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Abstract 

Plasmonic metasurfaces provide a novel platform for designing and implementing 

optical functional devices with distinguished advantages of their compactness and 

ultrathin footprint over traditional optical elements. The constituent metallic 

structures, or so-called “meta-atoms” or “meta-molecule” can interact with light 

at a subwavelength scale and introduce local modulations over multiple degrees 

of freedom like amplitude, phase, polarization, etc. The specific functions of the 

devices are then realized by assembling those meta-atoms together to form a planar 

interface with predesigned distributions. In this thesis we mainly studied nonlinear 

plasmonic metasurfaces made of gold meta-atoms for second harmonic 

generations (SHG). These metasurfaces work in the near infrared regime, and 

exhibit spin-controlled nonlinear responses due to the nonlinear geometric 

Pancharatnam-Berry phase-based designs. 

Firstly, a quasicrystal metasurface was demonstrated to modulate the far-field 

second harmonic radiations based on both the local symmetry of the meta-atoms 

and the global symmetry of the lattice those meta-atoms adhere to. Our designs of 

the nonlinear optical quasicrystal metasurfaces are based on the well-known 

Penrose tiling and the newly found bronze-mean hexagonal quasiperiodic tiling. 

The optical diffraction behaviors are studied in both linear and nonlinear regimes 

to reveal the effects of local and global symmetries on the far-field radiations. 

Secondly, a polarization manipulation metasurface was designed to encode a 

grayscale image into the polarization profiles of the generated second harmonic 

waves. We use single meta-atoms to manipulate the polarization directions of the 
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second harmonic waves into predefined directions. With homogenous intensity 

profiles, the vectorial second harmonic beam can encode and decode information 

securely. 

At last, we utilized the state-of-the-art nano-kirigami technology to design 

and fabricate a three-dimensional plasmonic metasurface, which exhibits giant 

nonlinear circular dichroism in second harmonic generations. The second 

harmonic generations from the metasurface is much stronger when pumping by 

right circularly polarized fundamental waves than left circularly polarized ones. 

Broadband near-unity nonlinear circular dichroism was observed and numerical 

models were developed to explain the phenomenon.  

We believe that our works presented in this thesis enriched the study of 

plasmonic metasurfaces in the nonlinear optical regimes, and may be used to 

design novel nonlinear light sources, encryption applications, chiroptical devices, 

etc. 
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Chapter 1 

Introduction 

1.1 From Optical Metamaterials to Optical Metasurfaces 

It looks like mission impossible was achieved when the negative refractive index 

was demonstrated to be true by experiment at the very beginning of this century [1-

3]. Nowadays, after two decades of the development in the study of novel optical 

devices, we find that, in retrospect, it is the paradigm shift from the traditional 

design method to the emergent design of metamaterials that is the most influential 

outcome of the discovery of the fascinating negative index material. Composed by 

unit cells at the subwavelength scale, metamaterials can achieve unprecedented 

functionalities by designing the structure of the unit cell (or so called “meta-atoms” 

or “meta-molecules”), far beyond the limitations cast by the constitution material. 

The study of optical metamaterials at early stage are closely related to the 

study of negative refractive index material. Maxwell’s equations for 

electromagnetism predicted that the light is in essential a form of electromagnetic 

(EM) waves, which is demonstrated by Hertz in 1888, then the study of optics 

turns out to be the study of the interactions between light (EM waves) and matter. 
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It is well-known that the electromagnetic properties of the diversified materials in 

nature can be well described by the electric permittivity ε and the magnetic 

permeability μ. If we catalog different materials in a plane spanned by ε and μ, the 

space will be divided into four quadrants according to the signs of ε and μ, as 

shown in Figure 1.1 [4]. 

 
Figure 1.1 J. B. Pendry, Opt. Express 11, 639 (2003). Parameter space 
of optical materials spanned by ε and μ. No natural occurring materials 
have permeabilities less than zero (μ < 0). [4] 

In the pre-metamaterial age, optical materials are constrained in the upper 

plane with positive permeabilities (μ > 0), among those are dielectrics with 

positive permittivity, and metals with negative permittivity. No naturally 

occurring materials bear negative permeability, although it has been noticed by 

Veselago as early as in 1968, as he pointed out negative refractive index (NRI), 

among other interesting counterintuitive phenomena, may exist when negative ε 

and μ are occurred simultaneously [5]. Veselago’s discovery was long neglected 

until 2000, when artificially designed structure realizing the NRI in microwave [3] 

was successfully demonstrated by combining the electrically and effective 

magnetically resonances of two interleaving structures, as shown in Figure 1.2. 

Since then, the research of artificially designed structures to realize innovative 
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optical functionalities that are impossible for natural materials has become 

hotspot, which are now known as the study of optical metamaterials or photonic 

metamaterials. 

In general, metamaterials consist of structures in a scale much smaller than 

their designed working wavelength, so they can be treated effectively as 

homogenous materials with their optical properties distinguished from their 

constituent materials. The first demonstration of metamaterial exhibiting negative 

refractive index was in microwave, because working at optical frequencies needs 

to shrink the structures into sub-micrometer scale, which will render great 

difficulties for fabrication at that time. In the past two decades, with the increasing 

computation power that makes design and optimization by numerical simulations 

much convenient, and the rapid development in nanotechnologies that makes 

previous deterrent fabrication tasks no longer impossible, the implementation of 

metamaterials in the optical regime has become prosperous, and varies underlying 

mechanisms have been developed as guidance for the design of novel optical 

devices. 

 
Figure 1.2 R. A. Shelby et al. Science 292, 77 (2001). Negative 
refractive index metamaterial in microwaves. [3] 

Figure 1.3 shows several three-dimensional (3D) metamaterials with varies 
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composite materials [6]. Gold and silver are commonly used metals for designing 

photonic metamaterials based on plasmon resonances, other metals like aluminum 

and copper are also used. Dielectric metamaterials are also studied for one obvious 

advantage over plasmonic metamaterials, that is their low loss [7]. The Mie 

scattering theory provide powerful and efficient tools for the design of dielectric 

metamaterials. Hybrid metamaterials based on both metal and dielectric can also 

be seen in the literature. 

 
Figure 1.3 C. M. Soukoulis and M. Wegener, Nat. Photonics 5, 523 
(2011). 3D metamaterials with varies composite materials. [6] 

The fabrication of 3D metamaterials generally involves in complex multistep 

procedure and require harsh alignment conditions for stacking. In addition, the 

relative bulky footprint of the 3D design also makes the optical loss an inevitable 

problem. To attack those problems, metasurfaces, as the two-dimensional (2D) 

counterpart of metamaterials, have emerged as a powerful alternative for designing 

novel photonic devices, enable abundant optical functionalities and hold great 

potentials for applications in integrated optics thanks to their compactness and 

flexibilities of design [8-11]. It is the ability to modulate light at the interface with 

abundant degrees of freedom that metasurfaces can outperform traditional bulky 
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optical components in many aspects. 

In the past years, photonic metasurfaces have been extensively explored in 

areas ranging from planar lens [12-15] to optical holography [16-18] and so on. 

Apart from the practical applications of metasurfaces, novel optical physics, to 

name a few, optical geometric Pancharatnam-Berry (P-B) phase [19-21], 

generalized Snell’s law [8], spin-orbit interaction [22-25], quantum information 

processing [26-28] and so on, also attract extensive attentions. We shall review the 

progress on photonic metasurfaces from the wavefront shaping point of view in 

the next section. Some mechanism underlying the designs, such as geometric and 

resonant phase, and a lot of applications are discussed in detail. 

1.2 Linear Photonic Metasurfaces 

1.2.1 Linear Phase Control Method by Photonic Metasurfaces 

In the context of linear optics, how to elaborately order the meta-atoms in 

metasurfaces is important for realizing specific optical functions such as focusing, 

beam-splitting, generation of optical vortex, etc. A typical work marked the onset 

of metasurfaces was published in 2011, when Yu et. al. [8] used a layer of ultrathin 

gold antennae on a silicon wafer to demonstrate experimentally the generalized 

the Snell’s law, which can describe the behaviors of light propagation after passing 

through metasurfaces. An abrupt phase change and hence a phase gradient can be 

imparted to the light wave by engineered nano-resonators, as shown in Figure 1.4. 
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Figure 1.4 N. Yu et al. Science 334, 333 (2011). Generalized Snell’s law 
with application in metasurfaces. An abrupt phase change Φ can be 
imparted to the incident wave at the interface by the subwavelength 
scale V-shaped nano-resonators. More importantly, the phase imparted 
can be varied by different shapes of the nano-resonator, therefore 
introduce a phase gradient that can alter the traditional Snell’s law at the 
interface and manipulate the light propagation at will. [8] 

The abrupt phase change across the metasurfaces in Figure 1.4 is realized by 

the resonant phase difference induced by various shapes of the nano resonators, so 

a database listing all the geometric parameters of resonators should be built before 

designing the desired devices. However, such a step often involves complex 

exploring process and costs time-consuming simulations, although artificial 

intelligence is promising in recent years for better optimization. A simpler method 

to realize continuous control of the phase change at the interface of metasurfaces 

have enabled more convenient method for the design process. 

The geometric Pancharatnam-Berry phase (or P-B phase in abbreviation), 

was proposed by Sir Michael Berry [20] in quantum systems in 1984, and then 

found its optical analogue date back to Pancharatnam’s work [19, 29] in 1856. 

Experimental utilization of Pancharatnam-Berry phase to design optical diffractive 

elements using subwavelength gratings [21, 30] were demonstrated in 2002 and 

2003 by the same Israel group.  
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Figure 1.5 E. Hasman et al. Appl. Phys. Lett. 82, 328 (2003). 
Experimental demonstration of linear Pancharatnam-Berry phase 
diffractive optical elements based on orientation distributed 
subwavelength gratings. A polarization dependent focusing or diverging 
Fresnel lens was fabricated for infrared radiation at wavelength 10.6 
µm. [30]  

When the concept of photonic metasurface emerged as a novel platform to 

achieve optical functionalities, the optical P-B phase rapidly acquired intense 

research attention for its elegance and dispersion-less property. As shown in Figure 

1.6, P-B phase-controlled resonators can continuously tune the phase change 

imparted to the circularly polarized incident light by simply changing the 

orientation of the metal antennas, with the handedness of the circular polarization 

state also flipped [31]. Thus, the resonator can be effectively treated like a 

subwavelength half waveplate, with its fast axis aligned to the long axis of the 

antenna. By applying the P-B phase, design of phase-modulated optical 

components can be simplified as one-step mapping process from the required 

phase distribution to the spatial distribution of the resonators in the metasurface. 
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Figure 1.6 N. M. Litchinitser, Science 352, 1177 (2016). Linear 
geometric P-B phase implemented by the meta-atom of a 
metal/insulator/metal (MIM) sandwiched resonator. The metal nanorod 
exhibits strong birefringence and acts like a local waveplate with 
rotatable fast axis. Well deigned nanorod can function as a perfect half-
wave plate and transform a circularly polarized incident light completely 
to its opposite handednes, and simultaneously impart a geometric P-B 
phase dependent on the orientation of the fast axis of the nanorod. [31]   

Although phase-modulated optical components have rich potentials for 

applications, complete control over the amplitude, phase and polarization of the 

light wave is long desired, and combinations of resonant phase and geometric P-

B phase can be used to reach this goal [18], as shown in Figure 1.7. 

 
Figure 1.7 A. Arbabi et al. Nat. Nanotechnol. 10, 937 (2015). Complete 
polarization and phase control metasurface realized by combining the 
resonant phase and geometric P-B phase. Both sizes and orientations of 
the amorphous silicon nano-posts are varied to achieve designer 
polarization and phase distribution in the output light. [18] 
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1.2.2 Applications of Linear Photonic Metasurfaces 

Lenses are the most commonly used elements in optics. Ultrathin metalens 

well show the advantages of metasurface-based devices over traditional optical 

elements, which rely on the accumulated propagation phase differences to realize 

focusing or diverging functions. Typical traditional lenses usually are bulky in 

volume, demand precise fabrication of complicated curved interfaces, rely on 

compound optical materials or additional coating technologies to improve their 

functionalities. Metalens are planar, ultrathin, easy to fabricate, adaptable to 

diversified functionalities, compact for integration, in comparison. The first 

experimental realization of metalens at visible wavelength can date back to 

2012 [12]. Since then the research on metalens have emerged and prospered, 

especially by the work of Prof. Federico Capasso’s group that pushed metalens at 

visible wavelength to be capable of realizing diffraction-limited focusing and 

subwavelength resolution imaging [13], as shown in Figure 1.8. Other imaging 

devices that greatly advance the research front of metasurfaces are also widely 

explored, such as metasurface retroreflectors [32], broadband achromatic 

metalens [14, 33-36], phase gradient microscopy [37], metalens with high 

numerical apertures [38, 39], metalens array for full-color light-field imaging [40], 

and so on. Most metalenses are working in the transmission mode, in which the 

efficiency and the unconverted residue light can degrade the functionalities of the 

device. A way to address this issue is by adapting the traditional Cassegrain-type 

optical configurations to using two reflective planar metasurface to form a 

transmissive Schwarzschild objectives [41]. There are also fascinating 

applications of metasurfaces such as machine-learning reprogrammable 

metasurface imager [42] and metalens for augmented reality [43], as shown in 
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Figure 1.9. 

 
Figure 1.8 M. Khorasaninejad et al. Science 352, 1190 (2016). Metalens 
at visible wavelengths. The device is based on geometric P-B phase as 
the size and shape of each nano-fin are identical to each other and the 
desired phase distribution is achieved by rotate the nanofins to different 
angles at each point. [13] 

 
Figure 1.9 G.-Y. Lee et al. Nat. Commun. 9, 4562 (2018). Metasurface 
eyepiece for augmented reality. A nanoimprinted large-area see-through 
metalens was used in a prototype of a augmented reality (AR) device for 
full-color display.  [43] 

Display technologies including structural color and optical holography are 

also fields where metasurfaces can play important roles [44-47]. Structural color 

is a color technology that relies on the interaction between light with artificial 

plasmonic or dielectric meta-atoms instead of the real atoms or molecules to 

present specific colors.  Structural colors have advantages such as high-

brightness, high-purity, high-saturation, high-resolution, large-gamut, long-lasting, 
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etc., therefore have attracted extensive research attentions [48-50].   

Holography is a method invented by Dennis Gabor initially to improve the 

performance of electron microscopy and then find more general usage in 

optics [51, 52]. An optical hologram is a media that can record both the amplitude 

and phase information of a light beam. Holograms at early period are basically 

produced by the interference effect between a reference light beam and an 

information-carrying beam, and the recorded interference pattern can then be used 

to reconstruct the previous information-carrying light beam with the reference 

beam illuminated at the same condition as when the hologram is generated. 

Essentially holography is a wavefront shaping technology since it is dealing with 

the recording and recovering of a light wave with as much as possible the 

information to preserve. One milestone marked the development of holography is 

the emergence of computer-generated hologram, which utilizes numerical 

algorithms to generated holographic patterns of a targeted image and then transfer 

it to a holographic plate. Such a design method gives great freedom to exploit the 

advantages of holography with other novel optical materials such as optical 

metasurfaces, since multiple degrees of freedom of target light field can 

conveniently enter into the algorithms and meta-atoms of metasurfaces can 

provide straightforward implementations of the generated holographic pattern. It 

is not surprising that metasurface holograms can further extend the degrees of 

freedom that can be manipulated. Colorful [53-55], three-dimensional [16], 

broadband [56-58], high-resolution grayscale [59], vectorial polarization 

encrypted [54, 60, 61], spin-dependent [62, 63], orbital angular momentum 

multiplexed [64, 65], reconfigurable [66] metasurface holograms, and so on have 

been proposed and realized. High efficient metasurface hologram with diffraction 
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efficiency reach above 80% has been experimentally demonstrated [17], as shown 

in Figure 1.10. Three dimensional metasurface holograms that obtain full control 

over the vector field components are also realized by the virtue of machine 

learning inverse design method [67].  

 
Figure 1.10 G. Zheng et al. Nat. Nanotechnol. 10, 308 (2015). High-
efficient metasurface holograms. The diffraction efficiency of the 
reflective plasmonic metasurface hologram can reach 80%.  [17] 

Other applications based on metasurfaces are also widely studied, such as 

vortex beam generation [8, 25, 68-70], arbitrary spin-to-orbital angular 

momentum conversion [71], nanoscale polarimetry [72-76]. The compact 

footprint and flexibility for multiplexing functionalities gifted metasurfaces great 

advantages over traditional bulky optical components and hold promising future 

for all-optical devices. 

1.3 Nonlinear Photonic Metasurfaces 

“Physics would be dull and life most unfulfilling if all physical phenomena 

around us were linear. Fortunately, we are living in a nonlinear world.” [77] As 

pointed out by Dr. Y. R. Shen in his book The Principles of Nonlinear Optics, 

nonlinear optics is one of the most important branches in the field of optics. 
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Recently, the research of optical metasurface also goes into nonlinear optical 

regime [78-80].  

A pioneer work in the field of nonlinear metasurface is a study of the second 

harmonic generation from plasmonic split ring resonators (SRRs) [81], as shown 

in Figure 1.11. Since then extensive efforts have been paid to the theoretical and 

numerical methods to study the nonlinear metasurfaces as well as to 

experimentally discover other meta-atoms that exhibit strong nonlinear 

response [82-88].  

 
Figure 1.11 M. W. Klein et al. Science 313, 502 (2006). Plasmonic split 
ring resonators (SRRs) for second harmonic generation (SHG). Proper 
design of the geometric parameters hence the linear resonances of the 
SRR can yield strong SHG signal. When the fundamental wave is 
linearly polarized perpendicular to the arms of SRR, the SHG signal is 
polarized along the arms of it. [81] 

As shown in Figure 1.12, strong localization of electromagnetic waves in 

vicinity of the metasurface can be used to boost the efficiency of SHG [89-92], 

third harmonic generation (THG) [93, 94] and four-wave mixing (FWM) [89, 95-

97], etc. In addition, the active medium that forms the plasmonic [97, 98], metal-

dielectric hybrid [89, 95, 96], or dielectric [97, 98] meta-atoms are also important 

for certain nonlinear optical processes. Novel materials such as epsilon-near-zero 

materials and mechanisms such bound states in the continuum and so on are also 
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explored in nonlinear metasurfaces [88, 99-101].  

 
Figure 1.12 M. Celebrano et al. Nat. Nanotechnol. 10, 412 (2015) & H. 
Aouani et. al., Nat. Nanotechnol. 9, 290 (2014). Plasmonic enhancement 
of nonlinear process in metasurfaces. [91, 94] 

As in linear metasurfaces, the key issues in nonlinear metasurface mainly 

involve how to control the amplitude, phase and polarization of light in nonlinear 

optical processes. In 2015, binary phase modulation (0 and π) of the SHG is 

demonstrated by flipped SRRs [90], as shown in Figure 1.13. 

 
Figure 1.13 N. Segal et. al. Nat. Photonics 9, 180 (2015). Diffractive 
nonlinear optical device with binary phase modulation for second 
harmonic generation. Flipped SRRs are arranged periodically to form a 
metasurface grating that can divert second harmonic waves with 
different circular polarization states into different diffractive 
orders. [90]. 

There has also been strong interests to locally control the phase of nonlinear 

waves by using electric polling method, but only until recently, they can be 

continuously manipulated with the help of nonlinear geometric P-B phase of meta-
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atoms [80, 96, 102]. Apart from this, the nonlinear polarizations can also be well 

controlled by the local symmetry of meta-atom and the polarization of 

fundamental wave (FW). When meta-atoms that respecting certain local rotational 

symmetry was normally pumped by circularly polarized light, the allowed orders 

of the nonlinear harmonic generation must fulfill the selective rules casted by both 

the rotational symmetry of the meta-atoms and the spin chirality of the FW, so as 

the spin chirality of nonlinear signal waves and the nonlinear P-B phase imparted 

to the output waves [80]. Figure 1.14 shows two nanostructures that of C2 and C4 

rotational symmetries from which third harmonic generation is allowed. While 

both same and opposite circular polarizations of the fundamental wave can be 

produced from the C2 meta-atoms, only opposite polarization are allowed for C4 

meta-atoms. The nonlinear P-B phase are dependent on the circular states of the 

generated nonlinear wave and the rotational angle of the meta-atoms. 

 
Figure 1.14 G. Li et al. Nat. Mater. 14, 607 (2015). Nonlinear P-B phase 
controlled meta-atoms allowed for third harmonic generation and their 
corresponding nonlinear P-B phase as a function of the rotational angle 
of the meta-atoms. [80] 

With the ability to continuously control the nonlinear P-B phase, it has been 

verified that nonlinear optical metasurfaces has many applications in fields such 
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as imaging [103], optical image encryption [104], simultaneous control of 

nonlinear spin and orbital angular momentum [102], and holography and so on. 

The nonlinear geometric phase controlled plasmonic metasurface (gold) can also 

be combined with monolayer 2D materials (tungsten disulfide, WS2) to divert 

spin-valley-dependent SHG signals into different directions, which may facilitate 

the advancement of valleytronic nanodevices [105]. 

 
Figure 1.15 G. Li et al. Nano Lett. 17, 7974 (2017) & F. Walter, et al. 
Nano Lett. 17, 3171 (2017). Applications of nonlinear P-B phase 
controlled metasurfaces. Both works utilized the nanostructure of C3 
rotational symmetry for the wavefront shaping of second harmonic 
generation. Metasurfaces for nonlinear vortex generation and image 
hiding are demonstrated.  [102, 104]. 

1.4 Our Work and Thesis Outline 

In our works, we concentrate on extending the applications of nonlinear optical 

metasurfaces for second harmonic generations on the near infrared regime. We use 

gold metallic nanostructures of C3 rotational symmetry as meta-atoms to construct 

the metasurfaces. Nonlinear quasicrystalline metasurfaces, polarization encoding 

metasurfaces and chiral three-dimensional metasurfaces are presented to realize 

novel optical functions in the ultrathin platform. 
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In Chapter 2 we introduce the design principles and the overall research 

methodologies for our studies. We derived the symmetry selection rule for 

harmonic generations, discussed the linear P-B phase and it generalization into the 

nonlinear regime. The fabrication method is briefly introduced and the 

experimental optical characterization methods for the fabricated metasurfaces are 

given. 

In Chapter 3 we studied the nonlinear optical quasicrystal metasurface. While 

the effects of local symmetries of the meta-atoms on the nonlinear response of the 

metasurfaces have been well studied, we found from Penrose-type and newly 

proposed bronze-mean hexagonal quasiperiodic-type metasurfaces that global 

symmetries of the metasurfaces pertaining to the lattice configurations of the meta-

atoms will also affect the nonlinear far-field radiation behaviors of the 

metasurfaces. 

In Chapter 4 we proposed a method to utilizing ultrathin plasmonic 

metasurface to encoding a grayscale image into the polarization profiles of the 

generated second harmonic beams. Such a method provides a new degree of 

freedom of information encryption and holds potential for high-end security 

applications. 

In Chapter 5 we used nano-kirigami technique to implement a three-

dimensional metasurface exhibits giant nonlinear circular dichroism in second 

harmonic generations. The method overcomes the fabrication complexities of 

traditional 3D designs and the in-plane mirror symmetry restrictions on chirality 

of 2D designs, which may provide a novel platform for realizing various nonlinear 

optical functionalities at the nanoscale.
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Chapter 2 

Design Principles and Research 

Methodologies 

2.1 Selection Rule and Geometric Phase in Nonlinear Optics 

The study of selective rules in harmonic generations can date back to 1972 [106]. 

In the model of a classical anharmonic oscillator, the inversion symmetry of a 

nonlinear medium will cast a centrosymmetric potential to the oscillator and the 

lowest-order nonlinearity that can occur will be the third-order nonlinear 

susceptibility. When the pumping fundamental wave is circularly polarized, a 

simpler way to derive the selection rules is by considering both the conservation 

laws of energy and of angular momenta during the nonlinear process. 

As we know, a photon with an angular frequency of ω has an energy of 

amount ℏω. And a circularly polarized light is a pure assemble of photons each of 

them carries a spin angular momentum equals to σℏ, where σ = ±1 corresponding 

to the left- or right-handedness of the circular polarization. For a nonlinear 

harmonic generation process, multiple photons will be destroyed and a new photon 
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with higher energy will be created. If n photons of frequency ω are destroyed, by 

the conservation law of energy, the emerged photon from the nonlinear process 

will has an energy of ℏnω. That is, the nth harmonic generation occurs. Moreover, 

if the light is propagating along a symmetry axis about which the medium is of m-

fold rotational symmetry, then an angular momentum equals multiple times of mℏ 

could be imparted to the emerged photon. Assuming the spin angular momentum 

of each fundamental photon is σℏ and of the generated harmonic photon σʹℏ, the 

conservation law of angular momentum requires that 

 mn pσ σ+ = ′   ,  (2.1) 

where p is a positive or negative integer. Eq. (2.1) depicts the harmonic symmetry 

selection rule for circularly polarized pumping fundamental wave when it 

propagating along the rotational symmetry axis of an nonlinear medium, which 

can be simplified as 

 
1, if 
1, if 

pm
pm

n pm
σ σ

σσ
σ σ

+ ′ = +
′ =  − ′ =

=
−

+


.  (2.2) 

Eq. (2.2) explicitly shows that, for a medium of m-fold rotational symmetry, 

the allowed spin-same harmonic generations are of the orders of pm + 1, and the 

allowed spin-flipped harmonic generations are of the orders of pm – 1. Harmonic 

generations of the order not fulfilling Eq. (2.2) will be forbidden by the symmetry 

selection rule. Take a crystal of three-fold rotational symmetry, according to the 

selection rule, the allowed harmonic generations are the fourth, the seventh, the 

tenth and so on when the nonlinear harmonic waves are of the same circular 

polarization of the fundamental wave, and when the harmonic waves are of the 
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opposite circular polarization of the fundamental waves, the allowed orders of the 

harmonic generations are the third, the sixth, the nineth, etc. 

The symmetry selection rule of Eq. (2.2) has been demonstrated both in 

traditional bulk nonlinear media and in the emerged regime of nonlinear 

metasurfaces. While in traditional materials the symmetry stems from arrangement 

of the constituent atoms or molecule, the symmetry of the metamaterials or 

metasurfaces are decided by the shapes of the meta-atoms that forms the 

metamaterials or metasurfaces. Table 2-1 shows the allowed and prohibited orders 

of nonlinear harmonic generations for commonly seen structure symmetries (C1, 

C2, C3, and C4), where the corresponding spin handedness of the nonlinear waves 

respecting to the fundamental wave are also addressed. 

Table 2-1 Symmetry selection rules for nonlinear harmonic generation 

as manifested in multiple structure symmetries. C1-C4 represent the 

one-, two-, three- and four-fold rotational symmetries a nanostructure 

may process, and n means the order of the harmonic generation. σ and 

σʹ are the spin states of fundamental and harmonic waves, respectively. 

 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 

C1 
σʹ = σ √ √ √ √ √ √ √ √ 
σʹ = –σ √ √ √ √ √ √ √ √ 

C2 
σʹ = σ − √ − √ − √ − √ 
σʹ = –σ − √ − √ − √ − √ 

C3 
σʹ = σ − − √ − − √ − − 
σʹ = –σ √ − − √ − − √ − 

C4 
σʹ = σ − − − √ − − − √ 
σʹ = –σ − √ − − − √ − − 
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Table 2-1 can be served as a design reference for desired nonlinear responses. 

The other powerful advantage of metasurfaces is their capability to shape the 

wavefront of the incident wave or the newly generated nonlinear signal wave, 

among those geometric P-B phase, as mentioned in Chapter 1, is one of the most 

convenient method to modulate the phase of light wave. Other degrees of freedom 

to control the light waves, such as amplitude and polarization, can also be achieved 

by synthesizing the P-B phase and other effects like wave superposition and 

interferences, etc. Here we shall introduce linear P-B phase by playing with Jones 

vectors for light waves and Jones matrices for optical elements (i.e. the method of 

Jones calculus). The nonlinear P-B phase in harmonic generations shall follow. 

Jones vectors can represent the full polarization states of polarized light 

waves. In the Cartesian system, the polarization states of a circularly polarized 

light beam can be denoted as 

 
2

1
=

i
1x

y

E
Eσ σ

   
=    

  
c ,  (2.3) 

where σ = ±1 corresponding to the left- or right-handedness of the circular 

polarization. Any polarized light wave, linearly or elliptically polarized (with 

circularly polarized a special case), can be decomposed and represented as linear 

combination of cσ. 

Jones matrices use 2×2 matrices to represent the functions of linear optical 

elements. A meta-atom (typically a plasmonic nanorod in linear optical 

metasurfaces) can be effectively treated as a birefringent waveplate, whose Jones 

matrix is 
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= −  

  
RM R ,  (2.4) 

where ϕx and ϕy are phase shifts imposed to the light when it propagate along the 

fast and slow axes which are rotated by an angle θ in respect to the reference 

coordinate system, and the two-dimensional rotation matrix R(θ) is given by 

 
cos sin

( )
sin cos

θ θ
θ

θ θ
 

=  − 
R .  (2.5) 

Consider a circularly polarized plane wave cσ passing through the meta-atom, 

the output wave is obtained as 

 out ( ) σθ=E M c .  (2.6) 

Inject Eq. (2.3)-(2.5) into Eq. (2.6), and rewrite it in the circular basis, one can get 

 /2 2ii
out cos ei se in

2 2
σθ

σ σ
Φ

−

∆ ∆ 
 = +
 

E c c ,  (2.7) 

where Φ = (ϕx + ϕy)/2 is the dynamic phase due to the propagation of light in the 

medium, and Δ = (ϕx – ϕy)/2 is the phase difference stems from the birefringence 

of the medium. Form Eq. (2.7) we can know that the output wave consists two 

parts, one with the same circular polarization to the incident wave, and the other 

with the opposite circular polarization to the incident wave, and that their shares 

on the total output wave are dependent solely on the phase difference Δ. A 

metasurface composed of half-wave plate-like meta-atoms, i.e., Δ = π, can convert 

the incident circularly polarized beam totally into its opposite circular polarization. 

More importantly, if the orientations of the fast axes of the meta-atoms have a 
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spatial profile, such as θ(x,y) in the metasurface plane, then the output wave will 

be modulated to have a phase profile ϕ(x,y) = 2σθ(x,y), as shown in Eq. (2.7) the 

factor e2iσθ. Such a phase modulation is purely due to the rotation of the 

birefringent meta-atom. While the half-wave plate-like property decisively makes 

the final polarization states of the transformation process the same, specifically the 

opposite circular polarization to that of the incident wave, different rotation angles 

alter the paths token by the transformation processes when represented on the 

surface of a Poincare sphere, and the trajectories of the two processes enclose a 

surface area spanning a solid angle Ω = 4θ. Due to the spin-1/2 property of photons, 

a Berry phase difference of eΩ/2 would emerge between the two same output states. 

What we stated above is exactly what Pancharatnam found from experiments 

and is within the theoretical framework discovered by Berry. That is why the phase 

e2iσθ in Eq. (2.7) is named after them jointly to be Pancharatnam-Berry phase. 

Linear P-B phase in optical metasurfaces has been proved to be a powerful 

tool for designing functional metasurfaces. Therefore, it is of critical importance 

to find its counterpart in nonlinear optical metasurfaces. It is lucky that nonlinear 

P-B phase do exist, as derived as follows [96]. 

Here we consider the incident fundamental wave with circular polarization 

state σ propagating along the z direction, its electric field can be denoted as 

  0Eσ
σ=E c ,  (2.8) 

where 0E  is the complex amplitude and cσ is the circular basis defined in Eq. (2.3). 

The plasmonic or dielectric nanostructure, which features subwavelength scale in 

size, can be excited by Eσ, and the field greatly enhanced near the vicinity of the 
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structure. Then the structure can be treated effectively like a nonlinear dipole 

moment:    

 ( )n nω σ
θ θα=p E

,  (2.9) 

where ω is the angular frequency of the fundamental wave and n is the order of 

harmonic generation of interest. θα


 is the nth harmonic nonlinear polarizability 

tensor of the nanostructure with an angle θ between its orientation and the 

laboratory frame. To simplify the derivation, we first convert Eq. (2.8) into the 

local coordinate system of the nanostructure: 

 i
L ( ) eσ σ σ σθθ= =E R E E ,  (2.10) 

where R(θ) is the rotation matrix as definition in Eq. (2.5), and the subscript L 

denotes the local coordinate frame. Hence Eq. (2.9) can be simplified as 

 i
,L 0 L 0( ) ( ) en n n nω σ σ σθ

θ α α= =p E E  ,  (2.11) 

where 0α


 is the simplified θα


 as is in the local coordinate frame. From Eq. (2.11) 

we find that the nonlinear dipole moment is proportional to einσθ. While the 

direction and intensity of ,L
nω
θp  may be complicated, it is independent on θ and we 

can decompose ,L
nω
θp   into two in-plane rotating dipoles, namely a 

counterclockwise rotating dipole and a clockwise rotating dipole, which can also 

be characterized by σ and −σ. Therefore,  

 ,L ,L, ,L,
n n nω ω ω
θ θ σ θ σ−= +p p p ,  (2.12) 

and both ,L,
nω
θ σp  and ,L,

nω
θ σ−p  are proportional to einσθ. After transforming back to 
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the laboratory frame, the two rotating dipole moments are  

 i i( )
, ,L, ,L,

1( ) e en n n nω ω σθ ω σθ
θ σ θ σ θ σθ − −∝= − =p R p p ,  (2.13) 

 i i( )
, , L,

1
L, ,( ) e en n n nω ω σθ ω σθ

θ σ θ σ θ σθ +
− − −= − = ∝p R p p ,  (2.14) 

Therefore, the nonlinear polarizability of the nanostructure can be expressed as 
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=
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= −
−

.  (2.15) 

Eq. (2.15) gives the nonlinear geometric phase in the nth harmonic generation. 

When the pumping fundamental wave is of circular polarization σ, the nth 

harmonic generation of the same and the opposite circular polarization will acquire 

a geometric phase equals to (n − 1)σθ and (n + 1)σθ, respectively. However, the 

derivation above has not considered the symmetry selection rule of the harmonic 

generation as discussed in the beginning of this section. By considering together 

Eq. (2.2) and Eq. (2.15), one can predict the allowed order of harmonic 

generations, the relation between the spin states of the fundamental wave and 

harmonic waves, and the imported nonlinear geometric phase to the harmonic 

waves when the nanostructures are rotated. Assuming that the meta-atom is rotated 

by an angle θ in respect to the laboratory coordinate system, one can upgrade Table 

2-1 to include the geometric phase effects, as shown in Table 2-2.   
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Table 2-2 Nonlinear geometric Berry phase in harmonic generations. 

Assuming the fundamental wave is of circular polarization σ and the 

angle between the rotated nanostructure and the laboratory frame equals 

to θ. Orders of harmonic generation up to nine are given.  

 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 

C1 σʹ = σ σθ 2σθ 3σθ 4σθ 5σθ 6σθ 7σθ 8σθ 
σʹ = –σ 3σθ 4σθ 5σθ 6σθ 7σθ 8σθ 9σθ 10σθ 

C2 σʹ = σ − 2σθ − 4σθ − 6σθ − 8σθ 
σʹ = –σ − 4σθ − 6σθ − 8σθ − 10σθ 

C3 σʹ = σ − − 3σθ − − 6σθ − − 
σʹ = –σ 3σθ − − 6σθ − − 9σθ − 

C4 σʹ = σ − − − 4σθ − − − 8σθ 
σʹ = –σ − 4σθ − − − 8σθ − − 

 

Nonlinear geometric Berry phase offers convenient and continuous control 

of the nonlinearity phase over the full range from 0 to 2π for harmonic generation 

waves. Geometric phase-controlled nonlinear photonic metasurfaces with 

functions of beam shaping, holography, optical switching and modulation in 

second harmonic generation and four wave mixing, etc. have been demonstrated, 

proved its capability to serve as a versatile platform for novel nonlinear optical 

devices. 

In our study, the second harmonic generation from metasurfaces is of the 

interest. Hence the meta-atoms with C3 rotational symmetry are used for sample 

designs. As shown in Figure 2.1, for a nanostructure with C3 rotational symmetry, 

when the pumping incident wave is circularly polarized, the second harmonic 

wave with opposite circular polarization is selectively produced, and the abrupt 

nonlinear geometric phase of 3σθ will introduced into the harmonic wave. Further 

design and optimization of the length and width of the three arms of the C3 
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nanostructure hence its resonant behaviors can be realized by using numerical 

simulation software before implementing sample fabrication. 

   
Figure 2.1 Nonlinear properties of a plasmonic nanostructure with C3 
rotational symmetry. The second harmonic generations with circular 
polarization opposite to that of fundamental wave is selectively 
produced, and a structure orientation dependent abrupt geometric Berry 
phase of 3σθ will introduced into the harmonic wave. 

2.2 Nanofabrication Method 

The fabrication of planar nonlinear plasmonic metasurfaces consists of gold meta-

atoms can follow a standard electron beam lithography (EBL) technique, as shown 

in Figure 2.2. There are three steps in overall process. 

(i) A thin positive electron resist layer is prepared on a cleaned ITO glass 

substrate using spin-coating, and then baked. 

(ii) The designed patterns of metasurfaces are transferred to the prepared 

electron resist layer using a standard EBL process, and then developed. 

(iii) A gold layer with desired thickness is deposited onto the patterned 

electron resist layer using an electron beam evaporator and forms the 
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plasmonic metasurfaces after a lift-off process. 

The optical ellipsometry can be used to measure the refractive indices and the 

thicknesses of the multilayered structure during the fabrication. The scanning 

electron microscopy (SEM) can be used to characterize the qualities of the 

fabricated samples. 

 
Figure 2.2 Illustration of the fabrication processes of a plasmonic 
metasurface. The metasurface pattern is written on the positive electron 
resist layer using electron beam lithography (EBL), and then deposit a 
layer of gold by using electron evaporation method. After a lift-off 
process the metasurface is obtained. 

The electron beam evaporation method can deposit a film of metal or 

dielectric on top of the cleaned substrate or EBL processed resist layer. The 

deposited materials can be gold, silver, chromium, aluminum, silicon, silica, etc. 

Silver and aluminum are easy to be oxidized, therefore in realistic applications it 

is common to encapsulate the film with an additional thin protection layer. In this 

thesis we used gold for its superior plasmonic properties and prominent surface 

nonlinear susceptibilities, which are suitable for nonlinear applications.  

2.3 Optical Characterization 

Our fabricated samples are characterized experimentally for their linear and 
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nonlinear optical properties. 

For linear optical characterization, the transmission spectra of metasurfaces 

can be measured by a home-made setup as shown in Figure 2.3. A broad band 

white light serves as light source. After passing through polarizer P1, the polarized 

white light is focused by an objective lens (L1) on the sample. The transmitted 

light is collected by another objective lens (L2) and then coupled to a fiber 

spectrometer (Ocean Optics) after passing through an analyzer P2. P1 and P2 are 

a pair of polarizers which can be configured into different schemes according to 

the polarization conversions that are interested in specific studies. They can be a 

pair of linear polarizers to measure the optical activity, or a pair of circular 

polarizers each of which consists a linear polarizer and a quarter waveplate to 

measure the circular dichroism. A CCD camera was placed in the switching optical 

path for monitoring. The transmission spectra of light passing through the 

transparent substrate of the measured sample are recorded and serve as reference 

spectra. 

 
Figure 2.3 Experimental setup for linear transmission measurement. 
Two objective lenses (L1 and L2) form a confocal system to focus light 
onto the sample and collect the transmitted light from it. Lens L3 
couples collected light into a fiber connected to a spectrometer. P1 and 
P2 are pair of polarizers that can be selected to be linear polarizers or 
combined with quarter waveplates to be circular polarizers. A mirror 
(M1) is mounted on a flip mount adapter to create a switching optical 
path for monitoring using a CCD camera.   
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For the measurement of the nonlinear second harmonic generations, strong 

electric fields of the pumping fundamental wave are important since the nonlinear 

effects can only be manifested with strong excitation. Therefore, an experimental 

setup exploiting the strong field of pulsed laser is utilized to measure the nonlinear 

optical properties of metasurfaces. As shown in Figure 2.4, a femtosecond-laser 

pumped optical parametric oscillator (pumping wavelength: 820 nm; repetition 

frequency: 80 MHz) is used to pump the metasurfaces. The central wavelength of 

the OPO output pulsed laser can be tuned from 1000 nm to 1600 nm. The circularly 

polarized femtosecond FW, with its intensity adjustable by a half-wave plate and 

monitored by a removable power meter (Thorlabs), is focused onto the 

metasurfaces with a spot size of ~ 20 µm in diameter. A pair of circular polarizers 

are used to select the four combinations of spin states of FW and SHG waves. 

After filtering out the FW by a short pass filter, the nonlinear signal will be coupled 

into a spectroscopy (Andor Shamrock 500i) and eventually be recorded by an 

Electron Multiplying Charge Couple Device (EMCCD, Andor Newton). 

  
Figure 2.4 The Experimental Setup for measurement of SHG responses 
of metasurfaces. A circularly polarized femtosecond laser source at 
near-infrared wavelengths is normal incident onto the metasurface. The 
SHG waves in the transmission direction are collected by an objective 
lens and finally recorded by using a spectrometer. ωF: angular frequency 
of fundamental wave; HWP: half-wave plate; P1 and P2: linear 
polarizers; QWP: quarter-wave plate; L1 and L2: objective lenses; DM: 
dichroic mirror; BB: beam blocker; F: short-pass color filter; L3: lenses.
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Chapter 3 

Nonlinear Optical Quasicrystal 

Metasurface 

3.1 Introduction 

When looking back to the development of the metasurfaces devices, it is easy to 

find that though the design of the meta-atoms may vary in their materials, 

structures, shapes and sizes, etc., the distributions of those meta-atoms are always 

regular. Most of them are distributed in periodic ways like to be arranged into 

square, rectangular, or hexagonal lattices, when single proof of concept is the main 

subject. Others may be adapted to some highly engineered complicated 

distributions to realize specific optical functionalities. It should be noted that some 

researchers have well observed that the transitions from ordered distributions of 

meta-atoms, to quasicrystalline or random ones may induce innovative physical 

phenomena, for instance symmetry-induced isotopy [107], spin Hall effect [108], 

etc., but those studies are mainly in the linear regime. 
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In this chapter we demonstrate a nonlinear optical quasicrystal metasurface 

(NOQCM) working in the second harmonic generation process (Figure 3.1). Our 

motivation arises from the idea to examine the effect of the global symmetry 

decided by the quasiperiodic distributions of the plasmonic meta-atoms to the 

nonlinear response of the device, given that the effects of local symmetries of the 

meta-atoms themselves have been well understood.  

 
Figure 3.1 Demonstrations and designs of nonlinear optical quasicrystal 
metasurfaces (NOQCMs) consisting of plasmonic meta-atoms with C3 
rotational symmetry. 

We first give the detailed design principles and methods of the quasicrystal 

metasurfaces. As we fabricated the samples, the morphological SEM images are 

given. We then present the linear and nonlinear optical experiments of the 

fabricated samples and develop a theoretical model that can obtain consistent 

predictions with the experimental results, which also helps to explain those results. 

Our work reveals that the global symmetry of the metasurface does affect the 

overall nonlinear responses and it may be harnessed to design novel optical 

devices or nonlinear sources. 

3.2 Design of the Nonlinear Quasicrystal Metasurfaces 

The design of metasurface can be divided into two part: one is concerning the 

materials, shapes and geometric parameters of the meta-atoms that consisting the 
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metasurfaces, the other is about the distributions of those meta-atoms when 

assembled into a device. The former is an issue in local symmetry, while the latter 

will affect the global symmetry of the device. As out subject is to study the second 

harmonic generation, the meta-atom with C3 symmetry will make good candidate. 

Then the key issue remains will be the distribution, or in other words, the lattice 

on which the device is based. 

3.2.1 Construction of the Quasiperiodic Lattices 

Before the quasicrystal was discovered, the discussions on crystals are restricted 

to the periodic lattices that obey the translation symmetry, which simultaneously 

exhibit long-range order and short-range order. The crystallographic restriction 

theorem points out that the possible rotational symmetry of a periodic crystal is 

strictly limited to two-, three-, four- and six-fold [109]. The discovery of ten-fold 

X-ray diffraction pattern in 1982 [110, 111] and the subsequent introduction of the 

concept of quasicrystal completely revolutionized the definition of crystal. Since 

then quite a lot of quasicrystal designs, which are non-periodic but exhibit long-

range order and no short-range order, were proposed and experimentally 

demonstrated. Among those the Penrose tiling, which has a five-fold rotational 

symmetry, is the most well-know one. The gold mean ratio, which equals to 

(1 25) /+ , repeatedly appears in the Penrose tiling. It is found that the gold mean 

ratio is closely related to the Fibonacci sequence generated by a simple substitution 

rule [112]. The Fibonacci sequence fundamentally underpins the construction of 

Penrose tilling. And it is the substitution rule that leads to the appearance of the 

gold ratio. Generalization of the substitution rule can obtain other metallic mean 

ratios associated to different quasicrystal tilings accordingly. The second-order 
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substitution rule gives the silver mean, and the corresponding tiling has an eight-

fold rotational symmetry. The third-order tiling corresponds to the bronze-mean 

and has a six-fold rotational symmetry which usually happens in conventional 

crystal based on the crystallographic restriction theorem. 

Our metasurfaces are constructed based on the famous Penrose tiling and the 

quite new hexagonal bronze mean tiling. The method to obtain the Penrose tiling 

is the pentagrid method, which can be found in ref. [112]. Here we present the 

detailed method to generate the hexagonal quasicrystal tiling based on ref. [113]. 

The hexagonal quasicrystal (HQC) tiling is an elaborate design of tiling based 

on the bronze mean, which is the third member of the metallic means emerged 

from the generalized Fibonacci sequence. The generalized Fibonacci sequence can 

be obtained by the repeatedly substitution of }A B A{A ,Bk→ →  in a letter 

sequence, where k is an integer starting from 1. Then the number of As in the nth 

generation sequence can be denoted as An and obeys the recurrence relation: 

 1

1

1
1

n n

n n

A Ak
A An

+

−

    
=    

    
. (3.1) 

The metallic means are given by the ratio An+1/An at large n and equals to 

2( ) / 24kk + + , analytically. As shown in Figure 3.2, the first two member of 

metallic means, namely the golden mean and the silver mean, are associated with 

the Penrose and Ammann-Beenker tilings. Those two tilings exhibit the five-fold 

and eight-fold rotational symmetries, respectively, which are explicitly violating 

the crystallographic restriction theorem. The recently proposed bronze mean 
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quasicrystalline tiling, on the contrary, possesses six-fold rotational symmetry, 

which usually happens in conventional periodic crystal. 

 
Figure 3.2 Subdivision rules to construct quasiperiodic tiles based on 
metallic means. Penrose tiles are based on gold ratio, Ammann-Beenker 
tiles the silver ratio. Both are characterized by single length scale 
(rhombuses and squares). The bronze-mean tiles consist of small (ST) 
and large (LT) equilateral triangles and rectangles (R) are characterized 
by two length scales  [113]. 

The bronze-mean HQC tiling is constructed by three types of tiles: small (ST) 

and large (LT) equilateral triangles of edge length s and ℓ, respectively, and ℓ × s 

rectangles (R). The subdivision rules to construct the bronze-mean tiling, shown 

in Figure 3.2, indicate the inter-generation inflation matrix as: 

 1

1 1

3

3

2n n

n ns s
+

+

    
=          

  .  (3.2) 

Solve the eigenvalue equation for the inflation matrix finds one eigenvalue 

(3 13) / 2 3.303β = + ≈ , exactly the bronze mean. The corresponding eigenvector 

gives the ration of / (3 39) / 6 1.330s = + ≈ , which holds equal for any 

generation during the inflation process. 
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The bronze-mean tiling has other variations, all respecting the six-fold 

rotational symmetry. A summarized process to generate all four patterns is shown 

in Figure 3.3.  

 
Figure 3.3 Four types of hexagonal quasiperiodic (HQC) tilings 
generated by applying two distinct assembly rules (a) to two 
fundamental dodecagons (b), as denoted from T1 to T4 in (c).  

Two different assembly rules, the upper one same as in Figure 3.2, and the 

bottom one a mutation of it, are shown in the first column (Figure 3.3a). The ST 

(red), LT (blue) and R (yellow) are assembled to form the next generation of larger 

ST, LT and R, and by repeating the process can obtain fundamental tiles of any 

generation in the composite of the three primitive tiles. Then the large tiles are 

organized to form a dodecagon, as shown in Figure 3.3b. The fundamental 

dodecagon can be chosen from two schemes, the main difference is whether the 

LT or ST tiles form the central hexagonal rosette. Therefore, two assembly rules 
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and two dodecagons are combined to generate four patterns of HQC lattice, 

denoted form T1 to T4 in Figure 3.3c. Among those four lattices, only T1 is self-

similar and others non-self-similar (that is, all generations contain previous 

generation in the center). It is obvious that all four patterns have six-fold rotational 

symmetry but no translational symmetry, as mentioned before. 

3.2.2 Geometries of the Nonlinear Quasicrystal Metasurfaces 

The enhancement of the nonlinear process from the resonator in metasurfaces is 

by harnessing the strong field enhancement occurred at the localized surface 

plasmon resonances of the metal/insulator/metal (MIM) structure. Therefore, the 

resonance of the meta-atoms must be well-designed to optimize the efficiency of 

the nonlinear process at the interested frequency regime. In practice the numerical 

algorithms and multiple electromagnetic simulation software are available for 

predicting the optical performance of specific meta-atom design, which also 

enables the pre-fabrication optimization of the size and shape of the resonator. 

Among those the Finite Difference Time Domain (FDTD) method is timesaving 

because a single simulation by FDTD can readily give a spectrum, rather than 

time-consuming frequency scans in other methods like Finite Element Method 

(FEM). In our study, FDTD software is used for the design and optimization of the 

nonlinear metasurfaces. 

After optimization, we use a gold C3 meta-atom to design the quasicrystal 

nonlinear metasurface. As shown in Figure 3.4a, the width and length of the arms 

of C3 meta-atoms are 80 nm and 180 nm, respectively, and the thickness of the 

gold meta-atom is 30 nm. All structures are sitting on top of indium tin oxide 

coated glass substrate.  
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As discussed in Section 3.2.1, we have one Penrose-type lattice and four 

HQC-type lattices that can be used to construct the metasurface. To ensure that the 

meta-atoms not overlap with each other, the side length of the rhombuses tiles in 

Penrose tiling is set as 800 nm. And the side length of the small triangles (ST) in 

HQC tilings is also set as 800 nm. As the metasurfaces are designed as circular 

disks with diameter equals to 200 µm, we clip the lattices from the Penrose tilings 

and the 5th generations of the inflation produced HQC tilings. 

 
Figure 3.4 Geometries of the quasicrystal nonlinear metasurfaces. (a) the 
geometric parameters of the gold meta-atom. (b) the arrangement of the 
meta-atoms of the Penrose-type metasurface. (c,d) the non-symmetric 
and symmetric arrangement of the meta-atoms of the HQC-type 
metasurfaces. 

We then decorate the clipped lattices with nonlinear optical meta-atoms. In 

the Penrose case, we set and allocate the C3 gold meta-atoms at each lattice point 

with unidirectional orientation (Figure 3.4b). In HQC case, the small and large 

triangles in the HQC tiling provide great convenience to arrange the C3 meta-

atoms. We can arrange the meta-atoms at the center of each triangle and align their 
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arms in two ways: one has broken inversion symmetry (as shown in Figure 3.4c, 

where all meta-atoms are aligned to the same orientation) and another one has 

inversion symmetry (as shown in Figure 3.4d, where the arms of meta-atoms are 

aligned to the vertices of the triangles they occupy). Therefore, we have one 

sample design for Penrose-type metasurface and eight designs for HQC-type 

metasurfaces, nine samples in total. 

From Figure 3.3 we can know that the four kinds of HQC lattice can be 

divided into sparse (T1 and T2) and dense (T3 and T4) versions ascribed to the 

assembly rules they obey. The number of meta-atoms N in each metasurface are 

varied due to density difference of lattice structures. The exact values of N are 

shown in Table 3-1. For all, the Penrose-type sample has the largest density, HQC 

T3 and T4 follow, and HQC T1 and T2 are the least dense ones. 

Table 3-1 Number of meta-atoms in fabricated metasurfaces 

Lattice structure Penrose HQC T1 HQC T2 HQC T3 HQC T4 

Number of meta-atoms (N) 60,437 41,016 41,016 45,204 45,210 

3.3 Fabrication and Characterization of the NOQCMs 

The NOQCMs are fabricated by using standard electron beam lithography 

followed by the metal lift-off process. Figure 3.5 shows a scanning electron 

microscope (SEM) image of the fabricated Penrose type NOQCM. The SEM 

images for the eight fabricated HQC-type NOQCMs are shown in Figure 3.6, 

where we denote non-symmetric samples of HQC lattices T1-T4 as UT1-UT4, and 

those symmetric samples ST1-ST4. 
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Figure 3.5 Scanning electron microscope (SEM) image of the fabricated 
Penrose-type metasurface. Scale bars: 1 µm. White lines are guide for 
eyes and show the repeated patterns in the quasiperiodic design. 

 
Figure 3.6 SEM images of all types of HQC metasurfaces, where white 
grids depict some repeated tilings in the quasiperiodic designs. (a-d), 
Unidirectional (non-symmetric) arrangement of meta-atoms according 
to T1-T4 patterns in Figure 3.2. The meta-atoms are at centers of triangle 
tiles and oriented to the same direction. (e-h), Symmetric counterparts 
of (a-d), where the arms of meta-atom are aligned to the vertices of 
occupied triangle. Scale bars: 1 µm. 
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3.4 Optical Characteristic of the Quasicrystal Metasurfaces 

3.4.1 Linear Optical Transmissions 

We first measure the linear transmission spectra of the metasurfaces by a home-

made setup as shown in Figure 2.3. In Figure 3.7, Figure 3.8 and Figure 3.9 we 

show the measured transmission spectra of the fabricated samples in both near 

infrared and visible regime. The measurements are conducted under the 

illumination of horizontally polarized (H-) white light, and both horizontally (H-

H) and vertically (H-V) polarized transmission spectra are recorded. The near-to-

zero H-V transmittance indicates that there is almost no polarization conversion in 

the linear optical regime. For H-H spectra, all metasurfaces exhibit a broadband 

transmission valley spanning from 1050 nm to 1600 nm, which are mainly due to 

the localized plasmon resonances of the gold meta-atoms. As the optical axis of 

meta-atoms is parallel to the propagation direction of light and the coupling 

between the meta-atoms is very weak in all NOQCMs, thus the transmission 

spectra are insensitive to the polarization of the incident wave. We also measured 

the transmission spectra under the illumination of circularly polarized light, by 

inserting a quarter waveplate behind linear polarizer P1 in Figure 2.3, and remove 

the polarizer P2. The measured transmission spectra of the Penrose type sample 

and the HQC UT1 and UT2 samples are shown in Figure 3.10. The LCP and RCP 

transmission spectra of each sample are almost identical and are well consistent 

with the H-H spectra in Figure 3.7-Figure 3.9, showing that the C3 meta-atoms 

have no circular dichroism. 
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Figure 3.7 Measured linear transmission spectra of the Penrose 
metasurface corresponding to Figure 3.5. (a) Near infrared spectra. (b) 
Visible spectra. The spectra are recorded on the linear polarization states 
parallel (H-H) and perpendicular (H-V) to that of the incident light 
(horizontally polarized). 

 
Figure 3.8 Measured near infrared transmission spectra of HQC 
metasurfaces. (a-d) Transmission spectra of asymmetric HQC 
metasurfaces of T1-T4 patterns. (e-h), Transmission spectra of 
symmetric HQC metasurfaces of T1-T4 patterns. 
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Figure 3.9 Measured visible transmission spectra of HQC metasurfaces. 
(a-d) Transmission spectra of asymmetric HQC metasurfaces of T1-T4 
patterns. (e-h) Transmission spectra of symmetric HQC metasurfaces of 
T1-T4 patterns. 

 
Figure 3.10 Linear transmission spectra of the Penrose (a) and the HQC-
T1 asymmetric (c) and symmetric (e) NOQCMs at NIR regime. The 
incident light is circularly polarized. 

To illustrate the resonant behaviors of the building blocks of the metasurface, 

i.e. the C3 gold meta-atoms, we calculated the linear transmission spectra of a 
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periodic square lattice metasurface and analyzed the electric field distributions on 

resonance (Figure 3.11). The calculated transmission spectra agree well with the 

experimental ones, and the field enhancement reveals the existence of the localized 

plasmon resonances of the gold atom. 

 
Figure 3.11 Calculation of periodic square lattice comprising of 
unidirectional C3 gold meta-atoms by using FDTD Solution. The period 
along x and y direction is 700 nm, and the length and width of the arms 
of C3 meta-atoms are 205 nm and 80 nm, respectively. The normal 
incident light is circularly polarized. 

3.4.2 Nonlinear Responsivities for Second Harmonic Generation 

Then, the SHG responses of the quasicrystal metasurfaces are measured by using 

a femtosecond-laser pumped optical parametric oscillator (pumping wavelength: 

820 nm; repetition frequency: 80 MHz). The circularly polarized femtosecond FW 

is focused onto the metasurfaces with a spot size of ~ 20 µm in diameter. A pair of 

circular polarizers are used to select the four combinations of spin states of FW 

and SHG waves. After filtering out the FW by a band pass filter, the nonlinear 

signal will be coupled into a spectroscopy and eventually be recorded by an 

Electron Multiplying Charge Couple Device (EMCCD). We choose the Penrose 
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and HQC metasurfaces consisting of meta-atoms with unidirectional orientations 

as illustrative examples (Figure 3.12, together with Figure 3.13 forms the complete 

dataset for all fabricated samples).  

 
Figure 3.12 Measured nonlinear optical properties of the quasicrystal 
metasurfaces. (a, d), Wavelength dependent SHG responses of the 
Penrose and the HQC asymmetric samples. Inset images show basic 
decagon and dodecagon decorated with C3 meta-atoms. (b, e), Power 
dependencies of SHG (axes shown in logarithmic scale) and (c, f), the 
spectra of SHG waves on the metasurfaces in (a) and (d) at their resonant 
wavelengths. 

To rule out the influence of the density difference between varied lattices, we 

have rescaled the measured SHG intensities according to the lattice densities 

according to Table 3-1. In all the nonlinear optical measurements SHG intensities 

with circular polarizations opposite to that of FW (LCP-RCP and RCP-LCP) are 

much stronger than for the cases that have the same handiness (LCP-LCP and 

RCP-RCP). The resonant peaks of SHG responses are observed at wavelength 

1275 nm (Figure 3.12a) and 1250 nm (Figure 3.12d) for the Penrose and HQC 

metasurfaces, respectively. The measured results agree well with the symmetry 

selection rule for SHG on C3 meta-atoms.  
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Figure 3.13 Measured nonlinear SHG responses of HQC metasurfaces 
within the near infrared (NIR) spectrum. (a-d) SHG responses of 
asymmetric HQC metasurfaces of T1-T4 patterns. (e-h) SHG responses 
of symmetric HQC metasurfaces of T1-T4 patterns. The SHG responses 
with same (LCP-LCP, RCP-RCP) and opposite (LCP-RCP, RCP-LCP) 
spin polarization states compared to that of FW are recorded at the 
normal transmission direction. The spin-opposite SHG signals are much 
stronger than the spin-same signal, owing to the selective rules of local 
C3 symmetric meta-atoms. All symmetric samples exhibit peak 
nonlinear resonance near 1250 nm (a-d), while the overall responses of 
symmetric samples are rather low (e-h). 
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As is shown in Figure 3.12b and Figure 3.12e, we further measured the power 

dependences of SHG waves from the nonlinear optical quasicrystal metasurfaces 

at resonant pumping wavelengths of 1275 nm and 1250 nm. One interesting 

phenomenon worth noting is that the strongest SHG does not occur at where the 

lowest linear transmission is observed (Figure 3.8), however, the mechanism 

underlying this may need further investigation. The values of slope in the log-log 

scale are near to two, indicating a second-order nonlinear optical process. In 

addition, the SHG spectra for the four kinds of polarization measurement schemes 

are shown in Figure 3.12c and Figure 3.12f. 

As shown in Figure 3.13, among the eight samples of the HQC metasurfaces, 

samples with unidirectional orientations of meta-atoms (UT1-UT4) have much 

stronger SHG signals observed than from symmetric HQC samples (ST1-ST4). 

The destructive interference of the nonlinear dipole radiation produced by 

neighboring meta-atoms can explain the low efficiency of the symmetric samples, 

which we shall discuss later. For UT1-UT4, samples with denser meta-atoms (UT3 

and UT4) also exhibit stronger SHG signals than those with sparse meta-atoms 

(UT1 and UT2), which can be directly ascribed to the differences in the numbers 

of nonlinear emitters. 

3.4.3 Optical Diffractions from the NOQCMs 

The far field radiation the nonlinear optical quasicrystal metasurfaces is 

investigated in both linear and nonlinear optical regimes (Figure 3.14).  
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Figure 3.14 Linear (a-f) and nonlinear (g-l) optical diffractions of the 
quasicrystal metasurfaces. Three columns correspond to Penrose tiling, 
asymmetric and symmetric HQC tiling, respectively. 

For the linear optical experiment (Figure 3.14a-c), the unpolarized laser beam 

at wavelength 635 nm is normally incident onto the metasurfaces. In the 

transmission direction, diffraction patterns with ten-fold and six-fold rotational 

symmetries are observed for the Penrose and HQC metasurfaces, respectively. The 
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diffraction patterns from the symmetric and asymmetric design of HQC samples 

in Figure 3.4c and 3.4d are almost identical. This is mainly because that the 

incident light is propagating along the optical axis of the C3 meta-atom and its 

polarization state is insensitive to the orientation directions of the meta-atoms. As 

is expected, the global symmetry regarding how to order the meta-atoms plays 

vital roles in determining the linear optical diffraction of the quasicrystal 

metasurfaces. 

The nonlinear optical diffraction from the Penrose and HQC metasurfaces are 

also measured at the resonant fundamental wavelengths of 1275 nm and 1250 nm, 

respectively. Based on the spin dependent SHG responses in Figure 3.12 and 

Figure 3.13, we measure the nonlinear diffraction patterns under various 

polarization combinations. To cover more lattice of the NOQCM, we use a long 

focal lens (f = 250mm) to focus the FW into a spot with size of ~ 100 µm in 

diameter. The SHG radiation along the transmission direction are collected by 

using the objective lens (NA = 0.25) and imaged in the k-space (Figure 3.14g-i 

and Figure 3.15), where  is the vacuum wavevector of SHG wave,  and 

are the reciprocal lattice vectors along x- and y- axis. It is found that the ten-

fold and six-fold rotational symmetries of optical diffraction pattern also exist in 

the nonlinear optical regime. 

A phenomenon worth to be mentioned is that the SHG diffraction patterns of 

the symmetric HQC metasurfaces (Figure 3.14i and Figure 3.15e-h) exhibit 

significant peripheral spots, but their 0th orders disappear. This is consistent with 

previous observations that the SHG efficiency of symmetric metasurfaces are 

much lower than that from the asymmetric ones (Figure 3.13). 

0k xk

yk
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Figure 3.15 Measured SHG diffraction patterns of HQC metasurfaces at 
resonant fundamental wavelength of 1250 nm, with LCPFW-RCPSHG 
polarization combination. (a-d) SHG diffraction patterns of asymmetric 
HQC metasurfaces of T1-T4 patterns. (e-h) SHG diffraction patterns 

measured from the symmetric counterparts of (a-d). 0 SHG/2k π λ=  is 

the wavevector of SHG signal in free space. 

More discussion can be made for HQC samples. As shown in Figure 3.15, 

twelve bright diffraction spots (indicated by small white circles in each figure) 

located at a circle clearly manifest the six-fold symmetry of hexagonal 
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quasicrystals. Compared to the sparse version lattices of T1 and T2 (a and b), the 

diffraction patterns of dense versions of T3 and T4 lattices (c and d) show much 

clearly the abundant diffraction spots of quasicrystal, which is another 

characteristic of the reciprocal lattice vectors of quasicrystal. More careful 

examine of the diffraction patterns conclude that the assembly rules (Figure 3.3a) 

cause the density difference of the quasiperiodic tilings and therefore the 

magnitude difference of the reciprocal vectors (compare radii of the dashed circles 

in a/b to those in c/d), while the basic dodecagons (Figure 3.3b) can only lead to a 

rotation of 30° of the diffraction pattern (compare a/c to b/d). For all the symmetric 

samples, the twelve diffraction spots still exhibit while the 0th order diffraction 

spot is missing. This phenomenon is consistent with the measured weak SHG 

responses in Figure 3.13e-h, for the destructive interference only hold for 0th 

diffraction order. The positions of the twelve spots are consistent with the 

asymmetric samples, owing to the same lattice structure of their designs. 

3.5 Interpretations of Observed Diffraction Patterns 

To better understand the behavior of the SHG radiations from the quasicrystal 

metasurfaces, we develop the dipolar radiation model in both linear and nonlinear 

optical regimes. For linear optical diffraction, the electric fields of the dipoles that 

represent the meta-atoms are assumed to have relative phase of zero. In 

comparison, when excited by a circularly FW with helicity σ = ±1, the SHG wave 

with opposite helicity −σ experiences a nonlinear geometric phase of 3σθ, where 

θ is the in-plane orientation angle the C3 meta-atoms. The far field radiation of 

both linear and SHG waves are calculated by using Fourier transformation method. 

The calculated results are shown in Figure 3.16. 
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Figure 3.16 Calculated SHG diffraction patterns of HQC metasurfaces. 
(a-d) SHG diffraction patterns of asymmetric metasurfaces. (e-h) SHG 
diffraction patterns of the symmetric metasurfaces. The calculated 
results are perfectly consistent with the measured ones, both in position 
and in intensity. 

The construction of linear and nonlinear diffraction patterns of the designed 

metasurfaces is based on the dipole radiation model [114]. In linear regime, we 

treat each meta-atom as a radiating dipole with no phase difference between each 
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other. Therefore, by summing up the far-field radiation of all excited dipoles, we 

can construct the diffraction pattern of the metasurface. Such a process is 

effectively equal to the Fourier transform of the metasurface lattice structure: 

 
1
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where |k| = 2π/λ, and rn is the coordinate of the center of each meta-atom. The in-

plane component of k is then consistent with the reciprocal lattice vector of the 

quasicrystal metasurface, and the intensity of the corresponding diffraction pattern 

is proportional to | f (k) |2. 

In the nonlinear regime, the meta-atoms are considered as nonlinear radiating 

dipoles. In this scenario, the geometric phase imparted by the local orientations of 

meta-atoms should be considered. As mentioned in the main text, the C3 

symmetric meta-atoms can generate SHG signal with the opposite helicity of the 

incident circular polarized fundamental wave, and simultaneously impart a phase 

factor of 3θ(rn), where θ(rn) is the angle between the local frame of the meta-atom 

and the laboratory frame. Using a similar process as the linear case, we can derive 

the structure factor for nonlinear diffraction, 
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where |kSHG| = 2π/λSHG, and the subscript −σ (σ = ±1) indicates the SHG signal is 

of the opposite handiness to that of FW. In Penrose and asymmetric HQC designs, 

θ(rn) is invariant, therefore the structure factor will have no difference with the 

linear result other than multiplied by an overall phase factor. As the phase factor 
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will cancel out in the intensity formula, the linear and nonlinear diffraction patterns 

of the unidirectional design of metasurface will be alike. In the symmetric HQC 

designs, the effect of orientation distribution will manifest itself as the 0th order 

spot of the diffraction pattern disappears. 

The results for linear optical calculations (Figure 3.14d-f, Figure 3.15) and 

the nonlinear optical calculations (Figure 3.14j-k, Figure 3.16) perfectly agree 

with the measured ones. After reviewing the distribution of the meta-atoms in the 

symmetric HQC metasurfaces, we can find that two neighboring meta-atoms 

(neighboring STs or LTs in Figure 3.4c) have a rotation angle difference of π/3. 

Therefore, the SHG signals generated by any pair of two adjacent meta-atoms will 

have a π phase difference in the far field, leading to a destructive interference of 

SHG waves at 0th diffraction order. 

3.6 Summery 

In summary, we have designed and fabricated nonlinear optical quasicrystal 

metasurfaces by assembling the geometric P-B phase controlled plasmonic meta-

atoms into the macroscopic quasicrystal lattices. From the systematic study of 

optical behaviors of the quasicrystal metasurfaces, we successfully demonstrate 

that the nonlinear SHG radiation can be manipulated by both the local and global 

symmetries of the metasurface crystals. The theoretical model, developed for 

interpreting the far field nonlinear optical radiations, also enables us with powerful 

tool for predicting the functionalities of other quasicrystal metasurfaces. It is 

anticipated that the concept of quasicrystal metasurfaces not only represent novel 

strategy for controlling various nonlinear optical processes at the subwavelength 
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scale, but also offers an integrated platform for quantum information processing, 

optical modulation, all-optical optical switching and so on. 

Statement 

This chapter is written based on the work published in the journal paper: 

Tang, Y., Deng, J., Li, K. F., Jin, M., Ng, J., Li, G., Quasicrystal Photonic 

Metasurfaces for Radiation Controlling of Second Harmonic Generation. Adv. 

Mater. 31, 1901188 (2019). 

In this work, Y.T. designed the quasicrystal metasurfaces, conducted optical 

measurements, data analysis, numerical simulations, and paper writing with the 

help from co-authors. All other authors contributed to some part of the projects 

and the discussion.  
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Chapter 4 

Nonlinear Metasurface for 

Polarization Encryption 

4.1 Introduction 

In modern industries, light, with its abundant degrees of freedom, has become 

the cornerstone of the drastic development of information processing, optical 

communications, etc. The degrees of freedom of light field that could be 

modulated include the amplitude, the phase, the state of polarization and the orbital 

angular momentum (OAM), etc. Recently, it was demonstrated that photonic 

metasurfaces, consisting of spatially variant meta-atoms, provide unprecedented 

capability to tailor the various degrees of freedom of light. To some extent, the 

metasurface based devices are more compact and have more integrated 

functionalities than many conventional optical components [11, 115]. 

Applications of metasurfaces such as planar lenses [12, 15, 34], retroreflector [32], 

metasurface hologram [16, 17, 45, 60-63], optical diffuser [116], polarimetry [73], 

augmented reality [43] and so on have been successfully demonstrated. Among 

the family of working mechanisms, phase control represents a powerful tool to 
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manipulate the properties of light fields. In the linear optical regime, both the 

propagation phase and the geometric Pancharatnam-Berry phase (P-B phase) have 

been widely used for polarization encoded optical holography [63] and generation 

of vectorial light beam via arbitrary spin-to-orbital angular momentum 

conversion [71, 117]. While the above phase control methods are based on 

elaborate engineering of the size and orientation of the meta-atoms, an alternative 

way to manipulate the polarization of light can be achieved by controlling both the 

displacements and orientations of two orthogonal identical meta-atoms [60]. Such 

diatomic metasurface can be utilized to implement vectorial optical 

holography [60].  In addition to the applications in optical holography, phase 

control metasurface can be also used for high-resolution grayscale and multicolor 

imaging [54, 59]. 

Recently, the study of light-matter interaction on nonlinear optical 

metasurfaces has attracted extensive interests [78, 79, 87, 89, 90, 93, 118, 119]. 

Nonlinear optical processes such as second [81, 91, 120-123], third [124-126] and 

high [98] harmonic generation, broadband optical frequency mixer [97] have been 

extensively investigated by using both plasmonic and dielectric metasurfaces. It is 

reported that the nonlinear optical susceptibility of the meta-atoms strongly 

depends on the orders of the nonlinear process, the spin states of fundamental wave 

(FW) and the local symmetry of the meta-atom [80]. Ascribed to the effect of the 

nonlinear P-B phase, the method to continuously and locally tailor the phase of 

nonlinear optical susceptibility was established recently [96], facilitating 

applications such as nonlinear holography [127, 128], nonlinear spin-orbital 

interaction of light [102], nonlinear metalens [103] and nonlinear image 

encryption [104] and so on. Among all the above topics, the high-resolution 
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nonlinear metasurface imaging has great potential for information encoding and 

encryption. Previous effort has been dedicated to the modulation of the intensity 

of nonlinear signal in real space by utilizing the interference of SHG from two 

neighboring meta-atoms [104], however, the image resolution is limited by the 

diatomic meta-molecule. 

In this chapter, we demonstrate a nonlinear optical metasurface to locally 

manipulate the polarization states of the SHG wave and encode a high-resolution 

image in the polarization profile accordingly (Figure 4.1). Such nonlinear image 

information could be revealed after filtering out the FW and converting the 

vectorial polarization profile into intensity profile according to the Malus’s law. 

The polarization encryption protocol proposed here provides a novel route for 

optical encryption, security, anti-counterfeiting, background-free image 

construction, etc. 

 
Figure 4.1 Schematic illustration of a nonlinear metasurface for vectorial 
polarization manipulation. A linearly polarized fundamental wave (FW) 
produced a nonlinear optical process at the metasurface to generate a 
polarization profile of the second harmonic generation (SHG) wave. A 
linear polarizer acts as an analyzer to convert the polarization profile 
into a grayscale image. 
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4.2 Design Principle of the Nonlinear Encryption Metasurfaces 

To encrypt image information into nonlinear optical devices, we utilize the 

nonlinear plasmonic meta-atoms with three-fold rotational (C3) symmetry to 

construct the nonlinear metasurface (Figure 4.2a). According to the symmetry 

selection rule, when illuminated along the rotational axis, the C3 meta-atom can 

selectively produce SHG with opposite handedness to that of the incident 

circularly polarized FW. More significantly, the nonlinear polarizability of the 

meta-atoms can be continuously manipulated by varying their orientations (Figure 

4.2b). As a result, a nonlinear geometric phase 3σθ is simultaneously imparted to 

the SHG wave, where  is the handedness of the incident FW and θ is the 

angle by which the C3 meta-atom is rotated with respect to the laboratory frame. 

By using this characteristic, we can encrypt an image information into a 

polarization profile of the SHG waves. 

 
Figure 4.2 Metasurface unit cells with nonlinear gold meta-atoms. The 
unit cells are 500 × 500 nm2 squares and the length (L) and width (w) of 
each rectangular petal are designed to respond in the near infrared 
regime. The orientation parameter θ  is varied to locally manipulate the 
state of polarization of the SHG wave. The inset red and blue arrows 
indicate that the device is designed to work with horizontally polarized 
incident FW (red arrow), and when the meta-atom is rotated by θ from 
the initial position (a), the direction of the polarization of the output 
SHG wave (blue arrows) will rotate by 3θ accordingly (b). 

1σ = ±
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Consider a horizontally polarized FW, its polarization state can be 

represented by components as 

 1 1FW LCP RCP
2 2ω ω ω

= + ,  (4.1) 

where TLCP [1 i] / 2
ω

=  and TRCP [1 i] / 2
ω

= −  denote the 

components of the FW with left- and right-circular polarizations, respectively, and 

ω is the angular frequency of the FW. After passing through a nonlinear meta-

atom, the polarization state of the SHG wave is given by 

 
2 2 2

1 1SHG exp( 3i ) LCP exp(3i ) RCP
2 2ω ω ω

θ θ= − + ,  (4.2) 

the subscript 2ω denotes the double frequency of the SHG wave, in other words, 

a phase difference equals to 6θ is introduced between the two opposite spin 

components of the SHG wave, corresponding to a 6θ rotation of the polarization 

vector at the equator of Poincaré sphere. Due to the two-to-one homomorphism 

between the physical SU(2) space of the light beam and the topological SO(3) 

space of Poincaré sphere [129], such an equatorial rotation corresponds to a 3θ 

rotation of the orientation angle of the linearly polarized light. A linearly polarized 

FW along the horizontal direction can produce a transmitted SHG wave with its 

polarization angle manipulated locally by the in-plane rotation of nonlinear meta-

atoms θ(x,y), and therefore encrypt a polarization profile. 

To reveal the hidden information, we can filter out the FW by using a color 

filter and then use a polarization analyzer to convert the polarization profile into 

an intensity profile. According to the Malus’s law, when a polarized light beam 
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passes through a polarizer, the transmitted light intensity is 2) (0)cos(I Iα α= , 

where α is the angle between the polarization direction of light and the 

transmission axis of the polarizer. The polarization direction of the SHG wave is 

rotated 3θ with respect to the horizontal direction, thus the insertion of a polarizer 

with horizontally aligned transmission axis will lead to the intensity modulation, 

which is 2
0) 3( cosI Iθ θ= , as shown in Figure 4.3a. Therefore, the spatial 

intensity modulation I(x,y) after the linear analyzer can reveal the distribution of 

the orientations of the meta-atoms θ(x,y), hence the encoded image. In Figure 4.3b 

we give the curves of the SHG intensities from two meta-atoms that oriented with 

θ = 0° and 30°, which vary with the angle between the transmission axes of the 

analyzer and the horizontally aligned polarizer. 

 
Figure 4.3 Characteristics of the SHG intensity from the nonlinear 
metasurface when observed behind an analyzer. (a) The generated SHG 
intensity is a squared cosine function of 3θ (cos23θ) when the 
transmission axes of polarizer and analyzer are aligned horizontally. (b) 
The SHG intensities of θ = 0° and 30° meta-atoms behind a rotated 
analyzer, where α is the angle between the transmission axes of the 
analyzer and the horizontally aligned polarizer. 



 

62 

4.3 Design and Fabrication of the Nonlinear Encryption 

Metasurfaces 

Here we fabricate two nonlinear metasurfaces for polarization manipulation by 

using standard electron beam lithography followed by a lift-off process (see 

Chapter 2 for details). The C3 gold meta-atoms sit on an indium tin oxide (ITO) 

glass, with ITO thickness of ~ 20 nm. The width and the length of each arm of the 

C3 meta-atom are 80 nm and 180 nm, respectively (Figure 4.2). Each pixel is a 

500 × 500 nm2 square cell with the C3 meta-atom at center. Two images 

comprising 201 × 201 pixels are eventually embedded into two small metasurfaces 

of 100 × 100μm2 squares. One image is a grayscale bar which consisting 101 

grayscale levels with a linear intensity increase from the darkest to the brightest, 

while the other is an image of a grayscale flower (Figure 4.4). The mapping from 

the pixel intensity to the orientation of the meta-atom is according to the curve in 

Figure 4.3. The optical microscope and SEM images of the fabricated 

metasurfaces are shown in Figure 4.5. 

 
Figure 4.4 Target images for polarization encryptions in the second 
harmonic generation waves. The size of each image is 201×201 pixels. 
(a) A grayscale bar image with 101 grades. The intensity is brightest at 
the center of the image and decreases linearly to the left and right edges. 
(b) A grayscale image of a flower. 
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Figure 4.5 Images of the fabricated nonlinear metasurface for 
polarization encryption. (a, b) Optical microscope images of the 
metasurfaces for encoding (a) a grayscale bar and (b) an image of a 
flower. (c, d) Scanning electron microscopy (SEM) images of (a) and 
(b) (red scale bars: 500 nm). 

4.4 Linear and Nonlinear Optical Properties of the Nonlinear 

Polarization Encryption Metasurface 

4.4.1 Linear Optical Transmissions  

We first measured the linear transmittances of the fabricated samples, as are shown 

in (Figure 4.6). The transmittances are measured (based on the same setup shown 

in Figure 2.3) with the optical set-up configuration as follow: the transmission axes 

of the polarizer and the analyzer are parallel to each other, both horizontally 

aligned (H-H), or perpendicular to each other, the polarizer horizontal and the 

analyzer vertical (H-V). The transmission spectra of the two distinct samples are 

virtually identical to each other, proved that the meta-atoms are isotropic when 

working in the linear mode. For the H-V polarization combination, the near to zero 

transmittance clearly show there is no polarization conversion for the incident light. 
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Each sample has a distribution of the orientation of the meta-atoms, the same 

transmission behavior in another perspective proved that the symmetry of the 

meta-atoms cannot be experienced by the transmitted light from the sample, in the 

linear regime. 

We also measured the transmission spectra of the samples under the 

illumination of circularly polarized light, the results are also shown in Figure 4.6. 

The spectra are also the same as the H-H spectra. This can be easily understood 

since the circularly polarized light is the linear combination of two linearly 

polarized light. Since the sample is isotropic for the linear polarized light, the same 

transmission behavior can be expected for circularly polarized light. 

 
Figure 4.6 Measured linear transmission spectra of the two samples. (a) 
The grayscale bar sample. (b) The flower encoding sample. H-H and H-
V mean that the incident light is horizontally polarized, and the 
measured transmitted light is horizontally polarized (H-H) or vertically 
polarized (H-V). LCP and RCP mean that the incident light is left 
circularly polarized (LCP) or right circularly polarized (RCP), and no 
analyzer is inserted before the fiber coupler to the spectrometer. 

4.4.2 Nonlinear Responsivity for Second Harmonic Generation 

We then measured the nonlinear second harmonic generation responsivity of the 

two fabricated samples. The set are the same as in Figure 2.4. When working in 

the nonlinear mode, as expected from the theoretical analysis, the metasurfaces 
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exhibit strong dependencies on the spin of the FW signal. As shown in Figure 4.7, 

under the illumination of a circularly polarized (LCP or RCP) FW, the measured 

intensity of SHG wave with opposite handedness are much larger than the same 

one. The measured SHG responses of the grayscale bar sample show maximal 

efficiency at fundamental wavelength of 1225 nm, and the maximal efficiency for 

the flower encoding sample is at fundamental wavelength of 1250nm. The 

deviation of the highest efficient wavelength of the two fabricated sample may 

stem from the perturbations of the fabrication process, leading to small differences 

in the geometry of the meta-atoms.  

 
Figure 4.7 Measured second harmonic generation intensities of the 
fabricated polarization encryption metasurfaces. (a) The grayscale bar 
sample. (b) The flower encoding sample. The pumping laser is tuned 
from 1150 nm to 1350 nm. Four curves for each sample correspond to 
four circular polarization combinations of the fundamental waves (FW) 
and second harmonic waves (SHG). 

We also measured the power dependence of the SHG signal from the flower 

encoding sample, which is presented in Figure 4.8. The fitted slopes for both 

conversions of cross polarization combination (LCPFW-RCPSHG and RCPFW-

LCPSHG) are close to 2.0, which is the characteristic of the nonlinear SHG process. 
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Figure 4.8 Measured FW power dependent SHG powers from the flower 
encryption sample. The pumping FW is at 1225 nm, and both LCPFW-
RCPSHG and RCPFW-LCPSHG polarization combinations are measured. 

4.4.3 Experimental Demonstration of the Polarization Encryption 

Capability of the Nonlinear Metasurface 

In Figure 4.9 we give the experimental setup to reveal the image hiding in the SHG 

signal from the nonlinear metasurface, we use a pair of linear polarizers as 

polarizer and analyzer to retrieve the image encoded in the SHG waves, in addition 

to a color filter to filter out the FW. A lens with long focal length of 250 mm is 

used to get a FW light spot of diameter ~ 400 µm, which can cover the sample area 

of interest. Before moving to the experimental results, we first discuss the 

theoretical predictions of the intensity profiles after the analyzer, taking various 

transmission axis orientations of the analyzer (P2 in Figure 4.9) into account. 
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Figure 4.9 Schematic of experimental decoding setup for the image 
encoded in the nonlinear metasurface sample. P: linear polarizer; L: 
lens; Obj: objective lens; CF: color filter (short pass filter); CCD: 
camera. 

The fabricated nonlinear polarization manipulation metasurface is an array of 

gold meta-atoms respecting C3 symmetry, with a designer orientation profile 

θ(x,y) to hide information into the polarization profile of the SHG beam. As the 

orientation profile θ(x,y) is designed assuming horizontally polarized fundamental 

wave (FW), when illuminated by such a horizontally polarized FW, the SHG beam 

leaving the metasurface will bear a vectorial polarization profile, which can be 

characterized by the polarization angle profile as 3θ(x,y). When the transmission 

axis of the analyzer is also horizontally aligned, according to the Malus’s law, the 

revealed intensity profile I(x,y) will be proportional to 2cos 3 ( , )x yθ , 

corresponding to the cases of α = 0 in Figure 4.3. For the case that the analyzer is 

rotated, as in our experimental setup, the rotation of the analyzer will increase the 

angle between the polarization direction of the SHG light and the transmission 

axis of the analyzer to 3θ(x,y) + α. Therefore, according to the Malus’s law, the 

intensity profile of the SHG beam leaving the analyzer will be 

 2( ; , ) cos [ 3 ( , )]I x y x yα α θ′ + .  (4.3) 
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Using Eq. (4.3) we can give simulated intensity profiles of the SHG signal 

behind varied orientated analyzer. However, it is a simplified model since we have 

assumed the FW, and therefore the SHG signal are homogenous in intensity, which 

is different from the actual case of a Gaussian FW. 

Figure 4.10 shows the measured images collected with varied orientations of 

the transmission axis of the analyzer while fixing the polarizer with horizontally 

aligned transmission axis. We observe the SHG polarization profile at the pumping 

wavelength of 1225 nm, where the SHG signal from the grayscale bar sample is 

strongest, under the pumping power of 15 mW. The figure also includes the 

simulated results of the corresponding scenarios. As mentioned before, while the 

simulation results assume homogeneous illumination of the fundamental wave, the 

laser beam illuminated at the metasurface in experiments possesses a Gaussian 

intensity profile. As a result, the intensity variations are most obvious at the center 

of each measured images when the analyzer is rotated, while in the marginal parts 

of the images (especially in the four corners), only slight variations are observed. 

In all measured images, we can consistently observe a variation of brightness from 

the brightest to the darkest, and the positions of the brightest and the darkest lines 

changed as expected in the simulated results. Such a position shift is most 

pronounced when the transmission axes of the polarizer and the analyzer are 

changed from mutually parallel to orthogonal configurations [α ＝ 0° and 90° in 

Figure 4.10, respectively], as the brightest line in the center changes to the darkest 

line, although the FW is strongest at center. Therefore, our observation 

successfully proved the encoding capability of the nonlinear metasurface, 

indicating that the predesigned local orientation profile of the nonlinear meta-

atoms can effectively impart a polarization profile into the SHG wave. 
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Figure 4.10 Decoded intensity profiles of second harmonic waves from 
the grayscale bar sample. Pumping wavelength is at 1225 nm. The 
analyzer is rotated counterclockwise while the transmission axis of the 
polarizer is fixed along the horizontal direction.α is the angle between 
the transmission axes of the polarizer (for FW, P1 in Figure 4.9) and the 
analyzer (for SHG, P2 in Figure 4.9). Comparison between the 
theoretical simulations and experimental results is given. While in 
simulation the intensity profile of the pumping light is assumed to be 
homogenous, in experiment it is a Gaussian beam.   

More vivid demonstrate of the polarization encoding capability of the 

nonlinear metasurface can be provided by the flower encoding metasurface. We 

also measured the revealed intensity profile converted from the vectorial 

polarization profile of the SHG wave. The experimental setup is the same as the 

one used to measure the grayscale bar sample, but the pumping wavelength is set 

as 1250 nm for the maximal nonlinear response. The simulated and measured 

results are presented in Figure 4.11, where varied analyzer orientations are set to 

reflect the polarization profile of the SHG beam. The image revealed by 

transmission axes parallel aligned setup (α ＝ 0°) shows clearly view of a flower, 

with exact configuration of five petals as the design target, and fine grayscale 

change from the flower petal centers to the corners. Although the small water 

droplet on one of the flower petals cannot be clearly distinguished from the 

measured image, the overall display quality of the image is quite impressive. The 

slight difference should be attributed to the fabrication imperfection. On the other 
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side, the measured images under different configurations of the analyzer varied in 

a way consistent with the simulated results. When the transmission axis of the 

analyzer is rotated from the parallel direction of the polarizer to the orthogonal 

direction, the bright pixels of the image become dark and vice versa, therefore an 

operation of image reversion can be easily achieved by changing the orientation 

of the transmission axis of the analyzer. 

 
Figure 4.11 Decoded intensity profiles of second harmonic waves from 
the flower sample. The pumping wavelength is at 1250 nm. 

Actually, any pair of images obtained after orthogonally orientated analyzer 

are complementary to each other. For example, images obtained in α ＝ 0° and 

α ＝ 90°, or α ＝ 30° and α ＝ 120° configurations, are mutually inverted from 

each other. This complementary characteristic of the image pairs also indicates the 

superior polarization encoding capability of the nonlinear metasurface. As the 

complementary characteristic of the nonlinear image indicate, the summed image 

intensity should be homogenous, i.e. no intensity modulation of SHG waves from 

the nonlinear metasurface. The measured SHG images with and without an 

analyzer are shown in Figure 4.12, from which we can find that only slight 

intensity variation when an analyzer is absent, as predicted by the theory. The 

contrast between the two images well demonstrated the encryption capability of 

the metasurface. 
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Figure 4.12 Measured SHG intensity profiles of the flower metasurface 
before (left) and after (right) inserting the analyzer, respectively. The 
homogenous intensity profile before inserting the polarizer well show 
the capability of image encryption using nonlinear vectorial 
metasurface. 

4.5 Summary 

In summary, we utilized the spin-dependent nonlinear phase control metasurface 

to manipulate the polarization profile of the second harmonic generation wave. A 

one-to-one correspondence between the desired relative phase difference of the 

two spin components of the SHG signal wave and the local orientation 

configuration of the nonlinear meta-atoms can be built. With such an encoding 

process, one can effectively control the polarization states of the SHG wave in the 

transverse plane. Using a linear polarizer we can simply convert the polarization 

profile into an intensity profile, which is easier for people to observe. Our 

demonstration of the polarization controlled nonlinear metasurface provide a 

novel way for image encryption in nonlinear optical process, which may have 

important applications for security of optical information. 

Statement 
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Chapter 5 

Giant Circular Dichroism Based 

on Nano-kirigami Metasurface 

5.1 Introduction 

In linear optical regime, it has been shown that the polarization, amplitude and 

phase of light can be easily controlled by using optical metasurfaces, thus enabling 

the powerful designs of metalenses, high-efficiency holograms and so on. In 

comparison, the manipulation of nonlinear optical processes on the metasurfaces 

is much more challenging. This is mainly because the metasurface nonlinear 

source is also modulating the waves emitted from itself. Thus, designing nonlinear 

meta-atoms with multiple optical functionalities are highly desirable. In this 

chapter, we experimentally demonstrate the broadband and near-unity nonlinear 

optical circular dichroism of second harmonic generation from a nano-kirigami 

plasmonic metasurface, which is free-standing with total thickness of about one 

third of the excitation wavelength. The broadband and near unity nonlinear 

circular dichroism is attributed to both the strong circular dichroism of 
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fundamental wavelengths and spin controlled second harmonic generations from 

the nano-kirigami meta-atoms with three-fold rotational symmetries. The 

proposed nonlinear nano-kirigami metasurface provides a novel platform for 

realizing various nonlinear optical functionalities at the nanoscale. 

5.2 Optical Activity and Circular Dichroism 

Optical activity, manifested by optical rotation (OR) and circular dichroism (CD), 

plays important roles for symmetry analysis of molecules and optical crystals. The 

OR and CD effects of the chiral materials can be explained by the phase and 

absorption differences between left and right circularly polarized (LCP and RCP) 

light passing through the optical media. Although optical activity is very weak in 

most of the natural materials, it could be extremely high when light interacts with 

some natural chiral materials. For example, the giant optical CD has been observed 

from the cuticle of Scarabaeid beetles which exhibit interesting helical 

structures [130]. While the working wavelengths of optical activity from the 

natural materials is limited to certain ranges, it is very flexible to design artificial 

chiral materials by designing their geometries and constituent media. Especially, 

giant chiroptical responses are realized with plasmonic metamaterials [131-137], 

plasmonic nanoparticles [138-140], dielectric metasurface [141] and so on. Many 

exotic optical functionalities such as circular polarizers [133, 134] negative 

refraction [142], bio-sensing [143] and chiral photodetector [144] are also 

demonstrated by using the concept of chiral metamaterials. 

In the past years, there are also strong interests in studying the nonlinear 

plasmonic metamaterials with strong enhancements of electromagnetic fields in 
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the vicinity of the meta-atoms [78-80, 145]. For example, nonlinear optical CD 

from plasmonic metamaterials have been experimentally investigated by using 

nonlinear optical processes such as second [146-152] and third harmonic 

generations [153] (SHG and THG), four wave mixing [154] and so on. Usually, 

the observed nonlinear CD arises from the three-dimensional (3D) chirality of 

metamaterials [155]. However, the strong SHG-CD was also observed from the 

two-dimensional (2D) metasurfaces with planar chirality [150-152, 154]. By 

judiciously designing the rotational symmetry of the planar chirality of the 

plasmonic metasurfaces, the SHG-CD with value up to 98% has been 

experimentally demonstrated [154]. Moreover, strong optical activity of the 

metasurface can be introduced by the extrinsic contribution when the light is 

obliquely incident, in this way, the giant nonlinear optical activity was observed 

in the metasurface consisting of split ring resonators [153].  However, designing 

nonlinear meta-atoms with multiple optical functionalities is still a great challenge. 

The fundamental reasons are that 3D metamaterials suffer from the fabrication 

complexities while the 2D chirality is restrained by the in-plane mirror symmetry 

and restricted to few designs due to the limited space. On the other hand, the recent 

development of nanoscale kirigami/origami, a nanoscale cutting and deforming 

method, has enabled a wide variety of 3D nano-geometries that bridge the gap 

between 3D metamaterials and 2D planar designs [156, 157]. The generated 

exceptional 3D twists have naturally induced giant linear optical chirality [158] 

and rich optical functionalities [157], which may play important roles in 

nonlinearity generation but remain entirely unexplored.  

In this chapter, we propose to realize the giant nonlinear CD by using SHG 

process from a gold nano-kirigami metasurface which has strong 3D chirality. As 
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shown in Figure 5.1, the 3D gold nano-kirigami meta-atom has a three-fold (C3) 

rotational symmetry. Under the pumping of right circularly polarized (RCP) 

fundamental wave (FW), we could observe strong SHG with opposite circular 

polarization to that of FW. In comparison, under the excitation of left circularly 

polarized (LCP) FW, a much weaker SHG signal with RCP state is obtained. 

Therefore, a giant nonlinear CD can be demonstrated by using symmetry selective 

SHG process on the nano-kirigami meta-atom which has strong CD in the linear 

optical regime. 

 
Figure 5.1 Schematic of the nonlinear CD from the nano-kirigami 
metasurface. Under the pumping of circularly polarized FW, the gold 
plasmonic metasurface emits SHG waves with opposite handiness to 
that of FW. The SHG with (a) LCP state is much stronger than the one 
with (b) RCP state. 

5.3 Design and Fabrication of the Nano-kirifami Metasurface 

The free-standing C3 meta-atoms arranged in a hexagonal lattice is fabricated 

by using a nano-kirigami method [158]. Unlike traditional fabrication methods 

that using direct lithography or multiple-layer stacking to obtain a 3D 

nanostructure, the nano-kirigami method learned from the craft of kirigami that 

can transform 2D predesigned patterns into 3D structures. Such a process can 
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circumvent the constraints casted by the requirement of precise translation during 

the lithography process, or stringent alignment in the multi-step stacking process. 

Different from the previous reports where a lift-off gold thin film was suspended 

by a copper grid [158], here we employ a commercially available silicon nitride 

film (20 nm in thickness and supported by silicon window from Norcada) coated 

by 80-nm thick gold. In such a case, one does not need to conduct lift-off and film-

picking process that may result in unwanted defects or fluctuation on the gold film. 

More importantly, the size of the free-standing silicon nitride window can be over 

1 mm2, providing a large-scale flat film for nano-kirigami metasurface. 

A high-dose milling (> 600 pC/μm) as the nano-scissors is employed to cut 

the 2D patterns in a 80 nm gold film and a relative low dose irradiation (~ 10-40 

pC/μm) is used to bend and twist the flat metasurface into 3D one, which can be 

programmed in one fabrication process by using a dual-beam FIB/SEM system 

(FEI Helios 600i) with acceleration voltage 30 kV and current beam 24 pA. The 

maximum height of the 3D meta-atoms is determined by both the irradiation 

dosage of the FIB process and the topographic designs of the 2D patterns. For 

optical characterizations, 900 pinwheel meta-atoms (40 × 40 μm2 in size) in the 

hexagonal lattice were directly fabricated in the film within 30 minutes. 

Figure 5.2a shows the geometry of a unit cell of the nano-kirigami meta-atom. 

By assembling the gold meta-atoms in a hexagonal lattice, the nano-kirigami 

metasurface is successfully fabricated, with three arms buckled and twisted out of 

the original plane with height of ~ 450 nm (Figure 5.2b and 5.2c). 
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Figure 5.2 The design and fabricated nano-kirigami metasurface. (a) 
Geometry parameters of the pinwheel meta-atom with C3 rotational 
symmetry. (b) Top-view and (c) side-view SEM images of nano-
kirigami plasmonic metasurface fabricated by using focused ion beam 
technique. The C3 meta-atoms are arranged in a hexagonal lattice. p = 
1.3 µm is the neighboring separation of the meta-atoms. Scale bars: 1 
μm. 

5.4 Linear CD of the Nano-kirigami Metasurface 

We first give the numerical calculations of the transmission spectra of the nano-

kirigami metasurface. The numerical simulations on structural transformations 

were calculated by using the finite element method (FEM). A bilayer residual 

stress distribution model[1] was adopted on a 50-nm-thick suspended film to 

simulate corresponding mechanical deformations from 2D pattern to 3D nano-

kirigami metasurface. The 50-nm-thick film was composed of 30 nm gold on the 

top and 20 nm silicon nitride (Si3N4) at the bottom. While the initial value of the 

gold film was 80 nm in experiments, in our model the thickness was set to 30 nm, 

because we have considered the film thinning effect caused by the FIB irradiation 

during the fabrication process, which was also confirmed by the SEM 

characterization. The simulated stress was distributed in gradient decline from 

center to edges to force the structure deform upward from the Au side, which was 

consistent with the experiment. 
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The original 2D pattern with C3-symmetry was obtained through rotating a 

subunit curve by 120° and 240°, respectively, where the subunit curve was defined 

by a spindle function 2 2 sin 2wρ θ=  with [0,  / 4]θ π∈ . For the optical 

simulations, the light was incident along the z axis with the circularly or linearly 

polarized state defined at the periodic port, and passed through the structure from 

the Si3N4 side to the gold side (the simulation results show no difference to the 

case when the incidence is from the gold side to the Si3N4 side). Corresponding 

periodic conditions were applied to the side boundaries of the unit cell to simulate 

the hexagonal lattice in the x-y plane. Perfectly matched layers (PML) were located 

at the top and the bottom of the whole model to reduce the reflections from the up 

and the down faces of the model boundary. The simulation models are verified 

from experimental samples with series of parameters. 

The optical transmission spectra were measured by utilizing a homemade 

optical setup (Figure 5.3). A white light source was collimated and then focused 

onto the sample by an objective lens [×10, numerical aperture (NA) 0.25, 

Olympus]. Another objective lens (×100, NA 0.9, Olympus) was adopted to 

collect the transmitted signals from the gold side due to its limited working 

distance, which was then delivered to a spectrometer (SP-2300, Princeton 

Instruments) equipped with a liquid nitrogen–cooled charge-coupled device 

(CCD) detector (PyLoN-IR). A linear polarizer and a quarter-wave plate (1100 to 

2000 nm; Thorlabs) were set in front of the first objective lens to realize circular 

polarized incidence. A CCD camera was placed in the switching optical path for 

monitoring. 
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Figure 5.3 The Experimental Setup for the Measurement of Linear 
Circular Dichroism. P1: linear polarizer; λ/4: quarter-wave plate; OB1 
and OB2: objective lenses; M1: mirror, placed on a flip mount adapter; 
L1 and L2: lenses. 

The calculated and experimentally measured linear transmission spectra are 

shown in Figure 5.4. Due to the breaking of mirror symmetry with respect to the 

x-y plane, the 3D meta-atoms show significantly different responses upon LCP 

and RCP excitations. While the background high transmission is induced by the 

plasmonic resonance of the bottom metallic hole array, the difference in 

transmission upon handedness-dependent excitation comes from the difference in 

absorption (Figure 5.5a), i.e. the linear optical CD plotted in Figure 5.4b. These 

observations are well consistent with the numerical calculations, reflecting the 

significance of the out-of-plane bending and twisting, as well as the high-quality 

fabrication by using the nano-kirigami technique. Such linear optical CD can be 

further engineered and enhanced through geometric designs of the nano-kirigami 

metasurfaces (Figure 5.5b). 
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Figure 5.4 Linear property of the nano-kirigami metasurface. (a) 
Calculated (dashed lines) and measured (solid lines) transmissions 
under LCP and RCP incidences. (b) Linear CD spectra. 

 
Figure 5.5 Absorption spectra and possible optimization of linear CD. 
(a) Calculated absorption spectra of the gold nano-kirigami metasurface 
with p = 1.3 µm under the illumination of left or right circularly 
polarized (LCP/RCP) light. (b) Calculated linear optical circular 
dichroism (CD) from nano-kirigami metasurfaces with p = 1.2 and 1.3 
µm, of which the maximum CD is 0.787 and 0.716, respectively. 

5.5 Nonlinear CD of the Nano-kirigami Metasurface 

5.5.1 Nonlinear Optical Experiments 

Next, we study the SHG process from the gold nano-kirigami metasurface. 

The SHG waves from the C3 nano-kirigami metasurface is characterized with an 

optical parametric oscillator laser as the fundamental wave (FW). From the 

symmetry selection rules in nonlinear optics, it is known that for a planar C3 gold 

meta-atom pumped by circularly polarized FW, the SHG with opposite circular 
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polarization state can be generated[18]. However, the same selection rule has not 

been verified for the SHG process on the C3 meta-atom with strong 3D chirality. 

The measurement setup is the same as in Figure 2.4. 

The circularly polarized FW is normally focused onto the nano-kirigami 

metasurface by using an objective lens with N.A. of 0.1. The laser spot on the 

metasurface has a size of ~ 20 µm in diameter. The SHG waves from the gold 

nano-kirigami meta-atoms is collected by an objective lens with N.A. of 0.25 in 

the transmission direction of FW. Then, an Andor spectrometer (SP500i) with 

Newton EMCCD detector is used to analyze the SHG signals.  

In Figure 5.7a, we measure the spectral resolved SHG response under 

pumping of circularly polarized FW with wavelength ranging from 1300 nm to 

1520 nm. As shown in Figure 5.7a, under the pumping of a RCP FW, the SHG 

waves are unambiguously much stronger than that for the case of the LCP FW. 

Close examination reveals that the symmetry selection rules of SHG from a meta-

atom with three-fold rotational symmetry, which state that when the meta-atom is 

pumped along its rotational axis of by a circularly polarized FW, the SHG waves 

with opposite handedness to that of FW will be generated, still hold true but except 

at several wavelengths (~1465nm) when pumping by LCP FW. These deviations 

may arise from the imperfect rotational symmetry of the 3D nano-kirigami 

metasurface, due to the nanofabrication process. The spectral resolved SHG 

responses of the nano-kirigami metasurface show that the maximum SHG 

efficiency occurs for the RCP FW with wavelength around 1430 nm, where the 

conversion efficiency is also the strongest. In comparison, when pumped by LCP 

FW, the SHG waves with either LCP or RCP states are very weak. 
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Figure 5.6 Measured nonlinear optical properties of the C3 nano-
kirigami metasurface. (a) Measured wavelength dependent SHG 
responses of the nano-kirigami metasurface. The peak SHG intensity 
with LCP and RCP spin states are measured. (b) Measured wavelength 
dependent SHG-CD. The maximum SHG-CD is obtained when the 
fundamental wavelength is around 1400 nm. (c) Measured polarization 
resolved SHG spectra under pumping of FW with LCP and RCP states. 
(d) Power dependence of SHG wave for RCPFW-LCPSHG measurement 
scheme. In (c) and (d), the SHG signal is recorded for fundamental 
wavelength of 1430 nm, where the peak SHG responsivity is observed. 

By defining the CD value of the SHG waves as  

 
SHG SHG
LCP-FW RCP-FW
SHG SHG
LCP-FW RCP-FW

 SHG-CD
 

I I
I I

=
+
−

,  (4.4) 

we then obtain the nonlinear SHG-CD spectrum shown in Figure 5.6b. It is 

interesting that the SHG-CD has a broader wavelength dependent response than 

the linear CD. In the meantime, the measured absolute value of the SHG-CD is up 

to 0.97 at fundamental wavelength of 1400 nm, which is higher than the maximal 

CD of the sample as observed in linear measurement. Such a improvement in the 
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nonlinear regime implies that enhanced sensitivities in biosensing may be possible 

by utilizing the nonlinear process. 

In addition, we also measure the polarization resolved spectra and the power 

dependence of SHG waves (Figure 5.6c and Figure 5.6d), the slope value for the 

cross polarization combination FWRCP-SHGLCP measurement is 2.06, which is 

close to the theoretical value of a second order nonlinear optical process. Both the 

SHG spectra and character of power dependence confirms the second order 

nonlinear optical process. It should be noted that the efficiency of SHG from the 

gold metasurface will be limited by the damage threshold of gold, so this kind of 

device should work at a low pumping density situation. 

5.5.2 Nonlinear Optical Calculations 

To understand the mechanisms behind the broadband and near-unity nonlinear 

SHG-CD from the gold nano-kirigami metasurface, we perform the numerical 

simulations of the SHG process on the device. The nonlinear polarizations that 

contribute to the far field SHG radiation is calculated based on the linear optical 

responses at both fundamental and second harmonic wavelengths [85, 96, 159]. 

The nonlinear optical polarization of SHG waves from the metasurface is 

described by a position dependent equation 

 (2)2
0( ) ( ) ( )ω ε χ= ⋅P r E r E r ,  (4.5) 

where ( )E r   is the electric field of FW and (2)χ   is the surface second order 

nonlinear susceptibility of gold. Last, the far-field SHG wave from the nano-

kirigami metasurface can be calculated by using a reciprocal theory of wave 

propagation. 
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As shown in Figure 5.7a, the spectral response of the SHG waves from the 

nano-kirigami metasurface is calculated for the FW wavelength ranging from 1300 

nm to 1520 nm. It is found that the nonlinear optical calculations agree very well 

with the experimental results. The SHG efficiency is very weak under excitation 

of FW with LCP state, while the much stronger SHG signal is obtained by using 

FW with RCP state. In this case, the peak of the SHG intensity occurs at 

wavelength of 1430 nm, which is very close to the experimental results. The 

calculated CD spectrum is plotted in Figure 5.7b, with a maximum absolute CD 

value around 0.97 at wavelength of 1390 nm. It is noted that the calculated SHG-

CD also shows a broadband response characteristic, with the nonlinear CD value 

larger than 0.8 over a wavelength range from 1360 nm to 1550 nm. 

 
Figure 5.7 Calculated wavelength dependent SHG intensity and SHG-
CD of the nano-kirigami metasurface. (a) Calculated wavelength 
dependent SHG responses for different polarization measurement 
schemes. (b) Calculated nonlinear SHG-CD spectrum. 

To reveal the reason of the observed giant SHG-CD, we examined the field 

distributions of the nano-kirigami metasurface in calculation. The electric field 

distributions of the fundamental waves are shown in Figure 5.8. It is clear that 

RCP FW can induce much stronger electric field in the surfaces of the meta-atom, 

which can lead to stronger nonlinear polarization according to Eq. (5.2). 
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Figure 5.8 The electric field distributions of the fundamental waves. (a, 
b) Fundamental wavelength at 1390 nm, where highest SHG-CD is 
achieved. (c, d) Fundamental wavelength at 1430 nm, where strongest 
SHG signal intensity is obtained. 

We further examine the nonlinear polarization distribution, which contributes 

to the far-field SHG waves from each local point of the nano-kirigami meta-atom. 

In Figure 5.9a-5.9d, we plot the amplitude and phase distribution of the near field 

nonlinear polarization at fundamental wavelength of 1390 nm. From Figure 4c-

4d, it is found that under pumping of RCP FW, the nonlinear polarization is 

strongly localized around the three arms of the nano-kirigami meta-atom. In 

comparison, under excitation of LCP FW, the nonlinear polarization is much 

weaker. It seems that strong CD effect of nonlinear polarization can be expected 

from the linear CD response of FW. However, it is not easy to understand why the 

amplitude of nonlinear polarization in RCPFW-LCPSHG scheme is comparable to 

that in the RCPFW-RCPSHG case.  
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Figure 5.9 Calculated amplitude and phase distributions of the near field 
nonlinear polarization of the nano-kirigami metasurface at fundamental 
wavelength of 1390 nm. (a-d) The amplitude distribution of the 
nonlinear polarization. (e-f) The phase distribution of the nonlinear 
polarization. 

Then, we also calculate the phase profiles of the nonlinear polarization in 

Figure 5.9e-h, it is very interesting to see that the phase patterns for LCPFW-

RCPSHG (Figure 5.9e) and RCPFW-LCPSHG (Figure 5.9g) schemes have clear three-

fold rotational symmetry, in comparison they are slightly random for LCPFW-

LCPSHG (Figure 5.9f) and RCPFW-RCPSHG (Figure 5.9h) cases. Compared with the 

random ones, the symmetric phase distribution can provide better conditions for 

the constructive interference of the SHG waves in the far-field, therefore lead to 

stronger SHG intensities. Similar analysis can also apply to the fundamental 

wavelength of 1430 nm, which corresponds to maximum calculated SHG intensity 

(Figure 5.10). This may partially explain why the strong nonlinear SHG-CD can 

be realized by using the nano-kirigami metasurface. 
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Figure 5.10 Nonlinear optical calculations at fundamental wavelength 
of 1430 nm, which corresponds to maximum calculated SHG value. The 
circularly polarized nonlinear polarizations contributing to the far field 
SHG waves are calculated. (a-d) and (e-h) are the amplitude and phase 
distributions, respectively. 

5.6 Summary 

Nonlinear metasurfaces with giant nonlinear optical circular dichroism could 

provide more degree of freedoms for designing novel chiroptical devices for 

optical information processing. By using a nano-kirigami plasmonic metasurface 

with three-fold rotational symmetry, we demonstrate the broadband and near-unity 

nonlinear optical circular dichroism in second harmonic generation process from 

the gold metasurface. Such a metasurface was built in a free-standing film window 

with total sample thickness of less than λ/3, which is more flexible compared with 

the nonlinear metasurfaces on thick substrates. The proposed nonlinear nano-

kirigami metasurface opens new avenues for designing nonlinear optical devices 

with predefined polarizations and chiroptical responses, and explores a new 

approach of optimizing nonlinearity generation through 3D geometric designs. 



 

89 

Statement 

This chapter is written based on the work published in the journal paper: 

Tang, Y., Liu, Z., Deng, J., Li, K., Li, J., Li, G., Nano-Kirigami Metasurface with 

Giant Nonlinear Optical Circular Dichroism. Laser Photonics Rev. 2000085 

(2020). 

In this work, Y.T. conducted optical measurements, data analysis and paper writing 

with the help from co-authors. All other authors contributed to some part of the 

work and the discussions. 
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Chapter 6 

Conclusion and Future Work 

In this thesis, we investigated several gold plasmonic metasurfaces for the second 

harmonic generations. All those metasurfaces work at the near infrared regime. We 

experimentally proved the effects of both local and global symmetries on the far-

field second harmonic radiations in quasicrystal metasurfaces. The newly found 

bronze-mean hexagonal quasiperiodic tiling is for the first time used to design 

artificial materials. We designed and fabricated vectorial metasurfaces to encrypt 

information into the polarization profiles of the second harmonic waves. Such a 

design provides additional degrees of freedom for information encryption, may be 

used for advanced security applications. We also studied the nonlinear circular 

dichroism in a three-dimensional nano-kirigami metasurface, which 

experimentally observed to possesses higher, compared with its linear behaviors, 

and more broadband nonlinear circular dichroism in second harmonic generations. 

The nano-kirigami metasurfaces may provide new platforms for designing novel 

chiroptical devices. 

During the investigations, we developed theoretical model based on the linear 

and nonlinear geometric P-B phase to predict the optical diffractions of the 

quasicrystal metasurfaces, designed a protocol to hide information into the 
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nonlinear vectorial metasurfaces, and adapted numerical simulations to explain the 

spin-dependent nonlinear responses of the nano-kirigami metasurfaces. Those 

accumulated methods provided powerful tools for further studies on the nonlinear 

plasmonic metasurfaces and may be further developed as distributed as open 

source packages. The encryption protocol may also be commercialized as portable 

products. 

My future works may continue to study novel physical phenomena on the 

platform of nonlinear metasurfaces, such as spin-orbital interactions, nonlinear 

processes other than the second harmonic generations, etc. 
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