wave (Figure 1.1) [3] and H. Lamb subsequently discussed it [4].  
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Figure 1.1 The illustration of normal and abnormal propagations of the wave. WF, the 

wavefront of an incident wave. W1'F1', the wavefront of the usually refracted wave. W1F1, the 

wavefront of the unusually refracted wave with the negative group velocity. Adapted from [3].  

At the end of Horace Lamb’s article entitled “On group-velocity”, he said: 

“It is hardly to be expected that the notion of a negative group-velocity will have 

any very important physical application; but the preceding discussion may serve to 

emphasize the point that ideas of wave-propagation acquired in the study of air-

waves (for example) need to be used with some caution when we are dealing with 

a dispersive medium.” [4] And it is interesting enough to investigate the interaction 

between electromagnetic waves (also light) and condensed matter. But the 

theoretical investigation from Veselago was so preceding that related studies about 

the electromagnetic wave refracted by materials in a negative direction were not 

enthusiastic until 2000 [5].  

The blooming research about photonic metamaterials is invoked by the idea 

that artificial materials with composite metallic rods can provide the macroscopic 

quantity of effective ε with a negative value [6]. In addition, based on J. Pendry’s 

theoretical analysis, artificial materials with composite split-ring resonators (SRRs) 

can provide effective negative μ in the microwave region [7]. Nearly a hundred 

years after Horace Lamb’s devise of negative group velocity, the negative values of 

both ε and μ [8], and the abnormal refraction phenomenon [9] from negative-index 
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metamaterials (NIM) were experimentally verified. The diagram that summarizes 

photonic materials classified by values of effective ε and μ is shown in Figure 1.2. 

Note that materials with a refractive index n equal to or near zero also have 

fascinating physical properties and have been enthusiastic studied in recent decades 

[10].  

 

Figure 1.2 Classification of materials depending on their effective values of dielectric 

permittivity (ε) and magnetic permeability (µ). The intersection of these materials is the 

zero-index material. DPS, double positive. ENG, epsilon-negative. MNG, mu-negative. DNG, 

double-negative. [11]  

Based on their interesting physical properties, photonic metamaterials have 

led to innovative demonstrations including the perfect flat lens that break the optical 

diffraction limit [12–14], invisible cloak [15, 16], and chiral materials [17]. 

However, since the averaging ε and μ are valid only when the resonant wavelength 

is large enough compared to the lattice constant, the metamaterials work at 

microwave frequencies are challenging to scale down the working frequency to 

infrared and Terahertz (THz) regions.  

Then the next generation of metamaterials aimed at realizing metamaterials 

at the optical and THz frequencies. For example, the photonic metamaterials with 

negative dielectric permittivity and negative magnetic permeability were 
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experimentally demonstrated in the near-infrared (NIR) region [18, 19]. The 

corresponding photonic metamaterials of the perfect lens [20], optical cloaking [21, 

22], and optical chirality [23, 24] have been successfully realized. The example in 

Figure 1.3 illustrates the abnormal refraction phenomenon realized by the three-

dimensional (3D) optical negative-index metamaterials [25]. 

 

Figure 1.3 Experimental and simulated results of abnormal refraction from three-

dimensional negative-index metamaterials (NIMs) in the near-infrared region. (a) 

Experimental results of beam refraction with and without the NIMs. (b) The measured and 

simulated refractive index of the NIMs. (c) Simulation results of the electromagnetic field of 

the negative refraction process by the NIMs. [25]  

While the optical metamaterials that show macroscopic abnormal 

propagation properties have to stack the 3D bulk structure, which inevitably suffers 

from high ohmic loss, complex fabrication process, high cost, and so on. On the 

other hand, two-dimensional (2D) metamaterials or so-called metasurfaces that are 

composed of spatially varying artificial building blocks provide an elegant way to 

realize abnormal refraction and other interesting phenomena.   
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1.2 Photonic Metasurfaces 

1.2.1 Linear Photonic Metasurfaces  

The idea of photonic 2D metamaterials or metasurfaces intrinsically differs 

from the bulk 3D metamaterials that provide negative refraction by averaging the 

overall resonances from the composite building blocks. The photonic metasurfaces 

control the electromagnetic wave or light propagation by introducing abrupt phase 

changes on the quasi-2D interface. In 2011, a metasurface with abrupt phase change 

was introduced by F. Capasso’s research group [26]. They designed V-shaped 

antennas to introduce interfacial phase discontinuity to the incident light with linear 

polarization and proposed the generalized Snell’s law to describe the abnormal 

refraction phenomenon of light interaction with the metasurface (Figure 1.4). The 

proposed generalized Snell’s law, 0
tn sin n sin

2
t i i

d

dx

 
 


− = , is very similar to the 

grating equation, n sin n sint t i i m


 = +


 [27], except that the minimal variations 

change from the grating period to the period of abrupt phase changes. Apart from 

the abnormal light refraction, the metasurface with phase gradient was also used to 

transfer propagating wave to the surface wave [28]. In addition, the control of 

broadband THz wave propagation was realized by C-shape metasurfaces [29]. 
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Figure 1.4 The anomalous refraction based on interfacial phase discontinuity. (a) The 

schematic diagram of the anomalous refraction is described by the generalized Snell’s law. (b) 

The scanning electron microscopy (SEM) image of the phase-gradient metasurface, where 

highlighted plasmonic antennas provide the phase discontinuity. (c) The simulation results of 

the scattered electric field from plasmonic antennas show anomalous refraction. Adapted from 

[26]. 

The strategy that provides abrupt phase changes by the various nanoscale 

resonators inevitably needs numerous simulations to build up the database of 

resonators with all the geometric parameters. On the other hand, the dispersionless 

phase changes of circularly polarized light were realized by plasmonic metasurface 

based on dipole antennas [30]. The spin-dependent scattering from the dipole 

antennas simplifies time-consuming simulations and points out the way to elegantly 

realize abrupt phase changes [31]. It should be noted that the abrupt phase change 

generated in the circular polarization conversion process was already investigated 

by M. Berry and S. Pancharatnam [32, 33], and therefore was named 

Pancharatnam–Berry phase or geometric phase. One of the most important 

advantages of the geometric phase strategy is the continuous phase changes 
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corresponding to the orientation angle of the half-wave plate-like resonators (Figure 

1.5) [34].  

 

Figure 1.5 The continuous geometric phase from subwavelength resonators. The half-wave 

plates like resonators can convert input left circularly polarized (LCP) waves into right 

circularly polarized (RCP) waves with an extra geometric phase that depends on the orientation 

of the resonator. The orientation (double-headed arrow) of the resonator indicates the fast axis 

of the designed half-wave plate. Adapted from [34]. 

As early as 2001 to 2003, the space-variant subwavelength gratings based 

on geometric phase experimentally demonstrated wavefront shaping, beam 

deflection, and focus lens by using CO2 laser as the light sources [35–37]. As an 

indispensable tool of optics, the lens is crucial to engineering the wavefront of the 

light. Based on the geometric phase method, the convex and a concave lens were 

experimentally demonstrated by using the single dual-polarity plasmonic flat lens 

or so-called metalens [38]. As shown in Figure 1.6, the spin-switchable phase 

profiles on the dual-polarity metalens are positive or negative depending on the fact 

that the incident light is right circularly polarized (RCP) or left circularly polarized 

(LCP). 
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Figure 1.6 The metalens with convex and concave functionality. (a) The schematic 

illustration of metalens with dual-functionality is dependent on the spin state of incident light. 

(b) The SEM image of the metalens whose unit cells are plasmonic dipole antennas. Adapted 

from [39]. 

The subwavelength unit-cells of the metasurface that modulate the 

properties of the incident light are named the meta-atoms, which are analogies to 

the constituent atoms of the material in nature. In addition, the interleaved meta-

atoms arrays that share the same physical area enable the metasurface with multiple 

functionalities [40]. Therefore, photonic metasurfaces have generated great interest 

in research for the advantages of compact volume, low optical loss, and integrated 

functionalities. In the past decade, various flat optical devices of photonic 

metasurfaces rose enthusiastic research interests and gradually turn to manipulating 

more degrees of freedom including the polarization, amplitude, and frequency of 

light. These ultra-thin metasurface devices include vortex beam generators [26, 30, 

41–45], flat optical lens or metalens [38, 46–48], flat polarizer [49, 50], beam 

splitters [51, 52], metasurface holograms [53–57] and so on. 

In the following sections of this chapter, we priorly review the development 

of photonic metasurfaces in the nonlinear optical process and then further review 

the applications of photonic metasurfaces for optical holography.  

1.2.2 Nonlinear Photonic Metasurfaces 
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Apart from the applications in the linear optical regime, photonic 

metasurfaces also have numerous applications in the nonlinear optical regime. In 

general, the electric response of the material to the applied electric field is nonlinear 

but the nonlinear responses in most materials are too weak to be observed [58]. In 

1999, J. Pendry’s research group originally designed the building blocks of SRRs 

not only to provide effective magnetic permeability but also to enhance the 

nonlinear response to light [7]. While, as shown in Figure 1.7, the experimental 

verification of the second harmonic generation (SHG) from SRRs was not realized 

until 2006 [59]. Several approaches in nonlinear optical metamaterials and 

metasurfaces were provided to enhance the nonlinear response [60–63]. 

 

Figure 1.7 The gold SRRs for generation of second harmonic waves. The experimental (a) 

and theoretical (b) results of the interaction between a fundamental wave (FW) at the 

wavelength of 1.5 μm and U-shaped SRRs. The second harmonic wave has half the wavelength 

of FW and an orthogonal polarization state to that of FW. Adapted from [59]. 

Subsequently, it has been found that the symmetry selection rule of 

nonlinear optical processes exists in not only the nonlinear optical crystals but also 

in the nonlinear optical metamaterials [64, 65]. The symmetry selection rule in 

nonlinear optics is determined by the conservation law of energy and momentum in 

the light-matter interaction. It has been proven that the energy and the angular 

momentum of a circularly polarized photon are ℏω and σℏ, where σ = ±1 denotes 

the LCP or RCP state, ħ is the reduced Planck constant and ω corresponds to the 
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frequency of light [66]. While the energy and angular momentum of a photon in the 

harmonic generation at the frequency of nω are nℏω and nℏ. When the photon 

generated from the nonlinear optical crystal or nanostructures with m-fold 

symmetry is pumped by a circularly polarized light, the additional angular 

momentum mℏ is introduced to the incident photon. Thus, the symmetry selection 

rule for the harmonic generation is concluded from the conservation law of angular 

momentum and simplified as [67]: 1n lm=  , where l is an arbitrary integer and 

the ‘+’ and ‘−’ signs indicate that the spin state of the generated photon is preserved 

or reversed compared to the incident photon. Therefore, the generation of second 

harmonic waves is allowed in the nonlinear optical crystals or nanostructures with 

three-fold rotational symmetry but forbidden in that with two- and four-fold 

rotational symmetries [65]. 

Based on the symmetry selection rule, several research groups reported that 

the nonlinear metasurfaces provide the capabilities to modulate the phase of light 

in the nonlinear optical processes (Figure 1.8), which is the important counterpart 

to the abrupt phase change in linear metasurfaces. By controlling the orientations 

of the plasmonic SRRs, the proposed nonlinear photonic grating experimentally 

demonstrated 0 and π phase modulation on the second harmonic wave (SHW) 

(Figure 1.8a) [68]. Based on the geometric phase of SRR, the gradient nonlinear 

metasurfaces were theoretically described for beam steering and focusing in the 

SHG process (Figure 1.8b). At the same time, the strong coupling of the plasmonic 

SRRs with intersubband transitions of multi quantum-well provide strongly 

enhanced efficiency of the SHG [69]. Then the corresponding experimental results 

were demonstrated in 2016 [70]. Figure 1.8c shows that the continuous control of 

light in third-harmonic generation (THG) can be realized by of nonlinear geometric 
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phase from the nanostructures or so-called meta-atoms with two-fold (C2) and four-

fold (C4) rotational symmetries [71]. The orientations of meta-atoms are rotated to 

introduce the nonlinear geometric phases, which are related to the spin state of the 

incident FW and generated wave in the THG process.  

 

Figure 1.8 The nonlinear metasurfaces with local phase modulations in the SHG process. 

(a) Nonlinear metasurface with constituent SRRs introduces phase modulation of 0 and π in the 

SHG process. The periodical change of orientation angles of SRRs leads to the diffraction of 

SHW [68]. (b) The gradient metasurface consists of spatial orientation changed SRRs 

demonstrate beam deflection in the SHG process [69]. (c) Nonlinear geometric phases 

generated from meta-atoms with C2 and C4 rotational symmetries in the THG process are 

continuously controlled by the rotational angle of these meta-atoms [71]. 

After the investigation of the phase modulation ability of nonlinear 
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metasurfaces, numerous applications similar to that of the linear metasurfaces have 

been exhibited by the nonlinear metasurfaces. For example, researchers 

demonstrated the generation of the airy beam and vortex beam in the SHG process 

[72], and spin-controlled nonlinear vortex beams generation [73]. By introducing 

the abrupt phase change of light, the nonlinear metasurfaces also realized flat 

metalens and grating [74]. Later, the optical imaging of the SHG process was 

presented [75]. Nonlinear optical holography was also demonstrated and provided 

an additional degree of freedom to store optical information [76, 77]. On the other 

hand, dielectric materials [78–80] and 2D materials [81, 82] have been studied in 

the next generation of nonlinear metasurfaces for the advantages of high damage 

threshold, low loss, and tunable optical properties [83].  

In addition, the applications of nonlinear geometric phases metasurfaces 

provide exciting functionalities that are not achieved in linear metasurfaces. As 

shown in Figure 1.9, three typical research works for wavefront engineering are 

demonstrated by nonlinear metasurfaces that use the meta-atoms with three-fold 

(C3) rotational symmetry. In Figure 1.9a, the nonlinear metasurface encrypts the 

optical image that is indiscernible by visible light illumination [84]. While under 

NIR FW pumping, the nonlinear metasurface generated the SHG intensity 

distribution that can be read as the encrypted image. Figure 1.9b demonstrates the 

nonlinear metasurfaces as high-order vortex beams generators [85]. The nonlinear 

metasurface was designed for the generation of SHW with multiple angular 

momentum states by utilizing the spin−orbit interaction effect in the nonlinear 

optical process. As shown in Figure 1.9c, the nonlinear quasicrystal metasurface 

has different diffraction phenomena in the linear and nonlinear optical processes 

[86]. These nonlinear geometric phase metasurface applications demonstrate the 
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usefulness of the meta-atoms with C3 rotational symmetry as easy-to-use tools for 

the illustration of physical phenomena. This is one of the reasons why C3 meta-

atoms are used to consist of the nonlinear metasurfaces in our following research 

works. 

 

Figure 1.9 The nonlinear metasurfaces with local phase modulations in the SHG process. 

(a) The optical image written in the nonlinear metasurface is only decoded when the 

metasurface is illuminated by the NIR light and in the SHG process [84]. (b) Multiple and high-

order vortex beams are generated by the nonlinear geometric phase metasurface utilizing the 

spin−orbit interaction effect in the SHG process [85]. (c) The far-field diffraction pattern 

generated from nonlinear optical quasicrystal metasurfaces (NOQCM) in the SHG process 

differs from the linear optical process [86].  

The abilities of linear and nonlinear metasurfaces are actively developed in 

the past decade and may continuously inspire researchers to develop new 

applications for them. Among the various applications, we presently have more 

interest in the metasurface for optical holography. So, we further discuss the 

metasurface holography in the next section. 
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1.2.3 Metasurface Optical Holography 

The most popular light recording medium such as photographic films or 

digital cameras of charge-coupled devices (CCD) and complementary metal-oxide-

semiconductor (CMOS) only record the light intensity or amplitude of light waves. 

While holograms store the complex information of light waves by recording not 

only the amplitude but also the phase of the light. This holography method was 

firstly introduced by D. Gabor in 1948 [87]. Originally, a hologram was created by 

recording the interference results of the illuminating light from the object and the 

reference light. The name “holography” origin from two Greek words: “holos” and 

“graphein”, which means complete write or record. Later, the computer-generated 

hologram (CGH) method that creates holograms from numerical calculation was 

developed with the advance in computer science and semiconductor technology 

[88–90]. The CGH method does not need interference results from real objects and 

can reconstruct virtual and even dynamic 3D object’ images [91]. Various practical 

approaches such as acousto-optic modulator [92], liquid-crystal spatial light 

modulator [93], the digital micro-mirror device [94], and the micro-

electromechanical system [95] have been utilized to generate CGHs. Compared to 

the amplitude modulation approaches, the holograms that use modulation 

approaches have the advantages of high diffraction efficiency and the inexistence 

of twin images. So, the phase iterative algorithm proposed by R. Gerchberg and W. 

Saxton is broadly utilized [96].  

In contrast to realizing holograms with traditional materials, the ultrathin 

metasurface holograms that consist of subwavelength meta-atoms provide a flexible 

and accurate way to tailor the wavefront of light. For instance, the 2D [97] and 3D 

[53] holographic images were realized by the ultrathin metasurface holograms. As 
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phase-type holograms, the dielectric and cavity-enhanced plasmonic metasurfaces 

were both used to display holographic images with high diffraction efficiency and 

a wide view angle [55, 98]. The reflection-type plasmonic metasurface holograms 

and the transmission-type dielectric metasurface holograms both demonstrated the 

reconstruction of multicolored holographic images [99–102].  

More importantly, the great flexibilities of the metasurface to control the 

phase together with polarization, amplitude, orbital angular momentum (OAM), 

and frequency of light make it possible to design diffractive devices with multiple 

and integrated functionalities [103]. In Figure 1.10, the polarization multiplexed 

metasurface holograms are shown. Figures 1.10a and 1.10b show that the flower 

and bee images displayed by the geometric phase metasurface hologram change 

with two circular polarization states incident [104] The interleaved meta-atom 

arrays of the metasurface holograms provide a way to utilize both LCP and RCP 

components, which has the potential to generate light with arbitrary polarization 

state [105]. In Figure 1.10c, the metasurface hologram that introduces an 

independent propagation phase to the x- and y-polarized incident light enables the 

display of linear polarization multiplexed images [106]. Controlling the incident 

circular polarization of light allows the metasurface hologram to display two 

distinct holographic images of a cat and a dog [56]. In addition, the vectorial images 

were demonstrated by metasurfaces with spatially multiplexed holograms [107, 

108], and with simultaneous polarization and phase control by a combination of 

geometric and propagation phases [109]. 
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Figure 1.10 Polarization multiplexed metasurface holograms. (a, b) The switchable 

holographic images with circular polarization control are generated from the reflective 

metasurface hologram that consists of three layers of metal, dielectric, and metal [104]. (c) Two 

independent images are generated from the dielectric metasurface hologram illuminated by 

linearly polarized light waves [106]. 

In amplitude multiplexing, metasurface holograms enable the multiple 

images display in near-field and far-field by the complex amplitude modulation of 

a single meta-atom [110] and diatomic unit or meta-molecule [111]. Recently, 

multifunctional metasurfaces holograms were demonstrated by simultaneously 

control of phase, amplitude, and polarization [112, 113]. These multifunctional 

metasurfaces holograms can display images at multiple dimensions and multiple 

polarization states. In OAM multiplexing, the number of helical mode indexes in 

OAM has no theoretical limit and gives the OAM holography great potential to 

realize high-capacity and dynamic display [114, 115]. Meanwhile, the OAM 

multiplexing can be combined with nonlinear holography, which reconstructs 

images at the SHG process by using the 3D photonic crystals [116].  
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Besides, nonlinear metasurface holograms provide an opportunity to encode 

images in different optical frequencies. As shown in Figure 11a, the X image is 

reconstructed by the nonlinear metasurface hologram in a linear optical process. 

The same sample can also display the images of L and R in the SHG process with 

control of circular polarization states (Figure 11b) [76]. On the other hand, the 

nonlinear metasurface hologram consisting of C2 and C3 meta-atoms demonstrates 

the display of two images in the SHG process and the THG process [117].  

 

Figure 1.11 Nonlinear metasurface holograms for frequency multiplexing display. (a, b) 

In linear and nonlinear optical processes, the holographic images displayed from the nonlinear 

metasurface hologram are dependent on the polarization state and the frequency [76]. 

So far, the linear and nonlinear metasurface have been exploited to realize 

various optical functionalities which are much more challenging and even 

impossible in conventional optical holography. It is evident that the scientific 

research field of photonic metasurfaces will be continuously enthusiastic and have 

more practical engineering applications in the future. Our object of exploring the 

nonlinear optical holography can be an important piece of the puzzle for realizing 

the practical applications of the photonic metasurface. 
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1.3 Second Harmonic Generation 

1.3.1 Fundamental Theory of Second Harmonic Generation 

In 1961, Franken et al. focused a high-power ruby laser beam into a quartz 

crystal and experimentally demonstrated the nonlinear optical phenomenon of 

second harmonic generation (SHG) [118]. Later, people tried to understand the 

mechanism behind this phenomenon and developed the theories of nonlinear optics 

[119, 58]. In the process of harmonic generation, the relationship between induced 

nonlinear polarization and the incident electric field of light E  can be written as 

2 3
(2) (3)

0 ( ...)
NL

p E E  = + + , where ε0 is the electric permittivity of vacuum, χ(2) 

and χ(3) are the second-order and third-order nonlinear optical susceptibilities [58].  

When the SHG process occurs in the materials with non-zero second-order 

susceptibility χ(2), the materials have a quadratic electric field response to the 

fundamental wave. As a result, the intensity of the generated SHW would increase 

with the square of the fundamental wave’s intensity. This relation can be described 

by the second-order nonlinear polarization: 
(2) 2

(2)

0p E = . Considering a lossless 

material that interacts with a monochromatic light wave at the frequency of ω, the 

second-order nonlinear polarization can be explicitly written as 
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where E0 is the amplitude of the fundamental wave. 

It shows that the second-order polarization contains two components. The 

first term of Equation (1.1) is independent of the frequency of light, which results 

in the generation of a static electric field in the material. This phenomenon is called 

optical rectification. The second term of Equation (1.1) contributes to the radiation 
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of harmonic waves at the frequency of 2ω (Figure 1.12a). Figure 1.12b shows that 

in the SHG process, two photons with the frequency of ω are converted into one 

photon with the frequency of 2ω [58].  

 

Figure 1.12 Schematic illustrations of the SHG. (a) SHG in the materials with second-order 

susceptibility χ(2). (b) Demonstration of the virtual energy levels in the SHG process. Adapted 

from [58]. 

People estimated that the value of χ(2) is around the order of 2 pm/V [119]. 

The predicted value is close to the experimentally measured ones. For example, the 

largest component of χ(2) in quartz crystal is d11 of ~0.3 pm/V and in lithium niobate 

crystal is d33 of 27 pm/V at the fundamental wavelength of 1064 nm [120]. 

1.3.2 Second Harmonic Generation from Plasmonic Nanostructures 

The plasmonic nanostructures can be used to greatly enhance the electromagnetic 

fields in the affinity of the metallic materials to increase the nonlinear optical 

responses. One of the most important mechanisms to realize such enhancement is 

the localized surface plasmons (LSPs), which are the excitations from the free 

electrons of metallic nanostructures coupled to the electromagnetic wave [121]. The 

nonlinear polarization in the plasmonic nanostructures comes from the nonlinear 

susceptibilities of metal or the surrounding nonlinear medium [122].  

On the other hand, the SHG process is extremely sensitive to the symmetry 

of the plasmonic nanostructures, which makes it possible to manipulate the electric 
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and magnetic resonances in the plasmonic nanostructures for generating strong 

SHG signals [121]. 

One of the early studies about LSP enhanced SHG was experimentally 

demonstrated in the metal island films and microlithographic structures [123]. Since 

then, the nonlinear optical effects in the plasmonic nanostructures have been 

increasingly explored [124]. For example, people discovered that the non-

centrosymmetric split-ring resonators (SRRs) [59, 125, 126], L-shaped and V-

shaped plasmonic nanostructures [127, 128] can be used to generate strong and 

polarization-dependent SHG signals.  
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1.4 Our Work and Thesis Overview 

In this thesis, our works are focused on exploring the flat optical devices 

based on photonic metasurface for applications in the optical holography or 

wavefront shaping in the second harmonic generation (SHG) process. To be specific, 

we design ultra-thin plasmonic metasurfaces with constituent three-fold symmetric 

meta-atoms that provide nonlinear geometric phase modulation to the incident 

fundamental wave to present applications of multiple-dimensional optical images 

encryption and vectorial optical holography. On the other hand, we utilize dielectric 

metasurfaces with anisotropic nanofins based on the linear geometric phase and the 

coupled optical crystal to demonstrate the nonlinear vortex beam generation and 

nonlinear holography. 

This thesis is organized as follows: a brief review of the metamaterials, 

ultra-thin linear and nonlinear metasurfaces, and their applications are given in 

Chapter 1. Subsequently, we show the required experimental methodologies in our 

research works. The fabrication processes of plasmonic and dielectric metasurfaces 

are introduced. Then the essential methods for thin-films deposition and their 

analysis method are briefly reviewed. The optical characterization setups are 

present at the end of Chapter 2. 

In Chapter 3, we present experimental results of the nonlinear diatomic 

metasurface to encode the holographic image as well as the real-space image in the 

process of second-harmonic generation. Holographic images with both phase and 

amplitude control are experimentally demonstrated using a diatomic metasurface 

method based on the nonlinear geometric phase. 

In Chapter 4, we begin with the simulation and experimental 
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characterization of dielectric metasurface and nonlinear optical crystals. Then two 

examples of nonlinear wavefront engineering are presented using the linear 

metasurfaces decorated with nonlinear optical crystals. These two examples are 

generations of nonlinear vortex beams and nonlinear holographic images.  

In Chapter 5, we develop the idea introduced in Chapter 3 and demonstrated 

the nonlinear vectorial holography using a quad-atom metasurface. The 

demonstration begins with the generation of holographic images with an arbitrary 

polarization state in the SHG process. Then we find the quad-atom design also 

enables the nonlinear holographic images with vectorial polarization distribution by 

using the modified phase retrieve algorithm.  

Chapter 6 presents a summary of this thesis and discusses the potential way 

to further develop the photonic metasurface for nonlinear optical holography.  
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Chapter 2 Experimental Methodologies 

2.1 Electron-Beam Lithography (EBL) 

Electron-beam lithography (EBL) is a nanofabrication method that uses a 

focused electron beam to expose the electron-sensitive resist such as polymethyl 

methacrylate (PMMA) and hydrogen silsesquioxane (HSQ) to write desired 

patterns. We can generate the required patterns by selectively removing the resist 

with the developing solution. To fabricate a photonic metasurface comprising 

artificial structures at the nanoscale, we need to use EBL technology. The EBL 

processes in our works were finished with the support from Core Research Facilities 

(CRF) at the Southern University of Science and Technology (SUSTech). The 

precision of EBL fabrication of our works can be up to 10 nanometers. In our 

research works, we adopted the standard EBL processes for the fabrication of 

plasmonic and dielectric metasurfaces. Below, we show two kinds of fabrication 

processes for gold plasmonic metasurfaces and silicon nitride dielectric (SiNx) 

metasurfaces in Figure 2.1 and Figure 2.2 The detailed processes of EBL 

fabrications are described in the related chapters when needed. 

 

Figure 2.1 Fabrication process of the gold plasmonic metasurface. (a) The positive electron 

resists layer, polymethyl methacrylate (PMMA) is spin-coated on the surface of the indium tin 

oxide (ITO) thin-film coated glass substrate. (b) The patterns of metasurfaces are written on the 

PMMA layer by electron-beam lithography (EBL) and obtained by the development process. 

(c) The process through which the gold thin-film is deposited using electron beam evaporation. 

(d) The gold plasmonic metasurface is produced via a final lift-off procedure. 
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Figure 2.2 Fabrication process of silicon nitride dielectric metasurfaces. (a) Plasma-

enhanced chemical vapor deposition is used to deposit a layer of SiNx on the quartz substrate. 

(b) The positive electron resists layer, PMMA is spin-coated on the surface of the layer of SiNx. 

(c)The EBL and development processes are used to write the desired pattern. (d) A layer of 

chromium (Cr) film is evaporated on the surface of the semi-finished sample. (e) The written 

pattern is transferred to the Cr film by the lift-off process and subsequently transferred into the 

SiNx layer by the inductively coupled plasma (ICP) etch. (f) At last, the residual Cr is removed 

by the commercially available Cr etchant solution (ammonium cerium nitrate). 
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2.2  Thin-Film Deposition 

2.2.1 Electron-beam Evaporation  

In the fabrication process of photonic metasurfaces, the electron-beam 

evaporation combined with the lift-off process in the EBL process can remove all 

the residual electron-sensitive resists and transfer the designed pattern to the 

material deposited by electron-beam evaporation. 

In the detailed process of electron-beam evaporation, the target materials 

are directly heated by a focused beam of high-energy electrons and vaporized to 

condense on a substrate. The electrons are emitted from the heated resistance 

filament, then deflected 270° by the applied magnetic field, and finally hit the target 

materials in the water-cooled crucible. Ruled by the law of conservation of energy, 

the kinetic energy of accelerated electrons transfer to the internal energy of target 

materials. When the temperatures of heated target materials reach the boiling point 

or the sublimation temperature, the materials in the heating center can be evaporated 

while the other part of the target materials can stay cool by looped cooling water. 

Consequently, electron-beam evaporation can evaporate materials with a high 

melting point and avoid pollution from the evaporation of crucible materials. 

2.2.2 Plasma Enhanced Chemical Vapor Deposition 

In the fabrication process of dielectric photonic metasurfaces, the plasma-

enhanced chemical vapor deposition (PECVD) process is used to deposit the 

dielectric thin film like silicon dioxide (SiO2) and silicon nitride dielectric (SiNx). 

In general steps of chemical vapor deposition (CVD), the vapor precursors from the 

feed system go through chemical reactions to produce the solid product under an 
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activated environment like heat, plasma, and light [129]. When the activated 

environment of the CVD process is a mixture of electrons, ions, and neutral 

particles or so-called plasma, the process can be named PECVD. In plasma 

generated from electric energy, free electrons are accelerated to a higher energy 

than that in the case of thermal activation at several thousand degrees. In the process 

of PECVD, free electrons with high energy collide with the neutral gas molecules 

to dissociate the neutral molecules, which only occur at high temperatures in the 

process of thermal CVD. Therefore, PECVD usually produces materials at a lower 

temperature than the conventional thermal CVD process.  

In our research range, we utilize two types of non-thermal plasma including 

radio frequency (RF) plasma and inductively coupled plasma (ICP). As RF type 

PECVD normally has lower plasma density than that of ICP type, it can deposit 

larger-area film with better uniformity than ICP-PECVD. On the other hand, ICP- 

PECVD requires a lower temperature because there are numerous active electrons 

and ions during the deposition process. 
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2.3 Spectroscopic Ellipsometry 

For the characterization of optical properties of deposited thin films, we 

need to use spectroscopic ellipsometry technology. Spectroscopic ellipsometry 

technology is based on measuring the change of polarization state between the 

incident and the obliquely reflected polarized light by a thin-film sample. Figure 

2.3 illustrates the working principle of spectroscopic ellipsometry [130]. In typical 

ellipsometer measurement, the polarization states of the incident and reflected light 

waves are separated into two orthogonal components: parallel (p-) component and 

perpendicular (s-) component (s, for senkrecht; perpendicular in German). Then the 

s-component Ers and p-component Erp of the reflected light are both recorded by 

the monitor and analyzed by comparing them with the s-component Eis and p-

component Eip of the incident light. The measured amplitude ratio Ψ defines the 

ratio between reflected p-and s-components and the phase difference Δ defines the 

difference between reflected p-component and s-component. As the equation 

shown at the bottom of Figure 2.3, Ψ and Δ are defined by the two orthogonal 

amplitude reflection coefficients rp and rs. In the case of ellipsometry measurement, 

the characterized sample is assumed to be a single layer or multi-layers of flat film 

structure. Therefore, we can use the Ψ to characterize the refractive index n and use 

Δ to define the extinction coefficient k with Fresnel equations [130].  
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Figure 2.3 The schematic illustration of the principle of ellipsometer measurement. In the 

ellipsometer measurement, incident linearly polarized light is reflected by the sample and turns 

to elliptically polarized light. Adapted from [130]. 
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2.4 Optical Experiments 

2.4.1 Linear Optical Property Measurements 

In our works, the linear transmission spectra of the fabricated metasurfaces were 

measured by a fiber spectrometer (Ocean Optics) with white light serving as the 

light source. The transmittance and optical information of metasurface samples 

were measured by the homemade optical setups shown in Figure 2.4. The power of 

the light generated from a supercontinuum laser is modulated by a half-wave plate 

(HWP). Then the polarization state of input light is controlled by the combination 

of a linear polarizer (LP) and a quarter-wave plate (QWP). Upon being focused by 

a focus lens (L1), the light partially transmits the sample and is collected by the 

objective lens (OL). The polarization state of collected light is controlled by another 

group of QWP and a subsequent LP and focused by another collimating lens 

(spherical or cylindrical) to be recorded by the CCD camera. 

 

Figure 2.4 Optical setups for linear optical measurement.  Abbreviation: λ/2, half waveplate; 

LP, linear polarizer; λ/4, quarter waveplate; L1 and L2, focus lenses; OL, 10 times 

magnification objective lens; CF, a color filter (short-pass filter); CCD, charge-coupled device 

camera. 

2.4.2 Nonlinear Optical Property Measurements 

In our research scope, we have constructed some homemade optical 

measurement systems to characterize the fabricated metasurface. Figure 2.5 

schematically shows the experimental setup for the observation of nonlinear image 

reconstruction. The experimental setup for detecting the nonlinear optical intensity 
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in the second harmonic generation (SHG) process is shown in Figure 2.5. The 

optical parametric oscillator (OPO) is used in conjunction with a femtosecond laser 

to control the wavelength of the FW and excite the metasurface's SHG signal. In 

our experiments of nonlinear optical measurements, the femtosecond laser has a 

repetition frequency of 80 MHz and a pulse duration of ∼250 fs. As Figure 2.5 

illustrated, a half-wave plate (HWP) and a linear polarizer (LP) are used to modify 

the intensity and polarization of the OPO emitted Gaussian beam. Then, the incident 

linearly polarized light becomes circularly polarized light by passing through a 

quarter waveplate (QWP) and is focused on the metasurface sample by a 

collimating lens (L1). The metasurface samples can transfer a part of the circularly 

polarized light into the opposite circularly polarized light with a double frequency 

of FW. Next, we use the other group of a QWP and a subsequent LP to analyze the 

polarization of the emergent SHG signal collected by the 10x objective lens (OL). 

At last, the SHG signal is purified by a short-pass filter and focused by another 

collimating lens (L1) before being detected by a scientific complementary metal-

oxide-semiconductor (sCMOS) camera. 

 

Figure 2.5 Schematic optical setups for nonlinear optical image recording. Abbreviation: 

Fs-laser OPO, femtosecond laser coupled optical parametric oscillator; λ/2, half waveplate; λ/4, 

quarter waveplate; L1 and L2, lenses; sCMOS, scientific complementary metal-oxide-

semiconductor device camera; LP, linear polarizer; OL, 10 times magnification objective lens; 

CF, a color filter (short-pass filter). 
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Figure 2.6 Schematic optical setups for nonlinear transmission spectra measurement. 

Abbreviation: Fs-laser OPO, femtosecond laser coupled optical parametric oscillator; λ/2, half 

waveplate; λ/4, quarter waveplate; LP, linear polarizer; OL1, 4 times magnification objective 

lens; OL2, 10 times magnification objective lens; CF, a color filter (short-pass filter); L, focus 

lens. 

The optical setups to measure the transmission spectra in the nonlinear 

process are shown in Figure 2.6, which are similar to Figure 2.5 except that the L1 

and the sCMOS are replaced by a 4x objective lens (OL1) and an electron-

multiplying charge-coupled device (EMCCD) coupled spectrometer. 
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Chapter 3 Nonlinear Diatomic Metasurface 

Enabled Multiplexed Images Encoding in Real and 

Fourier Spaces 

In the previous chapter, we introduced the experimental methods needed to 

fabricate and characterize photonic metasurfaces. The metasurface made of 

nanostructure arrays allows for effective modulation of various properties of light, 

which has been widely employed in various scientific areas, including arbitrary 

beam deflection, optical holography, and optical lenses. In the following chapter, 

we discuss the applications of the plasmonic and dielectric metasurfaces in 

nonlinear optical information encoding and nonlinear optical holography.  

The nonlinear geometric phase-based plasmonic metasurfaces are proposed 

in Chapter 3. These metasurfaces can be used to realize both phase and intensity 

modified nonlinear holography using the diatomic design. In addition, the nonlinear 

diatomic metasurface may concurrently encode optical information in real and 

Fourier spaces. This chapter begins with the introduction of the background of 

optical information encoding by linear and nonlinear metasurfaces. Then, we 

demonstrate the design principle and experimental results that prove the 

information encoding ability of the nonlinear metasurface. 
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3.1 Introduction 

Optical information encoding in the ultrathin container has broad 

applications such as data storage, optical communication, and so on. Since the 

invention of the concept of metasurfaces, more and more compact and multi-

functional optical information encoding has been achieved than conventional 

optical elements [26]. The so-called metasurfaces that are composed of 

subwavelength meta-atoms have unique abilities to control multiple degrees of 

freedom of light. Applications of metasurfaces including beam deflection [131], 

holography [132], and ultra-thin lenses [47] have been demonstrated in previous 

studies. Among these devices, the optical functionalities are mainly realized by 

controlling the phase properties of the light, which are based on the dynamic phase 

[133], or geometric phase [30]. Additionally, some metasurface devices were 

successfully designed to show the simultaneous image encoding in both real and 

Fourier spaces with the expanded control of both the amplitude and phase properties 

of light [110, 111]. On the other hand, metasurface devices with an optical 

frequency conversion process add new probabilities to manipulate the light [124]. 

While there are various established metasurfaces with the ability to control the 

amplitude, phase, and polarization of light in linear optics, the counterpart 

realization in a nonlinear optical process is still challenging. So far, there are limited 

studies relating to metasurfaces based on nonlinear geometric phase modulation 

that have achieved spin-controlled optical holography [76] and image encoding in 

real space [84].  

In this chapter, we present the so-called diatomic nonlinear metasurfaces 

using the principle of nonlinear geometric phase to encode both the microscale real 
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space image and holographic image in Fourier space (Figure 3.1).  

 

Figure 3.1 A schematic illustration of the nonlinear diatomic metasurface for multiple 

images display in real space and Fourier space. Pumped by the left circularly polarized 

FW, the SHW generated from the nonlinear diatomic metasurface is right circularly 

polarized. The metasurface with amplitude and phase modulations can hide the 

“META” image in the real space and the “Holmes” image in the Fourier space. 

The unit-cell of the diatomic metasurface consists of two repeating pairs of 

gold nanostructures or so-called meta-atoms with three-fold (C3) rotational 

symmetry. Based on the symmetry selection rule, these C3 meta-atoms can generate 

the SHW with a spin-controlled geometric phase relating to the in-plane orientation 

angles [71]. Then we controlled the interference between the two SHWs from the 

diatomic metasurface to realize an amplitude modulation. Therefore, the proposed 

diatomic nonlinear metasurface enables simultaneous control of the amplitude and 

phase of the generated SHW. With the modification of the original Gerchberg–

Saxton (GS) algorithm, we successfully encoded both real space and holographic 

images in the same diatomic nonlinear metasurface. 

  



 

35 

 

3.2 Nonlinear Geometric Phase Metasurface for Holography 

3.2.1 Geometric Phase in Nonlinear Optics 

The phase of the generated harmonic wave usually cannot be modulated in 

natural materials but can be tailored in artificial materials such as photonic crystals 

and metasurfaces.  

The nonlinear geometric phase can be raised from the spatial rotation of the 

anisotropic meta-atoms with certain rotational symmetries. Considering the 

incident circularly polarized fundamental wave  
T

0 1iE E e i


 = , where σ = ±1 

denotes the LCP or RCP state, the induced nonlinear polarization from the meta-

atoms can be described by [71]: 
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n
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 =   (3.1) 

where   is the nth harmonic nonlinear polarizability tensor of the meta-atom with 

the orientation angle of θ. Considering the local rotation of the meta-atoms, the 

geometric phase of the nonlinear polarization can be described by: 
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where 0 represents the initial nonlinear polarizability tensor of the meta-atom with 

θ = 0° in the local frame and nω represents the frequency of the generated harmonic 

wave. From the above equation, the generated harmonic waves with the same and 

opposite spin to that of fundamentals waves are introduced with nonlinear 

geometric phases that depend on the spin state and the orientation angle of meta-

atoms.  

For example, according to the symmetry selection rule, the second, the fifth, 

and the eighth harmonic generation and so on are allowed in the crystals or 

nanostructures with C3 rotational symmetry when the harmonic waves and the FW 
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have opposite spin states. Then the depiction of the geometric phase in the SHG 

process from C3 meta-atoms is illustrated in Figure 3.2 [124].  

 

Figure 3.2 Nonlinear geometric phases in the SHG process from meta-atoms with C3 

rotational symmetry. Second harmonic waves with opposite spin states to that of the 

fundamental waves are generated from the C3 meta-atom with additional geometric phases. 

Adopted from [124]. 

Therefore, the nonlinear geometric phase in the harmonic generation can be 

continuously modified by simply controlling the orientation angles of the meta-

atoms in a nonlinear metasurface. 

3.2.2 Design, Fabrication, and Characterization of the Nonlinear Plasmonic 

Metasurface for Holography 

For the proof of concept, we demonstrated the nonlinear geometric phase-

type metasurface using the C3 gold meta-atom as a unit cell for optical holography. 

With the reference to the previous optimized design of gold C3 meta-atoms, we 

utilized the nonlinear geometric P-B phase from C3 meta-atoms to construct a 

metasurface hologram in nonlinear optics. The geometric parameters of a single C3 

meta-atom are shown in Figure 3.3. The period (P), width (W), and length (L) 
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illustrated in Figure 3.3 are 500nm, 80nm, and 180nm in our design for fabrication.  

 

Figure 3.3 Geometric parameters of a C3 gold meta-atom. The “P” represents the vertical 

and horizontal length of the meta-atom unit. The “L” and the “W” represent the distance 

between the center of the meta-atom to the end of the C3 arms and the width of the C3 arms. 

The θ indicates the rotation angle of the C3 meta-atom relating to the horizontal axis. 

According to the principle of nonlinear geometric phase, the phase change 

φ of the generated SHW relates to the orientation angle of the meta-atom with C3 

rotational symmetry (Figure 3.3 defines the orientation angle, θ). The spin-related 

relation between the phase change and the orientation angle satisfies φ = 3σθ, where 

σ = +1 or −1 refers to the LCP or RCP incident light [124]. Consequently, by 

selecting the C3 meta-atoms' orientation angles, we can design the nonlinear 

metasurface to realize a phase-type hologram. For the proof of the concept 

demonstration, we designed two nonlinear metasurfaces holograms, which use the 

“YinYang” and “Infinity” images as target objects (Figures 3.4a, and 3.4e). As 

shown in Figures 3.4b and 3.4f, the phase distributions of these holograms are 

calculated from the commercial software (VirtualLab Fusion, LightTrans Inc.) 

utilizing the Gerchberg–Saxton (GS) algorithm [96]. These phase distributions can 

give us the information we need to determine the orientation angles of C3 meta-

atoms required to construct the metasurface holograms. In Figures 3.4c and 3.4g, 
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we show the scanning electronic microscope (SEM) images of fabricated phase-

type nonlinear metasurface for displaying holographic images of “YinYang” and 

“Infinity”. The overall size of the nonlinear metasurface holograms is 200 × 200 

μm2, and 8-levels in-plane orientation angles θ is used, where orientation angles of 

the meta-atoms are in the range from 0° to 120°.  

Here, before the further demonstration, a detailed fabrication process for the 

gold plasmonic metasurface is given. In the beginning, we cut and cleaned the 15 

nm thick indium tin oxide film (ITO) coated glass wafer. Next, the substrate was 

spin-coated with a PMMA layer with a thickness of about 120 nm. After that, the 

pattern of nanostructures would be written by a focused electron beam. 

Subsequently, we developed the sample in the developer solution composed of the 

methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) with a volume ratio of 

1:3 and cleaned the sample in the IPA. Before we put the sample into the electron-

beam evaporator, we could observe the surface morphology of the sample under an 

optical microscope to value whether the previous process went on well. Upon 

awareness of the good condition of the fabrication process so far, we deposited the 

sample with about 30 nm gold and then lift-off the PMMA layer with acetone for 

more than 12 hours. The fabrication process of plasmonic metasurfaces is 

schematically shown in Figure 2.1.  

After the fabrication, we need to measure the optical response region of the 

nonlinear plasmonic metasurfaces for further characterization. To do this, we used 

optical setups illustrated in Figure 2.6. In Figures 3.4d and 3.4h, we show the 

measured polarization-resolved second harmonic (SH) responses from the 

nonlinear metasurfaces with wavelengths of pumping FW varying from 1100 nm 

to 1500 nm. Figures 3.4d and 3.4h show that the SHWs with opposite handedness 
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to the FWs are dominant, while the SHWs with the same handedness to the FWs 

are negligible. The results of SH responses agree well with previously reported 

symmetry selection rules for harmonic generations [124]. In addition, the second 

harmonic generation (SHG) intensities of these nonlinear metasurfaces are stronger 

when the pumping wavelengths are around 1210 nm, which instructs the next 

measurement of holographic display.  

 

Figure 3.4 Phase-type nonlinear metasurface for holography. (a, e) Original images of 

“YinYang” and “Infinity”. (b, f) The calculated phase distributions for the reconstruction of the 

images of “YinYang” and “Infinity”, respectively. (c, g) SEM images of a part of nonlinear 

metasurface holograms for reconstructing holographic images of “YinYang” and “Infinity”, 

respectively. The scale bars are 500 nm. (d, h) Measured second harmonic generation (SHG) 

intensities for the above metasurface holograms. We measure four FW and SHW circular 

polarization combinations. The SHG intensities are rescaling with the same maximum value for 

comparison. 

Before measuring the holographic display form metasurfaces, we 

characterized the transmission spectra of the nonlinear metasurface hologram for 

reconstructing the “YinYang” image as an example. In Figure 3.5a, we show the 

overall view of the SEM image of the metasurface holograms corresponding to 

designs of “YinYang” and illustrate the definition of H and V for referring to 

horizontal and vertical directions. Then we measured the transmission spectra of 
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the metasurface hologram corresponding to designs of “YinYang” by Fourier 

transform infrared spectroscopy. The results shown in Figure 3.5b indicate that the 

optical resonant dips are around 1110 nm and 1380 nm. According to the previous 

study of the epsilon-near-zero effect in plasmonic metasurfaces [134], these 

resonance modes can be explained as plasmonic resonances generated in the 

interface of gold structures and substrate (the first dip) and the interface of gold 

structures and air. It can be concluded that the resonant features H-H and V-V 

measurement are very close to each other, which may be contributed by the random 

orientation angles of metasurface hologram’s meta-atoms. As shown in Figure 3.5c, 

the measured spectra of the SH signals from the metasurface hologram pumped by 

FW at the wavelength of 1210 nm indicate that the incident light with LCP and RCP 

states will have very similar resonant behavior. 

 

Figure 3.5 Overall SEM image and the linear and nonlinear optical responses of the 

“YinYang” metasurface. (a) An overall view SEM image of the “YinYang” metasurface, scale 

bar: 30 µm. H and V refer to the horizontal and vertical directions of the sample. (b) The near-

infrared transmission spectra of the nonlinear metasurface are measured by using a Fourier 

transfer infrared spectroscopy (FT-IR, VERTEX V70, Hyperion 2000 Bruker Inc.) under 

normal incidence. One linear polarizer and one analyzer in the FTIR are used to control the 

polarization of the incident and transmitted waves, respectively. H-H means the transmission 

axis (polarization directions) of both polarizer and analyzer are along the horizontal (H) 

direction. V-V means both polarizer and analyzer are along the vertical (V) direction. H-V 

means that the transmission axis of the polarizer and the analyzer are along the horizontal and 

the vertical direction, and vice versa for V-H measurement. (c) The recorded spectra of the SH 

signals from the “YinYang” metasurface when the fundamental wavelength is set as 1210 nm. 

Four combinations of spin states of FW and second harmonic wave (SHW) are displayed. 
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3.2.3 Holographic Display from Nonlinear Plasmonic Metasurfaces 

According to the results of SHG intensities relating to the pumping 

wavelengths, we recorded the holographic images display from nonlinear 

metasurfaces with the pumping FW at the wavelength of 1210nm. By using the 

optical setups shown in Figure 2.5, we captured the results displayed from the 

nonlinear metasurfaces with four polarization combinations. These polarization 

combinations are composed of the FW or SHW with LCP or RCP. As shown in 

Figures 3.6a and 3.6c, these two holographic images of “YinYang” with opposite 

spin states (LCPFW-RCPSHW, RCPFW-LCPSHW) are centrosymmetric to each other. 

This phenomenon can be explained by the phase-induced flip of the horizontal and 

vertical axes of light field distribution derived from the Fraunhofer diffraction [104].  

The geometric phase of the SHW (φ = 3σθ) will be reversed when the spin 

state of FW is flipped. Then the reversed geometric phase induces the reversal of 

the x and y axes to the intensity distribution, which can be derived from the 

Fraunhofer diffraction formula as [27]: 
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where, (x, y) and (u, v) are the spatial coordinates of the metasurface hologram and 

the Fourier planes, f is the distance between these two planes,   is the wavelength 

of the SHW, and A is the amplitude of the SHW. In Equation (3.3), t(x, y) is the 

phase transformation function, which is determined by the nonlinear metasurface 

hologram. As a result, the holographic image will be reversed when spin states of 

FW and SHW are flipped. 

While in Figures 3.6b and 3.6d, the two holographic images for the same 

spin state (LCPFW-LCPSHW, RCPFW-RCPSHW) are almost black background, which 
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agrees with the principle of the symmetry selection rule [124]. Because the “Infinity” 

symbol is centrosymmetric, the two holographic images in Figures 3.6e and 3.6g 

should look the same. However, for the uneven distribution of intensity, we can still 

figure out that they are centrosymmetric to each other. Alike the “YinYang” 

nonlinear metasurface, the two holographic images are shown in Figures 3.6f and 

3.6h, for the same spin state (LCPFW-LCPSH, RCPFW-RCPSH) are almost black 

background. 

 

Figure 3.6 Holographic images displayed from nonlinear metasurfaces. At a pumping 

wavelength of 1210 nm, the displayed holographic images with different combinations of left 

or right circular polarized (LCP or RCP) fundamental wave (FW) and SHW polarization states 

are measured. (a-d): Holographic images of “YinYang” with four different combinations of 

polarization states, (e-h): Displayed holographic images of “Infinity” with the same 

combinations as a-d.  
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3.3 Nonlinear Diatomic Metasurface for Amplitude and Phase 

Controls 

After verifying the phase-type nonlinear metasurface holography with 

constituent C3 gold meta-atoms, we further study the control of both intensity and 

phase of the SHW for holographic display with nonlinear diatomic metasurfaces. 

In addition, we prove that the ability to control both the intensity and phase of 

metasurface enable simultaneous image encryption in the real and Fourier spaces.  

3.3.1 Intensity Control of Holographic Images Displayed by Nonlinear 

Diatomic Metasurfaces 

To synchronously modify the amplitude and phase of light, one can use the 

interference of two light beams. Considering the electromagnetic nature of the 

generated SHW with phase modulation from two C3 meta-atoms or named the 

meta-molecule, the superposition of their electric fields is described as follows: 

1 2 1 2
1 2

3 ( )
( ) exp( 3 ) exp( 3 ) 2cos exp( 3 )

2 2
SHWE i i i

    
   

− +
−  + =  (3.4) 

where θ1 and θ2 are illustrated in Figure 3.7a, indicating the orientation angles of 

these two meta-atoms. From the above equation, we can find that the amplitude of 

SHW is related to cos(3Δ/2) if we define Δ = θ1 − θ2 as the difference in orientation 

angles between these two C3 meta-atoms. Meanwhile, the phase factor of the SHW 

is Φ = 3σ(θ1+θ2)/2, which relates to the FW’s spin state and the sum of θ1 and θ2. 

Therefore, the nonlinear diatomic metasurfaces with judiciously designed meta-

molecules enable the holographic display with intensity controls. For ease of 

fabrication, we repeated the meta-molecular once in the vertical direction to 

construct the metasurface with the square unit shown in Figure 3.7a. In the 
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demonstration of the intensity-controlled holographic display, we chose to 

reconstruct a sketch named “CaTorch” inspired by the badge of SUSTech, which is 

shown in Figure 3.7b. The phase distribution required to reconstruct the “CaTorch” 

is shown in Figure 3.7c. According to the phase of the target computer-generated 

hologram, we designed three nonlinear metasurfaces displaying images with 

different intensities. Based on the intensity control principle, the Δ of these three 

metasurfaces is 0°, 30°, and 60°, which can be figured out from the dashed line in 

Figures 3.7d-f, respectively. To display the holographic image, we illuminated 

these metasurfaces with the LCP FW at the wavelength of 1220 nm. Figures 3.7g-i 

show that the relative SH intensities of displayed holographic images are close to 

the theoretical value of 1, 0.5, and 0.  

  

Figure 3.7 Holographic images displayed from intensity-controlled nonlinear 

metasurfaces. (a) The unit cell of the diatomic metasurface has two meta-molecules. (b) The 

target image looks like the combination of a cat and a torch, we call it “CaTorch”. (c) The 
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required phase distribution of the “CaTorch” hologram is generated from the computer. (d-f) 

SEM images of three nonlinear metasurface holograms with holographic images’ intensities of 

1, 0.5, and 0. The angle differences between the two meta-atoms in the meta-molecules are 0° 

(d), 30° (e), and 60° (f). Scale bars: 500 nm. (g-i) The displayed holographic images at a 

pumping wavelength of 1220 nm. The intensities are rescaling with the same maximum value 

for comparison. 

Then, the nonlinear optical properties of these intensity-controlled nonlinear 

diatomic metasurfaces with finer precision were studied. In Figure 3.8, we illustrate 

the SHG intensities of the three diatomic nonlinear metasurface holograms as a 

function of the fundamental wavelength. As shown in Figure 3.8a, the maximum 

SHG intensity was obtained at the FW wavelength of 1200 nm for the nonlinear 

diatomic metasurface with Δ = 0°. For the nonlinear diatomic metasurface with Δ = 

30° shown in Figure 3.8b, the maximum SHG intensities are also at the FW 

wavelength of 1200 nm and around half of that in Figure 3.8a. In comparison, the 

SHG intensities from the nonlinear diatomic metasurface with Δ = 60° (Figure 3.8c) 

are negligible. Consequently, the measured SHG intensities of the nonlinear 

holographic images are proportional to the theoretical value of cos2(3Δ/2). Under 

pumping FW wavelength of 1200 nm, the power-dependent SHG responses of the 

nonlinear diatomic metasurface with Δ = 0° are plotted in Figure 3.8d. When the 

pumping power is 4.77 mW, the measured frequency conversion efficiency in the 

SHG process is 1.39 × 10−9. 
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Figure 3.8 Nonlinear optical properties of three metasurfaces for reconstructing the 

“CaTorch” image. (a-c) Wavelength-resolved SHG intensities of the nonlinear diatomic 

metasurface whose angle differences between the two meta-atoms in the meta-molecules are 0° 

(a), 30° b), and 60° (c). (d) For left circularly polarized FW at the wavelength of ~ 1200 nm, 

the SHG power measured from the metasurface in (a) as a function of the pumping power is 

plotted. The fitted slope value of the power-dependent curve is 1.973, which is close to the 

theoretical value of 2 in the SHG process. 

In addition, we measured the polarization-resolved holographic displays 

from these intensity-controlled nonlinear diatomic metasurfaces with an FW 

wavelength of 1220 nm. Figure 3.9 shows the experimental results of the nonlinear 

holographic images with three-level intensities. Noted that Figures 3.9a, 3.9e, and 

3.9i are the same as Figures 3.7g-i. The reason for reusing these images is for the 

comparison of the holographic display from these metasurfaces under different 

polarization states. As shown in Figures 3.9a and 3.9c; 3.9e and 3.9g; 3.9i and 3.9k, 

the displayed holographic images from all the three nonlinear metasurfaces with 

cross-polarization states are also centrosymmetric to each other. While the rest of 

the holographic images shown in Figures 3.9b and 3.9d; 3.9f and 3.9h; 3.9j and 3.9l, 

are too weak to be observed. 
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Figure 3.9 Polarization-resolved images display from three diatomic metasurfaces for 

reconstructing the “CaTorch” target. The angle differences between the two meta-atoms in 

the meta-molecules are 0° (a-d), 30°(e-h), and 60° (i-l) respectively. The FW and SHW's 

circular polarization states can be combined in four different ways. The fundamental 

wavelength is 1220 nm. 

3.3.2 Images Encoding in Real Space and Fourier Space by a Nonlinear 

Diatomic Metasurface 

To further demonstrate the abilities enabled by the nonlinear diatomic 

metasurface, we designed a computer-generated hologram (CGH) to encode images 

in both real space and Fourier space. The schematic flowchart of the CGH 

calculation process is demonstrated in Figure 3.10. At the beginning of the CGH 

calculation, we utilized the holographic image and real space image to build the 

complex distribution of light field in the input plane and output plane. In the setups 

of the calculation, we assumed the proposed CGH is illuminated by the input 
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Gaussian beam. To calculate the diffraction results from the designed CGH, we 

utilized the Fresnel-Kirchhoff diffraction formula that is shown in the middle of 

Figure 3.10. The output plane is set at 50 mm away from the CGH or the input plane. 

The largest dimension of the holographic image is 15 mm. Then we iterated the 

diffraction of the hologram and replace the square root of the intensity or the 

amplitude field with the original images [96]. After the root-mean-square error 

(RMSE) between the calculated holographic image and original holographic image 

converging (around 20%), we outputted the phase and amplitude distribution of the 

hologram for the consideration of fabrication.  

 

Figure 3.10 The flowchart of the modified iteration algorithm for real and Fourier space 

image encoding. The left image “Holmes” is the target for holographic projection in the Fourier 

space, and the right image “META” is the target in the real space. “FKD” and “IFKD” mean 

that the light diffraction is calculated by the Fresnel-Kirchhoff diffraction formula and inverse 

Fresnel-Kirchhoff diffraction formula. 

After calculating the required amplitude and phase distributions, we 

fabricated and characterized the diatomic metasurface for displaying multiple 

images. To display the images of “META” and the “Holmes” shown in Figures 

3.11a and 3.11b, we used the calculated phase shown in Figure 3.11c and the 

amplitude distribution alike Figure 3.11a to design and fabricate the nonlinear 

diatomic metasurface. Figure 3.11d displays the SEM image of the fabricated 

nonlinear diatomic metasurface. Then we utilized the optical setups for the 
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nonlinear optical image shown in Figure 2.4 to record the images displayed from 

the metasurface. In the recording, the LCP FW at the wavelength of 1220nm to was 

used to excite the SHW at the wavelength of 610 nm. The real space and Fourier 

space images were recorded by the camera at positions near and farther away from 

the metasurface and as shown in Figures 3.11e and 3.11f, respectively.  

 

Figure 3.11 Design, SEM, and nonlinear images of the diatomic metasurface for 

displaying multiple images. (a) The target image in the real space: “META” (b) The target 

nonlinear holographic image: the portrait of “Holmes”. (c) The required phase distribution of 

the metasurface hologram was calculated from the modified G-S algorithm. (d) The SEM image 

of the nonlinear diatomic metasurface. Scale bar: 500 nm. (e) The measured real space image 

is generated from the nonlinear diatomic metasurface. (f) he measured the Fourier space image 

generated from the nonlinear diatomic metasurface. 
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Figure 3.12 Polarization-resolved display from the diatomic metasurface for images 

encoding in the real and Fourier spaces. In the nonlinear optical measurements, the 

combinations of different circular polarization states of FW and SHW are used. Measured 

display of (a-d) real-space images and (e-h) Fourier space images in the SHG process when the 

fundamental wavelength is 1220 nm. 

Figure 3.12 shows the experimental results of nonlinear image display from 

the metasurface encoding both the real and Fourier space images. It should be noted 

that Figures 3.12a and 3.12e are the same as Figures 3.11e and 3.11f. The intensity 

distributions of the amplitude-defined real space images (Figures 3.12a-d) are the 

same except that the intensities of co-polarization images are much lower than that 

of the cross-polarization images according to the symmetry selection rule. The 

intensity distributions of cross-polarizations also stay the same stemming from the 

constructive and destructive interferences of SHW generated by the constituent C3 

gold meta-molecule. Because the intensity term in Equation (3.1) is a cosine 

function relating to the spin state of the incident light, the negative sign raised from 

the spin change does not change the intensity distribution. In Figures 3.12g-j, the 

experimental results of holographic images with the cross-polarization states are 

also centrosymmetric to each other, and images with the co-polarizations are almost 

dark.  
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3.4 Summary 

To summarize, we demonstrated the design, fabrication, and optical 

characterization of diatomic metasurface with the ability to realize multiple optical 

encryptions. We used a nonlinear geometric phase-type metasurface whose 

building blocks are C3 gold meta-atoms to reconstruct a holographic image in the 

SHG process. Based on the superposition of electric fields from two meta-atoms in 

a meta-molecule, the phase and amplitude of the SHW can be independently 

modified. By using the nonlinear diatomic metasurface, we demonstrated the image 

display in Fourier space with different relative SHG intensities. Moreover, we built 

up optical encryption keys for nonlinear holography in Fourier space as well as for 

nonlinear imaging in real space. The ultra-thin nonlinear diatomic metasurfaces 

have potential applications in areas of information security, data storage, and so on. 
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Chapter 4 Dielectric Metasurface Decorated 

Optical Crystal for Nonlinear Wavefront Shaping 

In the previous chapter, we introduced the nonlinear plasmonic metasurface 

for optical holography and multiple optical information encryption. But the 

longstanding challenge in the practical applications of nonlinear optics is the low 

efficiency in the frequency conversion processes, which is also challenging in the 

practical applications of nonlinear optical holography. On the other hand, 

metasurfaces made of high-index dielectric materials have been investigated with 

advantages of lower loss and higher damage threshold than that made of plasmonic 

materials.  

In this chapter, we propose a platform of dielectric metasurface decorated 

optical crystal for seeking the solution to improve the diffraction and frequency 

conversion efficiencies in the nonlinear optical holography. This chapter is arranged 

as follows. First, the background of nonlinear wavefront engineering methods by 

the traditional optical crystals, photonic crystals, and photonic metasurfaces is 

introduced. Then, the design principle of the geometric phase and experimental 

results of the proposed hybrid platform is shown and discussed. 
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4.1 Introduction 

In the development of nonlinear optics, applications of engineered nonlinear 

crystals, including laser frequency conversions [135], optical frequency comb [136], 

and nonlinear structured light generation [137] have been implemented in advanced 

photonic systems. Among these applications, nonlinear wavefront engineering has 

attracted passional interest in recent decades. Usually, the methods aimed at 

nonlinear wavefront shaping are realized by spatial light modulators coupled [138] 

and electric [139] or laser [140, 141] poling patterns of the nonlinear optical crystals. 

For instance, the nonlinear photonic crystals utilize space-dependent quadratic 

nonlinear coefficients to realize nonlinear vortex beams [142]. On the other hand, 

the ultra-thin photonic metasurface has provided a promising solution to realize 

high-efficiency wavefront engineering. The photonic metasurface, which is 

composed of artificial meta-atoms, has demonstrated multiple optical functions 

including vortex beam generation, ultrathin lenses, and hologram [26, 38, 53]. 

Among various photonic metasurfaces, the so-called geometric phase metasurface 

can elegantly realize the phase modulation by rotating the constituent meta-atoms 

[30]. To date, several research groups also reported nonlinear metasurfaces to 

generate nonlinear processes as well as wavefront engineering. For example, they 

studied nonlinear plasmonic or dielectric metasurfaces to encode multiple optical 

information [76–79, 143].  

Recently, some studies about hybrid systems consisting of metasurface and 

nonlinear optical mediums have been reported. These systems include metasurface 

coupled transition metal sulfide to focus and steer light beams in the SHG process 

[82, 144], and gold-fork structures combined with nonlinear materials of polymer 
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for vortex beam generation [145]. So far, the proposed hybrid systems are aimed at 

the modulation of fundamental waves in nonlinear optical processes. 

Here we propose the dielectric metasurface decorated optical crystal to 

realize integrated SHG wavefront engineering. The schematic illustration of the 

nonlinear metasurface is shown in Figure 4.1. The FW is focused on the crystals of 

quartz to generate the SHW. By choosing the local rotation angle of the SiNx 

nanofins on the optical crystal, we can control the geometric phase of the generated 

SHW. Then we designed and experimentally realized the vortex beams generation 

and holographic image reconstruction in the SHG process. These samples were 

integrated on a single chip of crystalline quartz. This method for implementing 

compact and efficient nonlinear wavefront engineering may contribute to research 

areas including laser manufacturing, optical communications, and so on.  

 

Figure 4.1 Schematic diagram of nonlinear wavefront shaping realized by the dielectric 

metasurface decorated optical crystal. Under FW illumination, the SHG process happened 

inside the optical crystal such as quartz and lithium niobate. Combined with the geometric 

phase-controlled dielectric metasurface, we can realize the nonlinear wavefront shaping such 

as a holographic image display of a “Torch”. According to the symmetry selection rule in the 

SHG process and the geometric phase, the spin state of the SHW and the incident FW are the 

same for the reason of two times spin state flipping.  



 

55 

 

4.2 Dielectric Metasurfaces for Optical Holography 

4.2.1 Theory of the Polarization Conversion and Geometric Phase 

To design a photonic metasurface based on the linear geometric phase, we 

first introduced the Jones notation. The Jones notation is a convenient mathematical 

tool to describe the polarization behavior of monochromatic plane waves. In this 

method, the polarized light can be described by the Jones vector, and the 

polarization conversion of light through optical elements can be analyzed by Jones 

matrices [146]. Considering the monochromatic plane wave 
( )

0( , ) i kz tE z t E e n − += , 

the polarization state of the electric field can be determined by the vector that is 

composed of complex amplitudes of x- and y-polarized components. This vector 

omits the propagation factor and remains the phase and amplitude of the polarized 

light as follows: 
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The above equation to describe the polarization state of light is named the 

Jones vector. For example, the horizontally and vertically polarized light is 

described by the simple normalized form of the Jones vectors as [1 0]T, and [0 1]T. 

It should be noted that the left circularly polarized (LCP) light is defined by the 

electric vector with counterclockwise rotation when the observers face the coming 

light. That is when the light hand thumb point toward the light sources the rest 

fingers curl in the counterclockwise direction. Therefore, the right circularly 

polarized light is defined as the electric vector with a clockwise rotating direction 

when the observers look against the direction of light propagation. Therefore, the 

incident light with LCP and RCP states in Jones vector notation are [1 i]T, and [1 -
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i]T, respectively.  

The Jones matrices describe optical elements that change the polarization 

state of incident light and are generally expressed as a two-dimensional square 

matrix J [146]: 

 xx xy
out in in

yx yy

j j
E E E

j j

 
= =  

 
J  (4.2) 

For example, the device of phase retarders that introduce different phase changes 

to x- and y- polarized components of light are represented by Jones matrix as: 

 
1 0
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0 ie− 
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J  (4.3) 

where ∆ is the relative phase difference between the x- and y- polarized components 

of light. The simplest example of polarization conversion is the rotation of the 

polarization state. If we counterclockwise rotate the axes that describe the 

polarization state of light, the Jones matrix representation is 
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where θ is the rotation angle. Consequently, when we directly rotate the polarization 

angle of the Jones vector, the rotation matrix is presented as: 
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To describe the geometric phase in the anisotropic meta-atoms of plasmonic 

and dielectric metasurfaces, we utilize the retard matrix and the rotation matrix 

above. Then the Jones matrix of a rotated phase retard is described according to 

Equations (4.3-4.5) as: 

 ( , ) ( ) ( ) ( ) ( ) ( ) ( )rotation rotation R R     = −  =  −J J J J J J J   (4.6) 

and simplified by half-angle formulas as: 
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If the rotated meta-atoms are illustrated by the light with an LCP state, the 

polarization state of the output light is calculated by 

 2
1 1 1

( , ) cos isin
2 2

i

outE e
i i i


      

=  = +     
−     

J   (4.8) 

As we observe from the above equation, the converted RCP component 

undergoes an abrupt phase change of 2θ, which is influenced by the phase retarders. 

If the polarization state of the incident light is RCP, then the converted LCP 

component undergoes an extra abrupt phase change of −2θ. In addition, if the 

relative phase shift ∆ between the x- and y- components is π, which means it is a 

half-wave retarder, the efficiency of polarization conversion is maximum. 

The geometric phase approach provides a convenient way to introduce 

abrupt phase change from 0 to 2π by changing the orientation angles of nanoblocks 

or nanofins from 0 to π. Additionally, the geometric phase is also valid in varying 

wavelengths and therefore is a phase change method without dispersion. As a result, 

the linear geometric phase has the advantages of broadband response and ease of 

design, which ensures a great deal of application in the field of optics. 

4.2.2 Design and Fabrication of Silicon Nitride Metasurfaces for Wavefront 

Shaping 

In our demonstration, the silicon nitride (SiNx) nanostructures were used to 

assemble the dielectric metasurface, which has low optical loss in the visible and 

near-infrared regions. In the beginning, the commercial electromagnetic simulation 

software, FDTD solutions (Lumerical inc.) was utilized to choose the proper 
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parameters of the nanostructure in our proposed dielectric metasurface. In the model 

of simulation, we built the unit-cell of SiNx nanofin on the silicon dioxide (SiO2) 

substrate (Figure 4.2a). The complex refractive indexes of the SiNx were measured 

by spectroscopic ellipsometry. While the refractive index of SiO2 was set as a 

constant real value of 1.46 in the wavelength range from 400 nm to 800 nm. Among 

the simulation results of the dielectric meta-atoms, we tried to find the geometric 

parameters to provide the maximum optical efficiency of cross-polarization 

conversion at the wavelength of ~ 633nm. As a result, the chosen geometric 

parameters of the meta-atom are as follows: period (P) = 430 nm, length (L) = 370 

nm, width (W) = 120 nm, and height (H) = 1400 nm. The chosen meta-atom on the 

quartz substrate has a peak polarization conversion efficiency of ~ 97% at the 

wavelength of 640 nm as shown in Figure 4.2b. Meanwhile, the simulated 

polarization conversion efficiency is higher than 80 % in the wavelength range from 

610 nm to 780 nm.  

 

Figure 4.2 Schematic illustration of the silicon nitride (SiNx) meta-atom and the 

simulation results of its optical efficiencies on the quartz substrate. (a) Schematic 

illustration of the SiNx meta-atom on the quartz substrate to construct the dielectric metasurface, 

whose geometric parameters are period height (H), length (L), width (W), and period (P), 

respectively. (b) The simulated optical efficiency of the SiNx metasurface on the surface of the 

quartz, where black and red lines present the efficiency of converted (Cross-polarization) and 

unconverted polarization (Co-polarization). The geometric parameters of the meta-atom that 

provide peak polarization cross-polarization efficiency at wavelength of 640 nm are H = 1400 

nm, L = 370 nm, W = 120 nm, and P = 430 nm. 
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After we found the proper parameters of meta-atoms for realizing the 

dielectric metasurface, the principle of geometric P-B phase was used to provide 

the required phase distribution for holography. When circularly polarized light 

passes through the anisotropic nanostructures like the nanofin in Figure 4.2a, an 

extra geometric phase is added to the transmitted light with cross circularly 

polarized light. The geometric phase is described by φ = 2σθ, where θ represents 

the orientation angle of the meta-atom, and the σ = +1 or −1 represents the left or 

right circular polarized incident light. As a result, we utilized the geometric phase 

from meta-atoms to achieve various wavefront engineering.  

The first wavefront engineering function to be discussed is the generation 

of vortex beam. Since scientists discovered that light beams carry spin angular 

momentum (SAM) in terms of circular polarization and carry orbital angular 

momentum (OAM) from the phase revolving [147, 148], numerous studies have 

reported their potential applications in advanced microscopy [149], nonlinear 

structured light [143], quantum optics [150] and so on. The phase profile of the 

vortex beam has the phase factor of exp(ilΦ), where Φ is the in-plane azimuthal 

angle and l is the azimuthal index [27]. A commonly used method for the generation 

of vortex beams is the LG transform of Gaussian beam by using a spiral phase plate.  

Based on the geometric phase from SiNx nanofin, we designed the three 

SiNx metasurfaces to fulfill the phase distributions of spiral phase plates and 

experimentally demonstrate the vortex beams with l = 1, 2, and 3. The 

corresponding phase distributions for generating the vortex beams with l = 1, 2, and 

3 are shown in Figure 4.3a-c. Then we designed the SiNx meta-atoms in polar 

coordinates by the equation of θ (r, Φ) = lΦ/2 assuming the LCP incident light (σ = 

1). In our study, the radius of the SiNx metasurfaces is about 103 μm. In Figure 
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4.3d-i the side-view and top-view SEM images of the SiNx metasurfaces are shown, 

we can figure out the azimuth index l by counting on how many circles the meta-

atoms rotate around the center of the metasurface. 

 

Figure 4.3 Design of SiNx metasurfaces for vortex beams generation. (a-c) The phase 

distributions of vortex beams with l = 1, 2, and 3. (d-f) These SiNx metasurfaces’ scanning 

electron microscope (SEM) images in the tilted view angle of 45°. Scale bar: 500 nm. (g-i) The 

top-view SEM images of the SiNx metasurfaces for generating vortex beams with l = 1, 2, and 

3. Scale bar: 500 nm. 

In the fabrication process of dielectric metasurfaces decorated optical 

crystal, we chose the commercial double-polished quartz crystal as the substrate. 

The thickness of the quartz crystal is about 250 μm. In the beginning, a SiNx film 

with a thickness of about 1400 nm was grown by the plasma-enhanced chemical 

vapor deposition (PECVD) process. Then, the device was spin-coated with a layer 

of PMMA with a thickness of about 130 nm and a layer of charge-dissipation layer 

with a thickness of 80 nm. The designed pattern is defined by the electron-beam 

lithography and then developed in the IPA diluted MIBK solution (MIBK: IPA = 

1:3). Next, a 20 nm thick chromium (Cr) hard mask is formed by using electron-
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beam evaporation and metal lift-off processes. After that, the inductively coupled 

plasma (ICP) etch was used to generate the SiNx meta-atoms with the Cr mask. At 

last, the residual Cr was removed by using the commercial Cr etchant. The 

schematic fabrication process of the dielectric metasurface is shown in Figure 2.2. 

The second wavefront engineering function is to display a holographic 

image. In our demonstration, we chose the “Torch” image shown in Figure 4.4a as 

the target for display. To reconstruct the “Torch” image, the phase distribution of 

the CGH (Figure 4.4b) was calculated using commercial software (VirtualLab 

Fusion, LightTrans Inc.). In our design, the metasurface hologram has 481 × 481 

pixels with the period of 430 nm in the cartesian coordinate and provides the phase 

distribution φ(x, y) in Figure 4.4b with the total size of ~ 206 × 206 μm2. Undergo 

the same fabrication process as SiNx metasurfaces for generating vortex beams, the 

SiNx metasurface for displaying a holographic image is fabricated and shown in 

Figures 4.4c-g. To be clear, Figures 4.4c and 4.4g are tilted and top view of SEM 

images of the SiNx metasurface for displaying a holographic image, where only a 

part of the metasurface is presented.  

 

Figure 4.4 Design of the SiNx metasurface for the holographic image display. (a) The target 

image of “torch”. (b) The required phase distribution to reconstruct the target image is 

calculated by the commercial software (VirtualLab Fusion, LightTrans Inc.). (c-d) The tilting 

view and the top view of SEM images of the SiNx metasurfaces for holography. Scale bars: 500 

nm.  

4.2.3 Characterization of Linear Optical Properties 
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Then, we experimentally proved that the wavefront shaping functionalities 

are realized by the dielectric metasurfaces. To measure the light field generated 

from the dielectric metasurfaces in the linear optical process, we built the optical 

setups shown in Figure 2.4. The measured results of intensity distributions 

corresponding to four circular polarization combinations of the incident and 

analyzed light waves are shown in Figure 4.5. These images were captured using 

either a focused cylindrical lens (right panel) or a focused spherical lens (left panel). 

We designed the phase distribution by assuming the LCP illumination. As a 

result of the geometric phase modulation, the RCP results shown in Figure 4.5a 

agree with the predicted intensity distributions of vortex beams with l = 1, 2, and 3. 

To determine the topological charge or the azimuthal index of vortex beams, we 

use a cylindrical lens to acquire intensity distributions of dark stripes in the focal 

plane [151]. The positive or the negative value of the azimuthal index is 

unambiguously indicated by the orientation and its absolute value is revealed by the 

number of dark stripes of the deformed light pattern. Therefore, we can determine 

the azimuthal indexes of vortex beams with RCP illumination are l = −1, −2, and 

−3 (Figure 4.5c from up to down), which is the result of the geometric phase 

reversing by the circular polarization flipping of the incident light. On the other 

hand, the co-polarization intensity distributions (LCP-LCP and RCP-RCP) of these 

dielectric metasurfaces are all near zero, which implies that conversion efficiencies 

of cross-polarization are fairly high. All of these results were recorded when the 

incident light is at the wavelength of 633 nm The same is true for the 

characterization of the dielectric metasurface for displaying a holographic image.  
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Figure 4.5 Measured intensity profiles of vortex beam generated from the metasurfaces. 

(a-d) The results corresponding to the four circular polarization combinations of the input and 

output light waves are recorded at the wavelength of 633 nm. For each polarization combination, 

the intensity profiles imaged by using the spherical lens (left) and the cylindrical lens (right) 

are presented. The orbital angular momentum values of the vortex beams can be identified from 

the fringe patterns, which are of opposite values for the LCP-RCP and RCP-LCP polarization 

combination. 

As shown in Figure 4.6, the cross-polarization results (LCP-RCP and RCP-

LCP) are the reconstructed holographic images, except that the image in Figure 4.6c 

is inversed due to the circular polarization flipping. While the zeroth-order spots 

produced by the metasurfaces are caused by the co-polarization conversion. There 

is an obvious difference between co-polarization results from the dielectric 

metasurfaces for vortex beams generation and the holographic image display. The 

reason is that the contrasts of the intensity distributions from metasurfaces for 

vortex generation are much larger than that from the metasurface hologram. On the 

other hand, the optical conversion efficiencies of these four dielectric metasurfaces 

are close to each other, which is demonstrated in Figure 4.7. 
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Figure 4.6 Images displayed from the SiNx metasurface hologram. (a-d) Holographic 

images are displayed from the metasurface hologram in a linear optical process. These results 

correspond to four circular polarization combinations of the input and output light at the 

wavelength of 633 nm.  

As shown in Figure 4.7, we measured the samples’ cross- and co-

polarization diffraction efficiency with incident wavelengths ranging from 580 nm 

to 680 nm. We can conclude from Figures 4.7a-d that the optical efficiency peaks 

occur near the wavelength of 660 nm, and for all these samples, the dielectric 

metasurface for generating vortex beam with l = 1 has the maximum optical 

efficiency of ~ 68%. The measured efficiencies of dielectric metasurfaces on the 

quartz substrate with the cross-polarization combination (LCP-RCP and RCP-LCP) 

are above ~ 50% across the measured spectral range, and the efficiencies for co-

polarization combination (LCP-LCP and RCP-RCP) are lower than ~ 20%. The co-

polarization transmission may contribute to the zeroth-order diffraction patterns in 

Figures 4.6b and 4.6d.  
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Figure 4.7 Optical efficiency measurement of the SiNx metasurfaces for wavefront shaping. 

(a-c) Linear optical efficiency of the metasurface for generation of vortex beams with azimuthal 

index l = 1, 2, and 3, respectively (d) Linear optical efficiency of the metasurface hologram. 

Four curves correspond to four circular polarization combinations of the incident and 

transmitted light. 
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4.3 Dielectric Metasurface Decorated Optical Crystals 

After characterization of the geometric phase-controlled dielectric 

metasurface for wavefront shaping in the linear optical process, we then studied the 

SHG response of the dielectric metasurface decorated optical crystals. 

4.3.1 Nonlinear Optical Properties of the Optical Crystals 

After the first nonlinear optical effect was first discovered in 1961 in single 

crystal quartz, nonlinear crystals such as barium borate and lithium niobate (LN) 

crystals also play important roles in the development of nonlinear optics. In the 

SHG process, when the nonlinear optical crystals including quartz and LN crystals 

pumped by circularly polarized  
T

0 1E i  the induced nonlinear polarization can 

be described as  (2 ) (2) 2

0 02 1
T

P E i   = − , where ϵ0 is the vacuum permittivity, χ(2) 

is the second-order susceptibility tensor, σ = ±1 represents the left and right 

polarization state (LCP and RCP) of light. As a result, the circular polarization state 

of the generated SHWs from quartz and LN crystals is different from that of the FW 

in the SHG process [58]. 

In comparison, the SHG intensities of quartz and LN crystals with 

thicknesses of ~ 250 μm are measured and shown in Figure 4.8. The SHG signals 

from the optical crystals are measured by using a femtosecond laser pumped optical 

parametric oscillator (pulse duration ~ 250 fs, repetition frequency 80 MHz). The 

optical setup for measuring SHG intensities in the transmission direction is shown 

in Figure 2.6. Under 3mW FW illumination, SHG intensities of quartz and LN 

crystals are plotted with normalization to the same maximum. It can be conducted 

that the frequency conversion efficiency of the LN crystal is lower than the quartz 
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crystal in the FW wavelength from 1100 nm to 1350 nm (Figures 4.8a and 4.8b). In 

addition, the commercial cost of LN crystal is larger than the quartz crystal when 

they have the same physical size. Therefore, we chose quartz as the substrate for 

the dielectric metasurface decorated optical crystal. 

 

Figure 4.8 Nonlinear measurement of SHG intensities from two optical crystals with 

varying pumping wavelengths. (a) The normalized SHG intensities were measured from the 

quartz crystal with the fundamental wavelength varying from 1100 to 1400 nm. (b) The related 

SHG intensities were measured from the LN crystal with the fundamental wavelength varying 

from 1100 to 1350 nm. Four combinations of circular polarization of the FW and the SHW are 

plotted in (a-b) to show the spin-dependent feature. 

From the SHG intensities of quartz crystal shown in Figure 4.8a, the 

frequency conversion efficiency is maximum when the fundamental wavelength is 

1150 nm instead of the pre-designed 1266 (633×2) nm for dielectric metasurface. 

Therefore, we measured the pumping power-related SHG intensities at the 

fundamental wavelength of both 1266 nm (Figure 4.9a) and 1150 nm (Figure 4.9b). 

The maximum frequency conversion efficiency is ~ 1.45×10−9 when the pumping 

power is 3.02 mW. For comparison of the relative SHG intensities, we also recorded 

the spin-resolved SHG spectra from the quartz substrate at the fundamental 

wavelength of 1266 nm and 1150 nm (Figures 4.9c and 4.9d), respectively. Under 

3mW FW pumping, the frequency conversion efficiency of quartz at a pumping 

wavelength of 1150 nm is about 5 times that of 1266 nm. Although we did not 
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utilize the maximum conversion efficiency of both the dielectric metasurface and 

the quartz crystal, we believe that SHG responses at the wavelength of 1266 nm 

and the optical diffraction efficiency at the wavelength of 633 nm are strong enough 

for our proof-of-concept demonstrations. 

 

Figure 4.9 Nonlinear measurement of FW power-dependent SHG intensities and the SHG 

responses from the quartz crystals. (a-b) Measured pumping power-dependent SHG 

intensities from the quartz crystal at the fundamental wavelength of 1266 nm and 1150 nm, 

where the experimental measured data is fitted via linear regression. Both the x and y axes are 

in log scale. (c-d) The spin-resolved SHG spectra were recorded by using the spectrometer 

when the fundamental wavelengths are 1266 nm and 1150 nm, respectively. The SHG spectra 

in (c) and (d) are normalized by the same maximum without affecting the relative intensities. 

4.3.2 Nonlinear Optical Properties of the Fabricated Dielectric Metasurface 

on the Quartz Crystal 

At last, we characterized the wavefront of these dielectric metasurfaces 

decorated with quartz crystals in the SHG process. By using the optical setups 

shown in Figure 2.5, we captured the results displayed from the dielectric 
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metasurfaces decorated quartz crystal for vortex beam generation with focusing by 

both spherical and cylindrical lenses. The intensity profiles of these vortex beam 

generators imaged by using a spherical lens are shown in Figures 4.10a and 4.10c, 

where the opposite spin states (LCPFW-RCPSHW, RCPFW-LCPSHW) of the FW and 

SHW were used. Since the cross-polarization results in Figures 4.10a and 4.10c are 

unconverted residual light transmitted from the dielectric metasurfaces, only results 

from a spherical lens are recorded. These unconverted residual light spots can be 

explained by the co-polarization optical efficiencies in Figures 4.7a-c.  

In the left panel of Figures 4.10b and 4.10d, we show the intensity profiles 

of the vortex beams with the same spin states (LCPFW-LCPSHW, RCPFW-RCPSHW) 

of the FW and SHW by using a spherical lens. While the azimuthal indexes of the 

SHG vortex beams can be identified from the right panel of Figures 4.10b and 4.10d 

by using a cylindrical lens. The designed intensity profiles are obtained by incident 

light with an LCP state at the wavelength of 633 nm (Figure 4.5a), but the quartz 

crystal only generates the LCP SHW when the FW is RCP. Therefore, the obtained 

SHG vortex beams are the same as our design when the polarization state of output 

and input light are both RCP (Figure 4.10d). The azimuthal values of the SHG 

vortex beams in Figure 4.10d, as were previously described in Section 4.2.3, are in 

good agreement with the intended value of l = 1, 2, 3. We can also determine from 

the intensity profiles of Figure 4.10b that the obtained SHG vortex beams have an 

azimuthal value of −1, −2, and −3.  
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Figure 4.10 Nonlinear measurement of intensity profiles of the SHG vortex beams imaged 

by using the spherical lens and cylindrical lens. (a, c) The recorded intensity distribution 

displayed from the dielectric metasurface decorated quartz crystal for generating vortex beams 

with l = 1, 2, 3 (top to bottom). The cross-polarization combinations (LCPFW-RCPSHW, RCPFW-

LCPSHW) of the FW and SHW are presented. (b, c) The intensity distributions of SHG vortex 

beams with l = 1, 2, 3 (top to bottom) using a spherical (left) or cylindrical (right) lens. The co-

polarization combinations (LCPFW-LCPSHW, RCPFW-RCPSHW) of the FW and SHW are 

presented. In the nonlinear measurement, the pumping FW has a wavelength of 1266 nm. 

Next, we characterized the dielectric metasurface for displaying SHG 

holographic images. Figures 4.11a-d show the displayed SHG holographic images 

with different polarization combinations of the FW and the SHW. As we have 

investigated, the circular polarization conversion mutually happens in the SHG 

process and geometric phase modulation, so the designed holographic image of 

“Torch” is obtained when the FW and the SHW are both RCP (Figure 4.11d). In 

Figure 4.11a, the displayed SHG image is centrosymmetric to the designed target 

because of the phase distribution reversing from the incident circular polarization 

flip. The displayed results in Figures 4.11a and 4.11c are similar to the linear case 

shown in Figures 4.6b and 4.6d, which are the SHG light spots without the phase 

modulation and polarization conversion at the central. 
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Figure 4.11 Nonlinear measurement of SHG holographic image display. (a-d) The recorded 

intensity distributions from the dielectric metasurface decorated quartz crystal for displaying 

the holographic image. Four circular polarization combinations of the FW and SHW are shown 

at an FW wavelength of 1266 nm. 
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4.4 Summary 

In summary, we successfully demonstrated the platform of dielectric 

metasurface decorated optical crystals for nonlinear wavefront shaping. We used 

SiNx metasurface for geometric phase modulation and the quartz crystal for 

frequency conversion. Based on this platform, we designed several samples 

working at the converted frequency and demonstrated the generation of SHG vortex 

beams and the SHG holographic images. In addition, if phase-matching conditions 

of the nonlinear optical crystal are considered in our method, the frequency 

conversion efficiency can be impressively improved. The proposed dielectric 

metasurface decorated optical crystals may open a new paradigm for nonlinear 

optics applications such as optical information storage and processing, nonlinear 

structured light source generation, and so on.  
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Chapter 5 Quad-atom Metasurface for 

Nonlinear Vectorial Holography  

Two coherent light beams with opposite circular polarization states can have 

superposition and produce the light beam with an arbitrary polarization state by 

adjusting their phase difference and amplitude ratio. This fundamental principle 

enables the modulation of the output light's polarization state via metasurfaces that 

have abilities to modulate the amplitude and phase of light. Based on the nonlinear 

geometric phase, the orientation of the meta-atoms controls the phase of the output 

light because of the spin-rotation coupling. Meanwhile, the spin state of the light 

affects the sign of the nonlinear geometric phase. Additionally, the amplitude of the 

light can be controlled by the nonlinear diatomic metasurface approach. Therefore, 

the light with an arbitrary polarization state can be generated by controlling the 

phase difference and amplitude ratio between the two circular components 

generated in the nonlinear optical process.  

In this chapter, we continue to investigate the plasmonic metasurfaces based 

on the nonlinear geometric phase to realize the optical vectorial holography with 

predesigned intensity and polarization distribution. The background of vectorial 

holography and the optical properties of the plasmonic metasurface are first 

introduced. Then, using the design of quad-atom metasurfaces, we demonstrate the 

experimental results of holographic images with arbitrary polarization states as well 

as the spatially multiplexed polarization state in the SHG process. 
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5.1 Introduction 

The creation of holographic images with arbitrary designed intensity and 

polarization state distributions, or vectorial holography, has garnered a lot of 

attention in the linear optical regime and can be applied to a variety of fields 

including advanced microscopy, light manipulation, optical communication, and so 

on. In the development of vectorial holography, photonic-anisotropic materials like 

Azobenzene, silver-halide materials, and liquid crystal polymers are used for 

recording optical information [152]. Recently, H. Ren et.al successfully realized 

three-dimensional vectorial holography with spatial light modulators (SLM) [153]. 

These methods for realizing vectorial holography usually need a complicated 

optical system based on SLM or bulky materials, which constrain the partial 

applications of vectorial holography.  

To circumvent these limitations, ultra-thin photonic metasurfaces composed 

of subwavelength scale artificial structures provide an elegant platform. By using 

the plasmonic or dielectric building blocks (also called meta-atoms), the 

metasurface can realize broadband optical devices working from the ultraviolet to 

infrared region and even in terahertz and microwave spectrum. In addition, the 

quasi-two-dimensional optical devices made of metasurfaces can reach optical 

efficiency of up to 80% high efficiency [47, 55, 97], which makes metasurfaces 

more practical for real applications. Moreover, with the control of the multiple 

degrees of freedom of light by the metasurfaces, there are various experimental 

demos of vectorial holography. For instance, the spin-independent holographic 

images were demonstrated by the metasurfaces based on the principle of the 

combination of geometric phase and propagation phase [56, 105], or the principle 
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of topologic phase [57]. On the other hand, the metasurfaces supported by 

polarization-related algorithms also realized multiple images displayed by multiple 

input polarization states. Lately, the spatially multiplexed vectorial holography or 

Jones matric holography was displayed by the engineered supercell of metasurfaces 

[105, 154–158] or the combination of geometric phase and resonant phase [159].  

In the nonlinear optical regime, photonic metasurfaces also enabled power 

abilities to realize polarization-controlled holography. For example, nonlinear 

geometric phase metasurfaces were used to demonstrate the polarization-

independent holographic image in the process of SHG [76]. Yet, fewer efforts have 

focused on realizing the multiple polarization vectorial holography with single-

polarization input in the nonlinear optical process. In this chapter, we tried to design 

the quad-atom metasurface for demonstrating the vectorial holography in the 

nonlinear optical process. The proposed quad-atom metasurfaces are composed of 

unit-cells or named meta-molecules that have four C3 gold meta-atoms with 

spatially changing orientation angles. By designing the upper and lower couple of 

meta-atoms for control of phase and amplitude of the LCP and RCP components of 

SHW, we demonstrated the holographic image of multiple polarization vectorial 

holography. The schematic illustration is shown in Figure 5.1. The quad-atom 

metasurface-generated SHW can display a holographic image with linear, circular, 

and elliptical polarization states when pumped by the linearly polarized FW. It is 

worth noting that the counts, types, and distributions of the polarization states are 

not limited, and the holographic image is arbitrary. If nonlinear vectorial 

holography can be realized, it means that in addition to the intensity, polarization, 

and phase of light, the frequency of light, an additional degree of freedom, can also 

be manipulated at the same time. Therefore, the proposed quad-atom metasurface 
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that realizes light fields with arbitrary intensity and local polarization state 

distribution in nonlinear optical processes has potential applications in high-

capacity optical information storage, multipurpose nonlinear optical sources, and 

other fields. 

 

Figure 5.1 Schematic diagram of nonlinear vectorial holography demonstrated by the 

quad-atom plasmonic metasurface. The vectorial holographic image projected from the quad-

atom metasurface in the SHG process has an arbitrary specified polarization distribution, while 

the pumping FW is linearly polarized in the horizontal direction. 
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5.2 Design and Characterization of Nonlinear Quad-atom 

Metasurfaces 

5.2.1 Design Principle 

It is known that the Poincaré sphere is an easy-to-use mathematic tool to 

describe polarized light, and any polarization state can be represented by the 

superposition of light waves with the LCP state and the RCP state, which are polar 

points in the Poincaré sphere. So, we can determine the amplitude and phase 

components of both light waves with LCP state and RCP state to realize the 

arbitrary state of polarization (SoP). 

The phase and amplitude of the LCP or RCP SHWs can be modified by the 

design of the corresponding orientation angles of the two meta-atoms in a diatomic 

meta-molecule, as demonstrated by our earlier work on nonlinear diatomic 

metasurface. In addition, we developed a nonlinear quad-atom metasurface made 

of two groups of diatomic meta-molecules to adjust the phase and amplitude of both 

the LCP and RCP SHWs. Two gold C3 meta-atoms are positioned in both the upper 

and bottom groups, as seen in Figure 5.2a. According to the principle of nonlinear 

geometric phase [71, 124], the spin state of SHW produced by the C3 meta-atom is 

opposite to the pumping FW’s spin state. Meanwhile, the C3 gold meta-atom 

induces the extra nonlinear geometric phase of exp(3iσθ) to the SHW, where σ = 

+1 or −1 represents the LCP or RCP FW, and θ corresponds to the in-plane 

orientation angle of the C3 meta-atom. We defined the upper and lower group of 

quad-atom meta-molecule in Figure 5.2a to adjust the phase and amplitude of RCP 

SHW (phase φR and amplitude AR), and the phase and amplitude of LCP SHW 

(phase φL and amplitude AL). 
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The electric field of the SHW from a diatomic meta-molecule can be 

represented by Equation (3.4). For simplicity in design, the equation is rewritten as 

follows: 

1
SHW 1 2

23
( ) exp(3 ) exp(3 ) 2cos( )exp(3 )

2 2
E i i i


    

 +
−  + =  (5.1) 

where σ = +1 or –1 denotes the FW’s LCP or RCP state, θ1, and θ2 are the left and 

the right meta-atoms’ in-plane orientation angles, and Δ = θ2 – θ1 means the 

difference in orientation angle between the two meta-atoms. Based on the above 

equation, we can deduce that AR = 2cos(3ΔR/2), AR = 2cos(–3ΔR/2), φR = 3(ΔR+θR)/2, 

and φL = –3(ΔL+θL)/2.  

The main axis angle ψ and ellipticity angle χ are two polarization parameters 

that together determine the polarization state in the Poincaré sphere. Therefore, an 

arbitrary SoP can be defined as P (ψ, χ). The relationship between the main axis 

angle ψ and the phase of LCP component φL and RCP component φR is described 

as 2 R L  = − . On the other hand, the relationship between the ellipticity angle χ 

and the amplitude of the LCP component AL, and the RCP component AR is 

described as 2 2 2 2sin 2 ( ) / ( )R L R LA A A A = − +  [105]. Consequently, the relationship 

between the two polarization parameters ψ and χ and the amplitude and phase 

components of the SHWs can be summarized as follows, / 2R L  = −( )  and 

1 2 2 2 2sin [( ) / ( )] / 2R L R LA A A A −= − +  (Figure 5.2b) [160]. 

We can build the nonlinear quad-atom meta-molecule by the two 

polarization parameters ψ and χ, which can be precisely plotted on the Poincaré 

sphere (Figure 5.2c) [160], to achieve the SHW with arbitrary SoP. 
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Figure 5.2 The C3 quad-atom metasurface's design principle for achieving any 

polarization state in the SHG process (a)The schematic diagram of a unit-cell of the quad-

atom metasurface. The SHWs with right and left circular polarization states are designed to 

have their amplitude and phase controlled by the upper and lower groups of meta-atoms. (b) 

The main axis angle ψ and the ellipticity angle χ are determined by the amplitude ratio and 

phase difference between the RCP component and the LCP component, respectively. (c) The 

Poincaré sphere, which describes every polarization state of light, can be built using the 

parameters ψ and χ. 

5.2.2 Characterization of the Linear and Nonlinear Optical Properties of the 

Plasmonic Metasurface 

Before the display of nonlinear vectorial holography by the quad-atom 

metasurfaces, we characterized the synchronously fabricated uniform metasurface 

to its linear and nonlinear optical properties. The fabrication process of all these 

plasmonic metasurfaces is the same as that discussed in Section 3.2.2 and is 

schematically illustrated in Figure 2.1.  

The ITO-coated glass wafer served as the substrate for these gold metasurfaces 

that were created using the standard EBL technique. The geometric parameters of 

the gold metasurfaces’ meta-atom are the same as that in Section 3.2.1. The 

orientation angle of the uniform metasurface’s every meta-atom is in the horizontal 

direction, as shown in Figure 5.3a. The local coordinates of the uniform metasurface 

are shown at the bottom-left corner of the optical microscopy image (Figure 5.3b). 
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With this coordinate system, we measured the transmission spectra of the uniform 

metasurface with four combinations of horizontal and vertical polarization states of 

the input and output light (Figure 5.3c).  

To know the nonlinear optical properties of the quad-atom metasurfaces, we 

measured the wavelength-dependent intensities of the SHW (Figure 5.3d). It is 

shown that the maximum SHG efficiency was observed at a fundamental 

wavelength of 1210 nm. Then, as shown in Figure 5.3e, the polarization property 

of the SHW was characterized at a fundamental wavelength of 1210 nm. The 

intensity of the SHW with circular polarization opposite to that of the FW is much 

stronger than that of the same circular polarization states. This verifies the 

symmetry selection rules in harmonic generations [124]. At last, we measured the 

relationship between the SH power and the pumping power. At the fundamental 

wavelength of 1210 nm, the measured power-dependent curves of the LCPFW-

RCPSHW and RCPFW-LCPSHW are summarized in Figure 5.3f. The fitted curves from 

the measured results have slope values close to the theoretical value of 2.0, 

indicating the SHG process. It should be noted that the frequency conversion 

efficiency of the quad-atom metasurfaces for nonlinear vectorial holography should 

be lower than that of the uniform metasurface. This difference mainly stems from 

the adjacent meta-atoms’ destructive interference of SHW. 
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Figure 5.3 Linear and nonlinear optical properties of the uniform metasurface. (a) The 

SEM image of the uniform metasurface. Scale bar: 500 nm. (b) The optical microscopy image 

of the uniform metasurface. The horizontal (H) and vertical (V) axes of the uniform metasurface 

are shown in the bottom-left corner. Scale bar: 50 μm. (c) The visible and near-infrared 

transmission spectra of the uniform metasurface. The first and the second characters of HH, 

HV, VV, and VH indicate that the transmission axes of the polarizer and the analyzer are in 

horizontal or vertical directions. (d) The measured wavelength-dependent intensities of SHWs 

were generated from the uniform metasurface. Four combinations of circular polarization states 

of the FW and the SHW are recorded. (e) The polarization-resolved spectra of the SHW from 

the uniform metasurface. The pumping wavelength is around 1210 nm. The values in (d) and 

(e) are normalized without changing the relative intensities of the SHW. (f) The relationship 

between the power of the SHW and the FW. The fitted slopes of log scale curves are close to 

the theoretical value of 2.0 for the SHG process. 

After the characterization of the optical properties of the plasmonic 

metasurfaces, we measured the holographic image display from these metasurface 

holograms. The optical setups for the nonlinear vectorial holography measurement 

are slightly different from that in Figure 2.5, so we additionally illustrate them in 

Figure 5.4. The pumping FW is horizontally polarized, and the corresponding axes 

used in the following measurement are illustrated in the bottom-right corner of 

Figure 5.4. 
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Figure 5.4 Schematic optical setup for characterizing the nonlinear holographic images. 

The FW has an 80 MHz repetition frequency and a pulse width of about 250 fs. These 

abbreviations are HWP: half-wave plate; LP1 and LP2: linear polarizers; L1 and L2: lenses 

with a focal length of 250 mm and 100 mm, respectively; OL: 10 times magnification objective 

lens; QWP: quarter-wave plate. CF: color filter; Camera: sCMOS detector. 
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5.3 Nonlinear Quad-atom Metasurface Enables Polarization 

Control 

5.3.1 Nonlinear Holographic Images with LCP and RCP 

In the first demonstration, we designed two metasurfaces named Meta-LCP 

and Meta-RCP for displaying holographic images produced in the SHG process 

with LCP and RCP states. Using the nonlinear geometric phase principle and our 

previous research from Chapter 3, a single C3 meta-atom within a unit cell is 

sufficient to produce the LCP or RCP holographic image in the SHG process. 

Therefore, we employed the scheme of single a C3 meta-atom in a unit cell to design 

Meta-LCP and Meta-RCP. We used the Greek letters that represent dielectric 

permittivity (ε) and magnetic permeability (μ) as the targets to display the LCP and 

RCP holographic images (Figures 5.5a, 5.5b). These targets are used in the GS 

algorithm to calculate the corresponding phase distributions (Figures 5.5c, and 5.5d) 

[96]. Then we fabricated the nonlinear metasurface holograms mapping these phase 

distributions and illustrate the SEM images of these metasurfaces in Figures 5.5e, 

5.5f. These designed metasurfaces have the C3 gold meta-atoms as a unit cell, 

whose horizontal and vertical periods size, arm width, and length are 500 nm, 80 

nm, and 180 nm, respectively.  

In the direction of characterizing the polarization properties of the 

experimentally measured holographic images from the nonlinear metasurfaces, we 

used a quarter-wave plate and a subsequent linear polarizer to analyze the 

polarization information of these images. According to the definition of Stokes 

parameters, we can measure the six basic polarized intensities: Ix, Iy, I45, I135, ILCP, 

and IRCP
 [160] to calculate the polarization parameters. The first Stokes parameter, 
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total intensity S0 is equal to Ix + Iy, or I45 + I135, or ILCP + IRCP. In our experiments, 

we used the arithmetic mean of these total intensities, I0 to illustrate the intensity 

distribution and minimize the measurement error, which is expressed as  

 
x y 45 135 LCP RCP

0

( )

3

I I I I I I
I

+ + + + +
=  (5.2) 

The relationship between the polarization parameters and the other Stokes 

parameters can be described as the following equations: 
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Therefore, we can calculate the main axis angle ψ as well as ellipticity angle χ by 

the following equations: 
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Based on Equation (5.2), we show the calculated total intensity distributions 

of SHW from the Meta-LCP and Meta-RCP in Figures 5.5g, and 5.5h. The Greek 

letters displayed at the top-right in Figures 5.5g, and 5.5h are close to the target 

images, while the centrosymmetric twin images at the bottom-left are formed by 

the opposite geometric phases of the RCP and LCP SHWs. The polarization 

parameters are then determined by Equation (5.3-5.6) to confirm the polarization 

state of the holographic pictures and are shown in Figures 5.5i–l. The measured 

polarization intensities to calculate the above polarization parameters are illustrated 

in Figure 5.6. 

Based on the optical setups shown in Figure 5.4, we measured the intensities 
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of nonlinear holographic images with six basic polarization states. In addition, when 

measuring the linearly polarized intensities (Ix, Iy, I45, and I135,) of the nonlinear 

holographic images, we removed the quarter-wave plate in the optical setup. The 

plasmonic metasurface's highest conversion efficiency is demonstrated in Figure 

5.3d when the FW wavelength is 1210 nm. Therefore, we used a horizontally 

polarized light beam at the wavelength of 1210 nm as the pumping FW, which 

results in the generation of the SHWs at the wavelength of 605 nm. In every row of 

Figure 5.6, we show the measured holographic images analyzed by six different 

analyzers: LCP, RCP, H (horizontal polarization), V (vertical polarization), LP(45°) 

(45° linear polarization), and LP(135°) (135° linear polarization), respectively 

(from left to right). The intensities of all these nonlinear holographic images were 

normalized without changing the relative intensities to make sure that they are 

comparable. The process that uses the polarization-resolved holographic images to 

calculate the corresponding polarization parameters was adopted to characterize all 

the other vectorial metasurface holograms discussed in this chapter. 

 

Figure 5.5 Design, fabrication, and optical results of quad-atom metasurfaces encoding 

LCP and RCP nonlinear holographic images. (a, b) The target of holographic images with 

LCP and RCP states. (c, d) The calculated phase distributions for reconstructing the target in 

(a) and (b). (e, f) SEM images of the nonlinear plasmonic metasurface for providing phase 

distributions in (c) and (d). The measured vectorial holographic images from the Meta-LCP and 

Meta RCP, respectively, were characterized by their total intensity I0 (g, h), main axis angle ψ 

(i, j), and ellipticity angle χ (k, l). 
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Figure 5.6 The polarization-resolved nonlinear holographic images from the metasurface 

holograms of Meta-LCP and Meta-RCP. The recorded holographic image with six 

polarization states, LCP, RCP, H, V, LP (45°), and LP (135°), respectively (from left to right), 

under 1210 nm-wavelength horizontally polarized FW pumping. Row 1 to Row 2 corresponds 

to the metasurface holograms of Meta-LCP and Meta-RCP. 

5.3.2 Nonlinear Holographic Images with Linear Polarization States and 

Elliptical Polarization States 

The four C3 gold meta-atoms in the quad-atom meta-molecule are used in 

the display for holographic images with linear and elliptical polarization states. For 

the proof-of-concept, we designed four different quad-atom metasurfaces called 

Meta-LP(H), Meta-LP(V), Meta-LEP, and Meta-REP to display holographic 

images with SoP P (ψ, χ) = (0°, 0°), (90°, 0°), (45°, 18.43°) and (135°, –18.43°) in 

the SHG process, respectively. Also, we chose four Greek letters, λ, σ, π, and ψ as 

the display targets (Figure 5.7a). To reconstruct these Greek letters, we used the GS 

algorithm to calculate the corresponding phase distributions of the computer-

generated holograms (Figure 5.7b) [96]. According to the design principle 

discussed in Section 5.2.1, we designed and fabricated the metasurface holograms 

and illustrate the SEM images of these metasurfaces in Figure 5.7c. For simplicity 

of design and maximum optical diffraction efficiency, we constrained the amplitude 

of LCP component AL and RCP component AR of the quad-atom metasurface 
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holograms by the following three conditions: 

(1) if AR = AL, we choose AR = AL = 2, ΔR = ΔL = 0. 

(2) if AR < AL, we choose AL = 2, ΔL = 0, 0 < AR <2, 0° < ΔR < 60°. 

(3) if AR > AL, we choose AR = 2, ΔR = 0, 0< AL <2, –60° < ΔL < 0°. 

In the design of quad-atom metasurfaces, we determined the phase of the 

RCP component and the phase of the RCP component by the following equations: 

φR = φholo, φL = φholo−2ψ, where φholo represents the calculated phase distributions 

in Figure 5.7b. As shown in the middle of these SEM images, we marked the unit-

cells of the quad-atom metasurfaces that determine the complex amplitude of the 

SHW generated from the metasurface. Then we measured the intensity of the 

generated holographic images with four different polarization states (Figure 5.8) to 

calculate their polarization parameters. These polarization-resolved holographic 

images of the four metasurface holograms, Meta-LP(H), Meta-LP(V), Meta-LEP, 

and Meta-REP, are summarized in rows 1 to 4 of Figure 5.8. The nonlinear 

holographic images in columns 1 to 6 of Figure 5.8 correspond to six polarization 

states: LCP, RCP, H, V, LP (45°), and LP (135°), respectively. Also, the intensities 

of all these nonlinear holographic images were normalized without changing the 

relative intensities. From the polarization-resolved holographic images, we can 

calculate the polarization parameters discussed in Figure 5.7d-f. 

For the verification of our design, the measured total intensities, main axis 

angles, and ellipticity angles are shown in Figure 5.7d-f to characterize the 

polarization states and quality of the reconstructed holographic images. It can be 

found that the images in Figures 5.5g and 5.5h have better qualities than the images 

in Figures 5.6e. This is mainly because the metasurfaces with a single C3 meta-

atom in a unit cell have four times the effective pixel numbers of the quad-atom 
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metasurfaces. The polarization states of these reconstructed holographic images can 

be recognized in Figures 5.7e and 5.7f and are close to the corresponding design 

value of the SoP P (ψ, χ) = (0°, 0°), (90°, 0°), (45°, 18.43°) and (135°, –18.43°) 

(From top to bottom). 

 

Figure 5.7 Design, fabrication, and optical results of quad-atom metasurfaces encoding 

linear and elliptical nonlinear holographic images. (a) The target and (b) the calculated phase 

distributions of the four metasurface holograms named Meta-LP(H), Meta-LP(V), Meta-LEP, 

and Meta-REP for generating holographic images with four different SoP: P (ψ, χ) = (0°, 0°), 

(90°, 0°), (45°, 18.43°) and (135°, –18.43°). (From top to bottom) (c) The SEM images of these 

nonlinear metasurface holograms. The total intensity I0 (d), main axis angle ψ (e), and ellipticity 

angle χ (f) are measured from vectorial holographic images generated by Meta-LP(H), Meta-

LP(V), Meta-LEP, and Meta-REP, respectively. 
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Figure 5.8 The polarization-resolved nonlinear holographic images of the four 

metasurface holograms named Meta-LP(H), Meta-LP(V), Meta-LEP, and Meta-REP. 

The recorded holographic image with six polarization states, LCP, RCP, H, V, LP (45°), and 

LP (135°), respectively (from left to right) are generated when metasurface holograms are 

illuminated by horizontally polarized FW with a 1210 nm pumping wavelength. Row 1 to Row 

4 corresponds to the metasurface holograms of Meta-LP(H), Meta-LP(V), Meta-LEP, and 

Meta-REP. 

5.3.3 Nonlinear Holographic Images with Various Polarization States 

We showed in the previous sections that the quad-atom metasurface can 

produce nonlinear holographic images with a single polarization state. Next, we 

demonstrate the quad-atom metasurface for multiple polarization state nonlinear 

holography. 

In the proof-of-concept demonstration, we designed two quad-atom 

metasurfaces named Vector-A and Vector-B to demonstrate independent control of 

the intensity and polarization distributions. The target intensity and polarization 

distributions of Vector-A and Vector-B are shown in Figures 5.9a and 5.10a. As 
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shown in Figure 5.9a, the intensity distribution of Vector-A is a “Cross” image, and 

the polarization distributions in the quadrant Ⅰ-Ⅳ of the “Cross” image are 0°, 45°, 

90°, and 135 linear polarization states. While in Figure 5.10a, Vector-B is designed 

to reconstruct an image of “Flag” with two circular polarization states LCP and 

RCP in quadrant Ⅰ and quadrant Ⅲ, and two elliptical polarization states P(ψ, χ) = 

(45°, 18.43°), and (135°, −18.43°), in quadrant Ⅱ and quadrant Ⅳ. 

In the order to decouple the intensity from the polarization distribution, we 

realized a modified G-S algorithm (Figure 5.11) that is adopted in the previous 

study [96, 154] based on the commercial software MATLAB (MathWorks, Inc.).  

The target intensity polarization and intensity distributions in Figure 5.9a 

and Figure 5.10a are used to calculate the phase distributions for both RCP and LCP 

components in Figures 5.9b, 5.9c for Vector-A and Figure 5.10b, 5.10c for Vector-

B. Meanwhile, we calculated the required amplitude ratios between RCP and LCP 

components, which are AR/AL = 1 and 1.0463 for Vector-A and Vector-B. The 

amplitude of both LCP and RCP components are uniformly assigned based on the 

assumption that the overall intensities of LCP and RCP components in the near field 

are the same as that in the far-field [154]. 

The computed amplitude ratios and the phase distributions of the SHWs are 

precisely related to the orientation angles of the meta-atoms, which are guided by 

the nonlinear quad-atom metasurface's design principle (Section 5.2.1). Figures 

5.9d and 5.10d show the SEM photographs of the fabricated quad-atom 

metasurfaces, Vector-A and Vector-B., where the inside dashed marks indicate the 

corresponding quad-atom meta-molecules. It is the local degree-of-freedoms of the 

quad-atom meta-molecules that contributes to the decoupled intensity and 

polarization distributions in the Fourier space. 
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In addition, we compared the theoretically calculated polarization 

parameters with experimentally measured polarization parameters to confirm the 

results of nonlinear vectorial holography (Figures 5.9e-h and Figures 5.10e-h). 

Apparently, the measured distribution of the main axis angle and ellipticity angle 

illustrated in Figure 5.9f Figure 5.9h agrees well with the theoretical values shown 

in Figure 5.9e and Figure 5.9g. As a result, the "Cross" image produced in the SHG 

process from Vector-A is linearly polarized in quadrants I through IV at 0°, 45°, 

90°, and 135°, respectively. Another design with the “Flag” image reconstructed 

from Vector-B is characterized in Figures 5.10e-h. From Figure 5.10f, one can 

hardly tell the main axis angles of the “Flag” image in quadrant Ⅰ and quadrant Ⅲ, 

which means these regions are circularly polarized. While one can easily recognize 

that the main axis angles are 45° and 135° in quadrant Ⅱ and quadrant Ⅳ of the 

“Flag” image, which agrees with the calculation in Figures 5.10e. Consistent with 

the calculation in Figure 5.10g, the experimental results plotted in Figure 5.10h 

indicate that the ellipticity angles are close to the designed values, which are −45°, 

18.43°, 45°, and −18.43°in quadrant Ⅰ-Ⅳ of the “Flag” image.  
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Figure 5.9 The quad-atom metasurfaces encoding the nonlinear holographic image with 

linear polarization states. (a) The target “Cross” image and its local SoP of the vectorial 

metasurface hologram, Vector-A. (b, c) The required phase distributions of RCP and LCP 

components for generating the “Cross” image with spatially varying linear polarization states. 

(d) The SEM image of the metasurface hologram, Vector-A. An example of a quad-atom meta-

molecule is shown by the dashed line. Scale bar, 500 nm. The theoretical calculated (Cal.) and 

experimentally measured (Exp.) main axis angle ψ (e, f) and ellipticity angle χ (g, h) of the 

holographic image generated by Vector-A. 

 

Figure 5.10 The quad-atom metasurfaces encoding the nonlinear holographic image with 

circular and elliptical polarization states. (a) The vectorial metasurface hologram named 

Vector-B has a target “Flag” image and the corresponding local SoP. (b, c) The required phase 

distribution of RCP and LCP components for generating a “Flag” image with spatially varying 

linear polarization states. (d) The SEM image of the metasurface hologram, Vector-B. The inset 

dashed line indicates a unit-cell of the quad-atom metasurface. Scale bar, 500 nm. The 

theoretical calculated (Cal.) and experimentally measured (Exp.) main axis angle ψ (e, f) and 

ellipticity angle χ (g, f) of the holographic image generated by Vector-B. 
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Figure 5.11 The flow chart of the modified GS algorithm for encoding holographic images 

with spatially varying polarization states. Compared with the phase-only iterative algorithm 

of the original GS algorithm that only uses one input intensity to calculate one phase output, 

the modified GS algorithm utilizes the proposed polarization (ψf) and intensity distributions (If
R, 

If
L) as input [96, 154]. It finally outputs the phase distributions of RCP and LCP components 

(𝜑L and 𝜑R) and the amplitude ratio between RCP and LCP (AR/AL). The superscript, f indicates 

the complex amplitudes in the far fields. “FKD” and “IFKD” mean that the light diffraction is 

calculated by the Fresnel-Kirchhoff diffraction formula and inverse Fresnel-Kirchhoff 

diffraction formula.  

According to the results of the uniform metasurface discussed in Section 

5.2.2, the Vector-A and Vector-B reconstruct holographic images at the wavelength 

of 605 nm (Figure 5.12) when the pumping wavelength of the FW is 1210 nm. In 

columns 1 to 6 of Figure 5.12, we show the measured holographic images analyzed 

by six different analyzers: LCP, RCP, H, V, LP(45°), and LP(135°), respectively. 

In addition to the six basic polarized intensity profiles, we calculated the total 
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intensities I0 of Vector-A and Vector-B and plotted them in column 7 of Figure 5.12. 

Due to the opposite geometric phase from linearly polarized FW, it should be 

noticed that the bottom panels in Figure 5.12 correspond to the twin images [103]. 

 

Figure 5.12 The polarization-resolved nonlinear holographic images of the metasurface 

holograms named Vector-A and Vector-B. The captured holographic image with six 

polarization states, LCP, RCP, H, V, LP (45°), and LP (135°), respectively (from columns 1 to 

6), under horizontally polarized FW pumping at the wavelength of 1210 nm. Results in column 

7 are the calculated total intensity for Vector-A and Vector-B (from top to bottom).  
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5.4 Summary 

In all, we presented the results of nonlinear vector holography by quad-atom 

photonic metasurfaces using the principle of the nonlinear geometric phase in this 

work. By changing the orientation angle of these C3 gold meta-atoms in the quad-

atom metasurface, we have achieved independent control of the phase, amplitude, 

and polarization of the SHW and demonstrated holographic images with arbitrary 

polarization states. Furthermore, we successfully realized the nonlinear holographic 

images encoding multiple polarization states with the modified GS algorithm 

designed quad-atom metasurface holograms. In principle, the ability of quad-atom 

metasurface to simultaneously control the amplitude and the phase of LCP and RCP 

components of light also enables multiple images encoding in real and Fourie 

spaces, which is already realized in the linear optical region [112]. Note that the 

proposed method for achieving nonlinear vectorial holography, which is based on 

nonlinear geometric phase theory, can be used with other nonlinear optical 

processes like THz wave generation, four-wave mixing, and third harmonic wave 

generation. The proposed nonlinear quad-atom metasurfaces provide an integrated 

optical platform for the feasibility of nonlinear vectorial holography. This scheme 

may have the opportunity to realize significant applications in biological imaging, 

large-capacity information storage, nonlinear structuralized light source, and other 

fields. 
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Chapter 6 Conclusions and Future Work 

At the beginning of the thesis, the review of metamaterials and their two-

dimensional counterpart, metasurfaces, and their applications including novel flat 

optical lenses, vortex beam generators, optical holograms, and harmonic 

generations were presented. Then, the experimental approaches that are used in our 

research were then described. In the first research work of the thesis, we 

experimentally demonstrated optical holography and multi-dimensional optical 

images encoded by the nonlinear geometric phase metasurfaces. In addition, we 

investigated the dielectric metasurface decorated optical crystal for generating 

vortex beams and holographic images in the second harmonic generation process. 

Such a hybrid platform provides potential high-frequency-conversion efficiency as 

well as high optical diffraction efficiency for nonlinear wavefront shaping. Inspired 

by the first research work, we additionally proposed and experimentally 

demonstrated nonlinear quad-atom metasurfaces to control the polarization 

distributions in optical holography.  

In the experiment, we explored the methods to fabricate the linear photonic 

metasurfaces constituent dielectric nanofins on the surface of nonlinear optical 

crystals and gold plasmonic metasurfaces on the indium tin oxide coated glass 

substrate. In numerical simulations, we investigated the polarization conversion 

efficiency of the silicon nitride nanofins on the substrates of silica and lithium 

niobate. The modified phase retrieve algorithms were developed to design 

computer-generated holograms that encode images in real and Fourier spaces and 

with polarization distributions 

These demonstrations of ultra-thin photonic metasurfaces based on 
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geometric phase modulation extended the optical holography in the nonlinear 

optical region. Our research works would provide some interesting routes for 

practical applications of nonlinear optical holography such as nonlinear structured 

beam generation, quantum optics, and integrated optical encryption. 

In the future, photonic metasurfaces with ultrathin nature and advanced 

properties to tailor the phase, amplitude, polarization, and frequency of light may 

continuously be studied with the intersection of other disciplines such as chemistry, 

biology, materials, computer science, and so on. To make applications of photonic 

metasurfaces for nonlinear optical holography more realistic, many aspects may be 

considered. For example, the ultrathin metasurfaces can construct the compact 

metalens array [161] and be integrated with CMOS imaging devices [162]. Based 

on the design of electromagnetic theory from first principles coupled plasmonic 

metasurfaces can precisely control the near-field and far-field properties of light 

[163]. On the other hand, active metasurfaces with electric control [164], phase 

change materials’ control [165], and chemical control [166] may be also realizable 

in nonlinear optical holography. To increase the fabrication efficiency, the 

metasurface holograms can be fabricated by nanoimprint lithography [167]. So far, 

it seems that the future of metasurfaces for nonlinear optical holography is still 

bright. 

  



 

98 

 

Bibliography 

[1] Veselago, V. The electrodynamics of substances with simultaneously 

negative values of epsilon and mu. Soviet Physics Uspekhi 10, 509–514 

(1968). 

[2] Veselago, V., Braginsky, L., Shklover, V. & Hafner, C. Negative refractive 

index materials. Journal of Computational and Theoretical Nanoscience  

3, 189–218 (2006). 

[3] Schuster, A. An Introduction to the Theory of Optics. (Edward Arnold, 

1924). 

[4] Lamb, H. On group-velocity. Proceedings of the London Mathematical 

Society, s2-1, 473–479 (1904). 

[5] Pendry, J. B. Focus issue: Negative refraction and metamaterials. Optics 

Express 11, 639–639 (2003). 

[6] Pendry, J. B., Holden, A. J., Stewart, W. J. & Youngs I. Extremely low 

frequency plasmons in metallic mesostructures. J. Physical Review Letters 

76, 4773–4776 (1996). 

[7] Pendry, J. B., Holden, A. J., Robbins, D. J. & Stewart, W. J. Magnetism 

from conductors and enhanced nonlinear phenomena. IEEE Transactions 

on Microwave Theory and Techniques 47, 2075–2084 (1999). 

[8] Smith, D. R., Padilla, W. J., Vier, D. C., Nemat-Nasser, S. C. & Schultz, 

S. Composite medium with simultaneously negative permeability and 

permittivity. Physical Review Letters 84, 4184–4187 (2000). 

[9] Shelby, R. A., Smith, D. R. & Schultz, S. Experimental verification of a 

negative index of refraction. Science 292, 77–79 (2001). 

[10] Kinsey, N., DeVault, C., Boltasseva, A. & Shalaev, V. M. Near-zero-index 

materials for photonics. Nature Reviews Materials 4, 742–760 (2019). 

[11] Engheta, N. & Ziolkowski, R. W. Metamaterials: Physics and 

Engineering Explorations. (Wiley-IEEE Press, 2006). 

[12] Pendry, J. B. Negative refraction makes a perfect lens. Physical Review 

Letters 85, 3966–3969 (2000). 

[13] Houck, A. A., Brock, J. B. & Chuang, I. L. Experimental observations of 

a left-handed material that obeys Snell’s Law. Physical Review Letters 90, 



 

99 

 

137401 (2003). 

[14] Grbic, A. & Eleftheriades, G. V. Overcoming the diffraction limit with a 

planar left-handed transmission-line lens. Physical Review Letters 92, 

117403 (2004). 

[15] Pendry, J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic 

fields. Science 312, 1780–1782 (2006). 

[16] D. Schurig et al. Metamaterial electromagnetic cloak at microwave 

frequencies. Science 314, 977–980 (2006). 

[17] Pendry, J. B. A chiral route to negative refraction. Science 306, 1353–1355 

(2004). 

[18] Zhang, S. et al. Experimental demonstration of near-infrared negative-

index metamaterials. Physical Review Letters 95, 137404 (2005). 

[19] Dolling, G., Enkrich, C., Wegener, M., Soukoulis, C. M. & Linden, S. 

Simultaneous negative phase and group velocity of light in a metamaterial. 

Science 312, 892–894 (2006). 

[20] Fang, N., Lee, H., Sun, C. & Zhang, X. Sub-diffraction-limited optical 

imaging with a silver superlens. Science 308, 534–537 (2005). 

[21] Cai, W., Chettiar, U. K., Kildishev, A. V. & Shalaev, V. M. Optical 

cloaking with metamaterials. Nature Photonics 1, 224–227 (2007). 

[22] Valentine, J., Li, J., Zentgraf, T., Bartal, G. & Zhang, X. An optical cloak 

made of dielectrics. Nature Materials 8, 568–571 (2009). 

[23] Gansel, J. K. et al. Gold helix photonic metamaterial as broadband circular 

polarizer. Science 325, 1513–1515 (2009). 

[24] Zhang, S. et al. Negative refractive index in chiral metamaterials. Physical 

Review Letters 102, 023901 (2009). 

[25] Valentine, J. et al. Three-dimensional optical metamaterial with a negative 

refractive index. Nature 455, 376–379 (2008). 

[26] Yu, N. et al. Light propagation with phase reflection and refraction. 

Science 334, 333–337 (2011). 

[27] Goodman, J.W. Introduction to Fourier Optics (W. H. Freeman, 2017). 

[28] Sun, S. et al. Gradient-index meta-surfaces as a bridge linking propagating 

waves and surface waves. Nature Materials 11, 426–431 (2012). 

[29] Zhang, X. et al. Broadband terahertz wave deflection based on C-shape 



 

100 

 

complex metamaterials with phase discontinuities. Advanced Materials 25, 

4567–4572 (2013). 

[30] Huang, L. et al. Dispersionless phase discontinuities for controlling light 

propagation. Nano Letters 12, 5750–5755 (2012). 

[31] Shitrit, N., Bretner, I., Gorodetski, Y., Kleiner, V. & Hasman, E. Optical 

spin Hall effects in plasmonic chains. Nano Letters 11, 2038–2042 (2011). 

[32] Pancharatnam, S. Generalized theory of interference and its applications. 

Proc. Indian Acad. Sci. 44, 398–417 (1956). 

[33] Berry, M. V. Quantal phase factors accompanying adiabatic changes. Proc. 

R. Soc. Lond. A 392, 45–57 (1984). 

[34] Litchinitser, N. M. Photonic multitasking enabled with geometric phase. 

Science 352, 1177–1178 (2016). 

[35] Bomzon, Z., Kleiner, V. & Hasman, E. Pancharatnam–Berry phase in 

space-variant polarization-state manipulations with subwavelength 

gratings. Optics Letters 26, 1424–1426 (2001). 

[36] Bomzon, Z., Biener, G., Kleiner, V., & Hasman, E. Space-variant 

Pancharatnam–Berry phase optical elements with computer-generated 

subwavelength gratings. Optics Letters 27, 1141–1143 (2002). 

[37] Hasman, E., Kleiner, V., Biener, G. & Niv, A. Polarization dependent 

focusing lens by use of quantized Pancharatnam-Berry phase diffractive 

optics. Applied Physics Letters 82, 328–330 (2003). 

[38] Chen, X. et al. Dual-polarity plasmonic metalens for visible light. Nature 

Communications 3, 1298 (2012). 

[39] Chen, X. et al. Reversible Three-dimensional focusing of visible light with 

ultrathin plasmonic flat lens. Advanced Optical Materials 1, 517–521 

(2013). 

[40] Maguid, E. et al. Photonic spin-controlled multifunctional shared-aperture 

antenna array. Science 352, 1202–1206 (2016). 

[41] Li, G. et al. Spin-enabled plasmonic metasurfaces for manipulating orbital 

angular momentum of light. Nano Letters 13, 4148–4151 (2013). 

[42] Pu, M. et al. Catenary optics for achromatic generation of perfect optical 

angular momentum. Science Advances 1, e1500396 (2015). 

[43] Yue, F. et al. Vector vortex beam generation with a single plasmonic 



 

101 

 

metasurface. ACS Photonics 3, 1558–1563 (2016). 

[44] Devlin, R. C., Ambrosio, A., Rubin, N. A., Balthasar Mueller, J. P. & 

Capasso, F. Arbitrary spin-to–orbital angular momentum conversion of 

light. Science 358, 896–901 (2017). 

[45] Zhang, Y., Liu, W., Gao, J. & Yang, X. Generating focused 3D perfect 

vortex beams by plasmonic metasurfaces. Advanced Optical Materials 6, 

1701228 (2018). 

[46] Lin, D., Fan, P., Hasman, E. & Brongersma, M. L. Dielectric gradient 

metasurface optical elements. Science 345, 298–302 (2014). 

[47] Khorasaninejad, M. et al. Metalenses at visible wavelengths: Diffraction-

limited focusing and subwavelength resolution imaging. Science 352, 

1190–1194 (2016). 

[48] Liu, X. et al. Optical metasurfaces for designing planar Cassegrain-

Schwarzschild objectives. Physical Review Applied 11, 054055 (2019). 

[49] Yu, N. et al. A broadband, background-free quarter-wave plate based on 

plasmonic metasurfaces. Nano Letters 12, 6328–6333 (2012). 

[50] Wang, S. et al. Arbitrary polarization conversion dichroism metasurfaces 

for all-in-one full Poincaré sphere polarizers. Light: Science and 

Applications 10, 24 (2021). 

[51] Wang, B. et al. Rochon-prism-like planar circularly polarized beam 

splitters based on dielectric metasurfaces. ACS Photonics 5, 1660–1664 

(2018). 

[52] Zhu, L. et al. A dielectric metasurface optical chip for the generation of 

cold atoms. Science Advances 6, eabb6667 (2020). 

[53] Huang, L. et al. Three-dimensional optical holography using a plasmonic 

metasurface. Nature Communications 4, 2808 (2013). 

[54] Montelongo, Y., Tenorio-Pearl, J. O., Milne, W. I. & Wilkinson, T. D. 

Polarization switchable diffraction based on subwavelength plasmonic 

nanoantennas. Nano Letters 14, 294–298 (2014). 

[55] Zheng, G. et al. Metasurface holograms reaching 80% efficiency. Nature 

Nanotechnology 10, 308–312 (2015). 

[56] Balthasar Mueller, J. P., Rubin, N. A., Devlin, R. C., Groever, B. & 

Capasso, F. Metasurface polarization optics: independent phase control of 



 

102 

 

arbitrary orthogonal states of polarization. Physical Review Letters 118, 

113901 (2017). 

[57] Song, Q., Odeh, M., Zúñiga-Pérez, J., Kanté, B. & Genevet, P. Plasmonic 

topological metasurface by encircling an exceptional point. Science 373, 

1133–1137 (2021). 

[58] Boyd, R. W. Nonlinear Optics. (Academic Press, 2020). 

[59] Klein, M. W., Enkrich, C., Wegener, M. & Linden S. Second-harmonic 

generation from magnetic metamaterials. Science 313, 502–504 (2006). 

[60] Ciracì, C., Poutrina, E., Scalora, M. & Smith, D. R. Origin of second-

harmonic generation enhancement in optical split-ring resonators. 

Physical Review B 85, 201403 (2012). 

[61] Lee, J. et al. Giant nonlinear response from plasmonic metasurfaces 

coupled to intersubband transitions. Nature 511, 65–69 (2014). 

[62] Aouani, H., Rahmani, M., Navarro-Cía, M. & Maier, S. A. Third-

harmonic-upconversion enhancement from a single semiconductor 

nanoparticle coupled to a plasmonic antenna. Nature Nanotechnology 9, 

290–294 (2014). 

[63] Yang, Y. et al. Nonlinear Fano-resonant dielectric metasurfaces. Nano 

Letters 15, 7388–7393 (2015). 

[64] Chen, S. et al. Symmetry-selective third-harmonic generation from 

plasmonic metacrystals. Physical Review Letters 113, 033901 (2014). 

[65] Konishi, K. et al. Polarization-controlled circular second-harmonic 

generation from metal hole arrays with threefold rotational symmetry. 

Physical Review Letters 112, 135502 (2014). 

[66] Beth, R. A. Mechanical detection and measurement of the angular 

momentum of light. Physical Review 50, 115–125 (1936). 

[67] Bhagavantam, S. & Chandrasekhar, P. Harmonic generation and selection 

rules in nonlinear optics. Proceedings of the Indian Academy of Sciences - 

Section A 76, 13–20 (1972). 

[68] Segal, N., Keren-Zur, S., Hendler, N. & Ellenbogen, T. Controlling light 

with metamaterial-based nonlinear photonic crystals. Nature Photonics 9, 

180–184 (2015). 

[69] Tymchenko, M. et al. Gradient nonlinear Pancharatnam-Berry 



 

103 

 

metasurfaces. Physical Review Letters 115, 207403 (2015). 

[70] Nookala, N. et al. Ultrathin gradient nonlinear metasurface with a giant 

nonlinear response. Optica 3, 283-288 (2016). 

[71] Li, G. et al. Continuous control of the nonlinearity phase for harmonic 

generations. Nature Materials 14, 607–612 (2015). 

[72] Keren-Zur, S., Avayu, O., Michaeli, L. & Ellenbogen, T. Nonlinear beam 

shaping with plasmonic metasurfaces. ACS Photonics 3, 117–123 (2016). 

[73] Li, G. et al. Nonlinear metasurface for simultaneous control of spin and 

orbital angular momentum in second harmonic generation. Nano Letters 

17, 7974–7979 (2017). 

[74] Almeida, E., Shalem, G. & Prior, Y. Subwavelength nonlinear phase 

control and anomalous phase matching in plasmonic metasurfaces. Nature 

Communications 7, 10367 (2016). 

[75] Schlickriede, C. et al. Imaging through nonlinear metalens using second 

harmonic generation. Advanced Materials 30, 1703843 (2018). 

[76] Ye, W. et al. Spin and wavelength multiplexed nonlinear metasurface 

holography. Nature Communications 7, 11930 (2016). 

[77] Almeida, E., Bitton, O. & Prior, Y. Nonlinear metamaterials for 

holography. Nature Communications 7, 12533 (2016). 

[78] Gao, Y. et al. Nonlinear holographic all-dielectric metasurfaces. Nano 

Letters 18, 8054–8061 (2018). 

[79] Reineke, B. et al. Silicon metasurfaces for third harmonic geometric phase 

manipulation and multiplexed holography. Nano Letters 19, 6585–6591 

(2019). 

[80] Schlickriede, C. et al. Nonlinear imaging with all-dielectric metasurfaces. 

Nano Letters 20, 4370–4376 (2020). 

[81] Dasgupta, A., Gao, J. & Yang, X. Atomically thin nonlinear transition 

metal dichalcogenide holograms. Nano Letters 19, 6511–6516 (2019). 

[82] Hu, G. et al. Coherent steering of nonlinear chiral valley photons with a 

synthetic Au–WS2 metasurface. Nature Photonics 13, 467–472 (2019). 

[83] Kruk, S. et al. Asymmetric parametric generation of images with nonline

ar dielectric metasurfaces. Nature Photonics 16, 561–565 (2022). 

[84] Walter, F., Li, G., Meier, C., Zhang, S. & Zentgraf, T. Ultrathin nonlinear 



 

104 

 

metasurface for optical image encoding. Nano Letters 17, 3171–3175 

(2017). 

[85] Chen, S., Li, K., Deng, J., Li, G. & Zhang, S. High-order nonlinear spin-

orbit interaction on plasmonic metasurfaces. Nano Letters 20, 8549–8555 

(2020). 

[86] Tang, Y. et al. Quasicrystal photonic metasurfaces for radiation 

controlling of second harmonic generation. Advanced Materials 31, 

1901188 (2019). 

[87] Gabor, D. A new microscopic principle. Nature 161, 777–778 (1948). 

[88] Brown, B. R. & Lohmann, A. W. Complex spatial filtering with binary 

masks. Applied Optics 5, 967–969 (1966). 

[89] Lohmann, A. W. & Paris, D. P. Binary Fraunhofer holograms, generated 

by computer. Applied Optics 6, 1739–1748 (1967). 

[90] Lee, W.-H. Binary computer-generated. holograms. Applied Optics 18, 

3361–3369 (1979). 

[91] Li, J., Smithwick, Q. & Chu, D. Holobricks: modular coarse integral 

holographic displays. Light: Science and Applications 11, (2022). 

[92] St-Hilaire, P. et al. Electronic display system for computational 

holography. Proc. SPIE 1212, 174–182 (1990). 

[93] Stanley, M. et al. 100-megapixel computer-generated holographic images 

from active tiling: a dynamic and scalable electro-optic modulator system. 

Proc. SPIE 5005, 247–258 (2003). 

[94] Takaki, Y. & Okada, N. Hologram generation by horizontal scanning of a 

high-speed spatial light modulator. Applied Optics 48, 3255–3260 (2000). 

[95] Gao, Y. et al. Optical Fourier transform based in-plane vibration 

characterization for MEMS comb structure. Optics Express 21, 5063–5070 

(2013). 

[96] Gerchberg, R. W. & Saxton, W. O. A practical algorithm for the 

determination of phase from image and diffraction plane pictures. Optick 

21, 5063–5070 (1972). 

[97] Ni, X., Kildishev, A. V. & Shalaev, V. M. Metasurface holograms for 

visible light. Nature Communications 4, 2807 (2013). 

[98] Wang, L. et al. Grayscale transparent metasurface holograms. Optica 3, 



 

105 

 

1504 (2016). 

[99] Huang, Y. W. et al. Aluminum plasmonic multicolor meta-hologram. 

Nano Letters 15, 3122–3127 (2015). 

[100] Wan, W., Gao, J. & Yang, X. Full-color plasmonic metasurface holograms. 

ACS Nano 10, 10671–10680 (2016). 

[101] Wang, B. et al. Visible-frequency dielectric metasurfaces for 

Multiwavelength achromatic and highly dispersive holograms. Nano 

Letters 16, 5235–5240 (2016). 

[102] Feng, H. et al. Spin-switched three-dimensional full-color scenes based on 

a dielectric meta-hologram. ACS Photonics 6, 2910–2916 (2019). 

[103] Deng, Z.-L., Li, X. & Li, G. Metasurface Holography. (Springer Nature, 

2020). 

[104] Wen, D. et al. Helicity multiplexed broadband metasurface holograms. 

Nature Communications 6, 8241 (2015). 

[105] Song, Q. et al. Ptychography retrieval of fully polarized holograms from 

geometric-phase metasurfaces. Nature Communications 11, 2651 (2020). 

[106] Arbabi, A., Horie, Y., Bagheri, M. & Faraon, A. Dielectric metasurfaces 

for complete control of phase and polarization with subwavelength spatial 

resolution and high transmission. Nature Nanotechnology 10, 937–943 

(2015). 

[107] Deng, Z. L. et al. Diatomic metasurface for vectorial holography. Nano 

Letters 18, 2885–2892 (2018). 

[108] Zhao, R. et al. Multichannel vectorial holographic display and encryption. 

Light: Science and Applications 7, 95 (2018). 

[109] Arbabi, E., Kamali, S. M., Arbabi, A. & Faraon, A. Vectorial holograms 

with a dielectric metasurface: ultimate polarization pattern generation. 

ACS Photonics 6, 2712–2718 (2019). 

[110] Overvig, A. C. et al. Dielectric metasurfaces for complete and independent 

control of the optical amplitude and phase. Light: Science and Applications 

8, 92 (2019). 

[111] Bao, Y. et al. Full-colour nanoprint-hologram synchronous metasurface 

with arbitrary hue-saturation-brightness control. Light: Science and 

Applications 8, 95 (2019). 



 

106 

 

[112] Liu, M. et al. Multifunctional metasurfaces enabled by simultaneous and 

independent control of phase and amplitude for orthogonal polarization 

states. Light: Science and Applications 10, 107 (2021). 

[113] Zhao, R. et al. Polarization and holography recording in real- and k-space 

based on dielectric metasurface. Advanced Functional Materials 31, 

2100406 (2021). 

[114] Fang, X., Ren, H. & Gu, M. Orbital angular momentum holography for 

high-security encryption. Nature Photonics 14, 102–108 (2020). 

[115] Ren, H. et al. Complex-amplitude metasurface-based orbital angular 

momentum holography in momentum space. Nature Nanotechnology 15, 

948–955 (2020). 

[116] Chen, P. et al. Quasi-phase-matching-division multiplexing holography in 

a three-dimensional nonlinear photonic crystal. Light: Science and 

Applications 10, 146 (2021). 

[117] Frese, D. et al. Nonlinear bicolor holography using plasmonic 

metasurfaces. ACS Photonics 8, 1013–1019 (2021). 

[118] Franken, P. A., Hill, A. E., Peters, C. W. & Weinreich, G. Generation of 

optical harmonics. Physical Review Letters 7, 118–119 (1961). 

[119] Armstrong, J. A. and Bloembergen, N. and Ducuing, J. & Pershan, P. S. 

Physical Review 127, 1918–1939 (1962). 

[120] Shoji, I., Kondo, T., Kitamoto, A., Shirane, M. & Ito, R. Absolute scale of 

second-order nonlinear-optical coefficients. Journal of the Optical Society 

of America B 14, 2268–2294 (1997). 

[121] Kauranen, M. & Zayats, A. Nonlinear plasmonics. Nature Photonics 6, 

737–748 (2012). 

[122] Stefan A. Maier Plasmonics: Fundamentals and Applications (Springer 

2007) 

[123] Wokaun, A. and Bergman, J. G. and Heritage, J. P. and Glass, A. M. and 

Liao, P. F. & Olson, D. H. Surface second-harmonic generation from metal 

island films and microlithographic structures. Physical Review B 24, 849–

855 (1981). 

[124] Li, G., Zhang, S. & Zentgraf, T. Nonlinear photonic metasurfaces. Nature 

Reviews Materials 2, 17010 (2017). 



 

107 

 

[125] Linden, S., Niesler, F. B. P., Förstner, J., Grynko, Y., Meier, T. & Wegener, 

M. Collective effects in second-harmonic generation from split-ring-

resonator arrays. 109, 015502 (2012). 

[126] O’Brien, K. et al. Predicting nonlinear properties of metamaterials from 

the linear response. Nature Materials 14, 379–383 (2015). 

[127] Husu, H. et al. Metamaterials with tailored nonlinear optical response. 

Nano Letters 12, 673–677 (2012).  

[128] Celebrano, M. et al. Mode matching in multiresonant plasmonic 

nanoantennas for enhanced second harmonic generation. Nature 

Nanotechnology 10, 412–417 (2015).  

[129] Choy, K.-L. Chemical Vapour Deposition (CVD): Advances, Technology 

and Applications. (CRC Press, 2019). 

[130] Fujiwara, H. Spectroscopic Ellipsometry: Principles and Applications. 

(Wiley, 2007). 

[131] Aieta, F. et al. Out-of-plane reflection and refraction of light by anisotropic 

optical antenna metasurfaces with phase discontinuities. Nano Letters 12, 

1702–1706 (2012). 

[132] Deng, Z. L. & Li, G. Metasurface optical holography. Materials Today 

Physics 3 16–32 (2017). 

[133] Chong, K. E. et al. Efficient polarization-insensitive complex wavefront 

control using Huygens’ metasurfaces based on dielectric resonant meta-

atoms. ACS Photonics 3, 514–519 (2016). 

[134] Deng, J. et al. Giant enhancement of second-order nonlinearity of epsilon-

near-zero medium by a plasmonic metasurface. Nano Letters 20, 5421–

5427 (2020). 

[135] Chen, B. Q., Zhang, C., Hu, C. Y., Liu, R. J. & Li, Z. Y. High-efficiency 

broadband high-harmonic generation from a single quasi-phase-matching 

nonlinear crystal. Physical Review Letters 115, 083902 (2015). 

[136] Picqué, N. & Hänsch, T. W. Frequency comb spectroscopy. Nature 

Photonics 13, 146–157 (2019). 

[137] Ellenbogen, T., Voloch-Bloch, N., Ganany-Padowicz, A. & Arie, A. 

Nonlinear generation and manipulation of airy beams. Nature Photonics 3, 

395–398 (2009). 



 

108 

 

[138] Liu, H., Zhao, X., Li, H., Zheng, Y. & Chen, X. Dynamic computer-

generated nonlinear optical holograms in a non-collinear second-harmonic 

generation process. Optics Letters 43, 3236–3239 (2018). 

[139] Zhu, S. N. et al. Experimental realization of second harmonic generation 

in a Fibonacci optical superlattice of LiTaO3. Physical Review Letters 78, 

2752–2755 (1997). 

[140] Xu, T. et al. Three-dimensional nonlinear photonic crystal in ferroelectric 

barium calcium titanate. Nature Photonics 12, 591–595 (2018). 

[141] Wei, D. et al. Experimental demonstration of a three-dimensional lithium 

niobate nonlinear photonic crystal. Nature Photonics 12, 596–600 (2018). 

[142] Bloch, N. V. et al. Twisting light by nonlinear photonic crystals. Physical 

Review Letters 108, 233902 (2012). 

[143] Wang, L. et al. Nonlinear wavefront control with all-dielectric 

metasurfaces. Nano Letters 18, 3978–3984 (2018). 

[144] Chen, J. et al. Tungsten disulfide-gold nanohole hybrid metasurfaces for 

nonlinear metalenses in the visible region. Nano Letters 18, 1344–1350 

(2018). 

[145] Li, G., Chen, S., Cai, Y., Zhang, S. & Cheah, K. W. Third harmonic 

generation of optical vortices using holography-based gold-fork 

microstructure. Advanced Optical Materials 2, 389–393 (2014). 

[146] Goldstein, D. H. Polarized Light. (CRC Press, 2010). 

[147] Poynting, J. H. The wave motion of a revolving shaft, and a suggestion as 

to the angular momentum in a beam of circularly polarised light. Proc. R. 

Soc. Lond. A 82, 560–567 (1909). 

[148] Allen, L., Beijersbergen, M. W., Spreeuw, R. J. C. & Woerdman, J. P. 

Orbital angular momentum of light and the transformation of Laguerre-

Gaussian laser modes. Physical Review A 45, 8185–8189 (1992). 

[149] Tamburini, F., Anzolin, G., Umbriaco, G., Bianchini, A. & Barbieri, C. 

Overcoming the Rayleigh criterion limit with optical vortices. Physical 

Review Letters 97, 163903 (2006). 

[150] Leach, J. et al. Quantum correlations in optical angle–orbital angular 

momentum variables. Science 329 662–665 (2010). 

[151] Denisenko, V. et al. Determination of topological charges of 



 

109 

 

polychromatic optical vortices. Optics Express 17 23375–23379 (2010). 

[152] Nikolova, L. & Ramanujam, P. S. Polarization Holography. (Cambridge 

University Press, 2009). 

[153] Ren, H., Shao, W., Li, Y., Salim F. & Gu M. Three-dimensional vectorial 

holography based on machine learning inverse design. Science Advances 

6, eaaz4261 (2020). 

[154] Ding, F. et al. Versatile polarization generation and manipulation using 

dielectric metasurfaces. Laser and Photonics Reviews 14, 202000116 

(2020). 

[155] Song, Q. et al. Broadband decoupling of intensity and polarization with 

vectorial Fourier metasurfaces. Nature Communications 12, 3631 (2021). 

[156] Wen, D., Cadusch, J. J., Meng, J. & Crozier, K. B. Vectorial holograms 

with spatially continuous polarization distributions. Nano Letters 21, 

1735–1741 (2021). 

[157] Guo, X. et al. Full-color holographic display and encryption with full-

polarization degree of freedom. Advanced Materials 34, 2103192 (2022). 

[158] Kim, I. et al. Pixelated bifunctional metasurface-driven dynamic vectorial 

holographic color prints for photonic security platform. Nature 

Communications 12, 3614 (2021). 

[159] Zaidi, A., Rubin, N. A., Dorrah, A., Shi, Z. & Capasso, F. Jones matrix 

holography with metasurfaces. Science Advances 7, eabg7488 (2021). 

[160] Max Born & Emil Wolf. Principles of Optics 60th Anniversary Edition. 

(Cambridge University Press, 2019). 

[161] Li, L. et al. Metalens-array-based high-dimensional and multiphoton 

quantum source. Science 368, 1487–1490 (2020). 

[162] Xu, B. et al. Metalens-integrated compact imaging devices for wide-field 

microscopy. Advanced Photonics 2, 066004 (2020). 

[163] Lin, J. et al. Tailoring the lineshapes of coupled plasmonic systems based 

on a theory derived from first principles. Light: Science and Applications 

9, 158 (2020). 

[164] Holsteen, A. L., Cihan, A. F. & Brongersma, M. L. Temporal color mixing 

and dynamic beam shaping with silicon metasurfaces. Science 365, 257–

260 (2019). 



 

110 

 

[165] Zhou, H. et al. Switchable active phase modulation and holography 

encryption based on hybrid metasurfaces. Nanophotonics 9, 905–912 

(2020). 

[166] Li, J. et al. Addressable metasurfaces for dynamic holography and optical 

information encryption. Science Advances 4, eaar6768 (2018). 

[167] Kim, J. et al. Metasurface holography reaching the highest efficiency limit 

in the visible via one-step nanoparticle-embedded-resin printing. Laser 

and Photonics Reviews 16, 2200098 (2022). 

 

  



 

111 

 

CURRICULUM VIATE 

Academic qualifications of the thesis author, Mr. MAO Ningbin: 

- Received the degree of Bachelor of Engineering from Southern University 

of Science and Technology, July 2018. 

 

 

 August 2022 


	MAO Ningbin accptence page
	220826 MAO Ningbin -  Graduation Thesis (for Graduation)

