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Abstract

Light manipulation means that one can take advantages of different physical dimen-
sions of lightwaves to realize flexible light control. Light manipulation over subwave-
length propagation distances can be realized using metasurfaces. There are two
categories of metasurfaces divided by the material type of unit structure, that is,
plasmonic and dielectric metasurfaces. For plasmonic metasurfaces, they are made on
the basis of metallic meta-atom whose optical responses are driven by the plasmon
resonances supported by metallic particles. For dielectric metasurfaces, unit structure
is constructed with high refractive index dielectric resonators such as silicon, germani-
um, or tellurium, which can support electric and magnetic dipole responses based on
Mie resonances. The responses of plasmonic and dielectric metasurfaces are all relevant
to the characteristics of unit structure. One can manipulate the electromagnetic field of
lightwave scattered by the metasurfaces through designing the dimension parameters
of each unit structure in the metasurfaces. In this chapter, we review our recent research
progress in light manipulation using plasmonic and dielectric metasurfaces. It is
believed that metasurfaces based nanophotonic devices are one of the most potential
devices applied in various fields such as beam steering, spatial light modulator,
nanoscale-resolution imaging, sensing, quantum optics devices, and even optical
communication networks.

Keywords: light manipulation, metamaterials, metasurfaces, plasmonic metasurfaces,
dielectric metasurfaces, orbital angular momentum, vector beams, Bessel beams,
space-division multiplexing

1. Introduction

The fundamental properties of lightwaves can be described from the basic electrical field
expression of electromagnetic waves, E(x,y,zt) =e(zt) F(x,yt)-|A(zt)| - ®(zt) - exp
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58 Metamaterials - Devices and Applications

[j(wt — kz) + ¢], as displayed in Figure 1, where m is the polarization, F(x,y,t) is related
to the spatial structure, |A(z t)| is the amplitude, ®(z,t) is the phase, A(z,t) = |A(z,t)| - (2, t)
is the complex amplitude, w is the frequency of the lightwave, k is the wave vector, ¢ is the
initial phase, z is the propagation distance and t is the time [1]. Light manipulation means that
one can take advantages of these physical dimensions (wavelength/frequency, time, complex
amplitude, polarization, spatial structure) of lightwaves to realize flexible control of electro-
magnetic waves. Utilizing different physical dimensions of lightwaves, light manipulation has
been widely applied in various areas such as wavelength-division multiplexing (WDM) [2],
polarization-division multiplexing (PDM) [3], time-division multiplexing (TDM) [4], space-
division multiplexing (SDM) [5], advanced modulation format [6], sensing [7], imaging [8],
optical tweezers [9], optical knots [10], optical trapping [11], and so on. In order to realize light
manipulation on the physical dimensions of lightwaves, there have been lots of approaches
such as modulators (e.g. intensity, phase, I/Q modulators, spatial light modulators, etc.),
conventional optical elements (e.g. lens, waveplate, polarizer, optical coupler, etc.), and
metamaterials and metasurfaces, as listed in Figure 2 [4-11]. The spatial structure physical
dimension has recently attracted increasing interest in wide research areas. In this chapter, we
mainly focus on the recent progress in light manipulation on spatial structure physical
dimension using metasurfaces.

Physical Dimensions of Lightwaves
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Figure 1. Schematic illustration of physical dimensions of lightwaves.
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Figure 3. Schematic illustration of meta-atom, 1D chain, 2D metasurface, and 3D metamaterial. Inserts are the repre-
sentation of the parameter space for permittivity ¢ and permeability p and the typical examples of applications of met-
amaterials.

“Metamaterial” can be defined as a man-made material whose properties can be attained by
designing the unit structure. It has been widely focused for a dozen years since it was firstly
reported by Smith et al. in 2000 [12]. The unit structure in metamaterial called as meta-atoms
or meta-molecules, must be considerably smaller than the operating wavelength, and the
distance between neighboring meta-atoms also has subwavelength scale [13]. This subwave-
length scale in homogeneity makes the whole metamaterial uniform on the macro of perform-
ance, and this phenomenon makes this artificial structure essentially a “material” rather than
a device. Therefore, one can arbitrarily arrange the so-called meta-atoms into periodic arrays
to build one-dimensional (1D) materials (chains), two-dimensional (2D) materials (metasur-
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60 Metamaterials - Devices and Applications

faces), and three-dimensional (3D) materials (metamaterials), as shown in Figure 3 [14]. For
metamaterial, one can even manipulate its macroscopical properties such as permittivity € and
permeability u. The researches of metamaterial are essentially related to the exploitation of the
electromagnetic parameter space for better control of electromagnetic waves, as depicted in
Figure 3. Utilizing metamaterials, one can enter regions of the electromagnetic parameter space
that are not observed in conventional material but are not forbidden by Maxwell's equations
such as third quadrant of the parameter space (negative-index materials), zero-index materials
and space far away from the non-magnetic line [15]. Taking advantage of these attractive
features, as shown in Figure 1, metamaterials have been widely applied in optical negative
index materials [16], nonlinear optics [17], optical magnetism [18], super resolution [19], giant
artificial chirality [20], electromagnetic cloaks [21], and so on.

Besides 3D materials, 2D metasurfaces are also widely focused for their ability of flexible light
manipulation (phase, amplitude, polarization) over subwavelength propagation distances
[22]. Most of the metasurfaces can be divided into two categories by the material type of unit
structure: plasmonic and dielectric, as displayed in Figure 4. For plasmonic metasurfaces, they
are made on the basis of metallic meta-atom whose optical responses are driven by the plasmon
resonances supported by metallic particles. When a metallic particle is placed in an electric
field, the conduction electrons are escaped from their equilibrium positions with respect to the
core ions, resulting in a polarization of the particle and generating a depolarizing field. In a
time-varying external field, this collective motion in the metallic particle can be seen as a
Lorentzian oscillator whose characteristic peak in the displacement amplitude is around the
resonance frequency and accompanied by a phase shift of 7t over the spectral width of the
resonance [14]. For dielectric metasurfaces, unit structure is constructed with high refractive
index dielectric resonators such as silicon, germanium or tellurium, which can support electric
and magnetic dipole responses based on Mie resonances [23]. When a dielectric particle is
illuminated by a light wave whose frequency is below or near the bandgap frequency of the
material of particle, both the magnetic dipole (first Mie resonance) and electric dipole reso-
nances (second Mie resonance) are excited. The magnetic and electric Mie resonance can then
enhance the magnetic and electric field at the particle's center at optical frequencies, respec-
tively, and this enhancement is related to the intrinsic properties of dielectric particles [24].
Therefore, the responses of plasmonic and dielectric metasurfaces are all relevant to the
characteristics of unit structure such as dimensions and materials. One can manipulate the
electromagnetic field of light wave scattered by the metasurfaces through designing the
dimension parameters of each unit structure in the metasurfaces [25].

To produce the designed metasurfaces, many attractive previous works have reported the
fabrication techniques such as electron-beam lithography [16], focused-ion beam [26], inter-
ference lithography [27], and nanoimprint lithography [28]. Electron-beam lithography is a
standard method that can fabricate the metasurface with high nanoscale resolution. Focused-
ion beam is a more appropriate method for rapid prototyping. Interference lithography can
provide a solution for realizing large-scaled metasurface fabrication. Nanoimprint lithography
is a more promising technique for combining many advantages of the formers such as high-
resolution, large-scaled producing, and low processing cost [28, 29]. The unique properties
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and the development of fabrication techniques have made metasurfaces applied in various
tields such as flat optics [30—41], nonlinear effects [42, 43], photonic Hall effects [44], electro-
magnetically induced transparency [45], cloaking [46], and so on as shown in Figure 4. For
instance, the applications of metasurfaces in the field of flat optics mainly include anomalous
wave plates [30], reflection/refraction [31, 32], flats lens/axicons [33], mirrors [35], hologram
[37], filters [38], optical vortex generation [39, 40], polarization beam splitter [41], and so on.
The applications of metasurfaces in the field of nonlinear effects mainly include second/third
harmonic generation [42] and enhanced absorbing [43].
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Figure 4. Schematic illustration of classification, fabrication and applications of metasurfaces.

In this review article, we go over our recent progress in light manipulation using plasmonic
and dielectric metasurfaces, including metasurfaces-based broadband and selective genera-
tion of orbital angular momentum (OAM)-carrying vector beams [47, 48], N-fold OAM
multicasting using V-shaped antenna array [49], metasurface on conventional optical fiber facet
for linearly polarized mode (LP11) generation [50], OAM beams generation using nanopho-
tonic dielectric metasurface array [51], and Bessel beams generation and OAM multicasting
using dielectric metasurface array [52].

2. Light manipulation using plasmonic metasurfaces

Plasmonic metasurfaces are composed of metal nanoparticles based on the plasmon resonan-
ces. Several typical types of plasmonic metasurfaces and previous works are reported: (1) metal
V-shaped nanoantennas are designed and fabricated on silicon substrate using electron-beam
lithography method to manipulate the phase of scattering light and generate OAM beams [22];
(2) Au patch antennas separated from a metal back plane by a MgF2 spacer are designed and
fabricated using electron-beam evaporation electron-beam lithography technique to realize
anomalous reflections [31]; (3) metal H-shaped nanoantenna arrays are designed and fabri-
cated using printed circuit boards to realize high efficiency conversion from propagating waves
to surface waves in microwave regime [32]; (4) metal nanorods are deposited on the glass
substrate to generate hologram [37]; (5) freestanding nanofabricated fishnet metasurfaces are
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designed and fabricated using electron-beam lithography method to realize broadband band
pass filter [38]; (6) metal rectangular apertures are arranged into an array with rotational
symmetry in metal film to generate OAM beams [39]; (7) metal nanorods are designed and
fabricated on glass substrate with a standard electron-beam lithography and lift-off process to
generate broadband OAM beams [40]; (8) metal split-ring resonators are designed and
fabricated on glass substrate with a standard electron-beam lithography to enhance second
harmonic generation [42]. All these works are based on manipulating the plasmon responses
of nanoresonators by altering the dimensions, directions and even arrangement of unit
structures. Recently, we have also made some progresses in plasmonic metasurfaces on the
basis of previous works.

2.1. Metasurfaces-based broadband and selective generation of OAM-carrying
vector beams [47, 48]

We propose and design compact metal-assisted metasurfaces to enable broadband generation
of OAM-carrying vector beams. Figure 5(a) and (b) depicts the structure and geometric
parameters of metal-assisted metasurfaces. We design two concentric rings in a gold film with
a thickness of & = 200 nm. Each ring is composed of 42 rectangular apertures with gradually
varied orientation. The rectangular aperture array in the gold film can enhance the transmis-
sion of linearly polarized light (perpendicular to the aperture direction), which might be
explained as follows: (1) the localized waveguide resonance (each air aperture can be regarded
as a truncated rectangular waveguide with four metal walls and two sides open to air); (2) the
property of the surface plasmon resonance due to the aperture array. Hence, each rectangular
aperture can be regarded as a localized linear polarizer. By controlling the orientation angle
of rectangular apertures, we can construct desired spatially variant polarizers to generate
OAM-carrying vector beams with right or left circularly polarized input light beam. Figure 5(c)
shows an example of phasefront and spatial polarization after passing though the metasurfa-
ces, which indicates the generation of OAM-carrying vector beam from circularly polarized
beam.

Figure 6 plots spatial phase, power and polarization distributions of output beams under the
excitation of input left circularly polarized light (E;, =[1 i]"). We set the wavelength at 1550 nm
to characterize the properties of generated OAM-carrying vector beams. The employed
metasurfaces has an orientation angle of a(¢) =I¢p + ay, where [ varies from +3 to -3 and «, = 0.
We use E; and E, to represent the electric field components along directions of e;(¢) and e,(¢)
in Figure 5(b), respectively. The first row in Figure 6 shows spatial phase distribution of E,,
indicating that output beams carry OAM with a charge number of I from +3 to —3. The second

2 P200|E2|2) along

and third rows in Figure 6 show spatial power distributions (P100|E 1

directions of e;(p) and e,(p), respectively. It is found that the power component P, is much
larger than P,. The extinction ratio (ER), defined by 10 x log;,(P,/P,), exceeds 20 dB. Hence, the
electric field component E, along the direction of e,(¢) can be ignored. The fourth and fifth
rows in Figure 6 show spatial power distributions (P,, P;) along x and y axes, respectively. The
alternative bright and dark power distribution implies that the polarization state rotates with
the azimuthal angle ¢. Distributions of spatial polarization are shown in Figure 6 (sixth row),



indicating the vector beams producing with a polarization order of / changing from +3 to -3.
Generation of vector beams carrying OAM utilizing the proposed metal metasurfaces is
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successfully confirmed in the simulated results.

The operation bandwidth is also studied. We considered the rectangular apertures in the metal
film with orientation angle expression of a(¢) = Ip+a, (=1, 2, 3). We choose input optical beam
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Figure 5. (a) Schematic diagram of metasurfaces for generating vector beams carrying OAM. (b) The radii of two con-

centric rings are r; = (i+6.3) x 700 nm (I = 0, 1) and the orientation angle respect to the x axis is a(p) =

lp+a,(eg., =2, a

= 0). The dimension of rectangular aperture is 600x140 nm. (c) Concept of generating vector beam carrying OAM
(OAM charge number is 2; polarization order is 2) [47].
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Figure 6. Spatial distributions of phase, power and polarization of generated OAM-carrying vector beams (o = 1:left

circularly polarized input beam, a,

= 0:along the direction of e,(¢)) [47].
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of left circular polarization light as the stimulating source. ER and purity are used to analyze
the quality of produced vector beams carrying OAM. Figure 7(a) shows the relationship
between ER and wavelength. One can see that the produced vector beams carrying OAM have
high quality in broadband regime of wavelength from 1000 to 2500 nm, covering parts of near-
infrared band and mid-infrared band. For topological charge number [ of 1 and 2, the ER is
maintained above 20 dB covering the wavelength of 1000-2500 nm. For topological charge
number [ of 3, we achieve ER > 16 dB covering the wavelength of 1000-2500 nm and ER > 20
dB covering the wavelength of 1000-1800 nm. The purity as a function of wavelength of vector
beam carrying OAM of | = 3 is plotted in Figure 7(b), achieving values above 0.85 covering the
wavelength of 1000-2500 nm. The inset pictures show the relationship between weight spectra
and topological charge numbers of OAM and polarization order at 1550 nm. The results show
that we achieve high-values purities.
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Figure 8. (a) Schematic diagram of proposed metasurfaces. (b) Details of rectangular aperture in the metasurface [48].

In Figure 5(a), two concentric rings are used to excite a single OAM-carrying vector beam.
Actually, one ring can also enable the generation of one OAM-carrying vector beam. Hence, it
is possible to generate multiple OAM-carrying vector beams by forming multiple concentric
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rings in a gold film as shown in Figure 8, where each ring contains a rectangular aperture array
with each aperture acting as a localized polarizer. In particular, it is expected to selectively
generate different orders of OAM-carrying vector beams by shining the circularly polarized
light source onto different concentric rings.

Figure 9(a) shows ER as a function of wavelength. One can see broadband operation from 1000
to 1550 nm with an extinction ratio above 20 dB, which indicates high-quality broadband (~500
nm) generation of OAM-carrying vector beams. The fabrication tolerance of the proposed
metasurface is also studied by analyzing the relationship between characteristic dependence
and the initial orientation angle a;, of each rectangular aperture. The relationship between the
extinction ratio and the initial orientation angle a,, of each rectangular aperture in the metal
film of the second ring is shown in Figure 9(b). When the value of a,, is changed from -1 to 7
degrees, the extinction ratio is maintained over 20 dB. The initial orientation angle range is
obtained near 8 degrees, indicating a favorable fabrication tolerance of the proposed metasur-
faces. We use E;; and E,; to denote the electric field components on the directions of e;; (¢) and
e, (@) (similar to e,(¢) and e,(¢) in Figure 5(b)), respectively. We calculate the phase of E;; and
the power components on directions of e;; (¢), e,; (¢), x and y axes, which are presented by P;,
P, P,, and P, respectively. We also calculated the state of spatially variant polarization of the
vector beams carrying OAM. All these simulated results are displayed in Figure 9(c). One can
clearly indicate that the components of power on the direction of e; (¢) has a larger value than
that of e,,(¢). In Figure 9(c), the phase distributions indicate that the component of electric field
E;; has OAM with a topological charge number of m =i (i =1, 2, 3). Spatial distribution of P,
P, and the polarization state confirm that the vector beams carrying OAM have a number of
polarization order of [ =i (i =1, 2, 3) can be confirmed by the spatial distributions of the
polarization and power.

(b)

Extinction ratio (dB)
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Figure 9. (a) Wavelength-dependent extinction ratio for three OAM-carrying vector beams. (b) The dependence of ex-
tinction ratio on the initial orientation angle o, (second ring). (c) Spatial distributions of phase, power components and
polarization [48].
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2.2. N-fold OAM multicasting using V-shaped antenna array [49]

We design a V-shaped antenna array to realize on-chip multicasting from a single Gaussian
beam to four OAM beams. The concept and schematic diagram of N-fold optical multicasting
of beams carrying OAM utilizing V-shaped antennas is displayed in Figure 10. At the side of
multiple OAM multicasting, a specially designed V-shaped antenna array can be seen as a
complex phase pattern that can manipulate the wavefront of the input Gaussian beam and
then produce multiple OAM beams of collinearly superimposed propagation direction. Then
the V-shaped antenna array can duplicate the messages carried by the input Gaussian beam
and deliver to multiple optical beams carrying OAM of different topological charge number.
Due to the phase singularity of optical beams carrying OAM, the intensity of superimposed
multiple optical beams carrying OAM has a dark center. At the side of optical beams carrying
OAM demultiplexing, the superimposed multiple optical beams carrying OAM are
respectively distributed to multiple end users. At the side of each end user, the helical phase
front of the desired optical beam carrying OAM is removed using an inverse phase pattern,
resulting in a bright center in the intensity distribution, which can be conveniently separated
from other optical beams carrying OAM using spatial filtering.

!| Gaussian Beam i:" OAM Multlcastmg 3 :', |OAM Demultiplexing

i ‘ || gpusen, .
2 EE 5 ‘ - * :
i 0 by ly Ly U 0 l, i

Power
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Figure 10. Concept and principle of N-fold multicasting of OAM beams using V-shaped antenna phase array [49].

To enable on-chip OAM multicasting, a pattern search assisted iterative (PSI) algorithm is
employed to prepare a specific phase pattern for the simultaneous generation of multiple
collinearly superimposed OAM beams. Figure 11(a) displays the calculated phase pattern
using PSI algorithm to generate four collinearly superimposed OAM beams with charge
values of [ = 1, 4, 7, 10, respectively. Considering discrete unit of V-shaped antenna array,
replace the simulated continuous complex phase pattern with a discrete one is necessary.
The right picture of Figure 11(a) displays the simulated discrete phase pattern that discre-
tizes the previous continuous complex phase pattern into 32 different values along the azi-
muthal direction. We then evaluate the degradation of performance of produced collinearly
superimposed optical beams carrying OAM caused by the simulated discrete phase pattern
by calculating and comparing power distributions of channels of optical beams carrying
OAM produced by both continuous and discrete complex phase patterns, as depicted in
Figure 11(b). Here the crosstalk for all channels of optical beams carrying OAM is defined
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by the power ratio of the desired channel of OAM beam (e.g. [ = 4) to its neighboring ones
(e.g. I =3 and [ = 5). The crosstalk degradation of less than 2 dB is obtained for all four
channels of OAM beam after passing through the discrete complex phase pattern. Then we
design and simulate the V-shaped antenna array to achieve multicasting from a Gaussian
beam to four optical beams carrying OAM by replacing the designed discrete complex
phase pattern with corresponding V-shaped antennas, as plotted in Figure 11(c)—(d).
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Figure 11. (a) Simulated continuous and discrete phase patterns. (b) Power distributions of channels with different
topological charge number of OAM produced by continuous discrete phase patterns. (c) and (d) Top view of designed
metal V-shaped antenna array to generate multicasting of optical beams carrying OAM [49].

The simulated intensity distribution of the multicasting optical beams carrying OAM pro-
duced by the designed V-shaped antenna array has a dark center, as plotted in Figure 12(a).
Figure 12(b) and (c) show the intensity distributions of channels of optical beams carrying
OAM after demultiplexed by the inverse phase pattern. One can see that multicasting channels
have bright spots in the center of the beams (Figure 12(c)), while undesired channels have dark
centers in the intensity distributions (Figure 12(b)). We also simulate the power distribution
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of channels with different topological charge number produced by the designed V-shaped
antenna array, as displayed in Figure 12(d). The cross talks of less than —15 dB for all multicast
channels are obtained, as plotted in Figure 12(d).
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Figure 12. (a) Simulated intensity profiles of produced multicast four optical beams carrying OAM. (b) Simulated in-
tensity profiles of undesired channels after demultiplexed by inverse phase pattern. (c) Simulated intensity profiles of
multicasting channels after demultiplexed by inverse phase pattern. (d) Power distributions of channels with different
topological charge number of OAM produced by designed V-shaped antenna array compared with that of continuous
phase pattern [49].

2.3. Metasurface on conventional optical fiber facet for linearly polarized mode (LP;,)
generation

We design and fabricate metasurface on the facet of conventional G.652 single mode fiber
(SMF) [50]. Here we choose metal rectangle resonator as a unit structure of metasurface.
The working principle of a metal rectangle resonator can be explained as follows: the polari-
zation of incident light is along x polarized, which can be decomposed into two perpendicu-
lar components corresponding to the long and short edge of the resonator, respectively; the
transmission amplitudes of response for a resonator in both components are almost the
same while the relative phase retardation is around 7, where the linear polarization conver-
sion occurs, resulting in a y-polarized transmitted light. Finite-difference time-domain
(FDTD) method is also used to simulate the amplitude and phase response of proposed
metal rectangle resonator and its mirror image. The amplitude responses of y-polarized
transmitted light of this resonator and its mirror image are almost the same while the phase
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responses of them have a difference of . Therefore, this feature can be used to generate
higher-order LP mode in the optical fiber. When an x polarized Gaussian beam is irradiat-
ing on the metasurface on the facet of G.652 SMF at wavelength of 632.8 nm, it can generate
two kinds of transmitted beams with orthogonal polarization. Transmitted beam with x po-
larization called normal refractive beam that is not influenced by the metasurface can gener-
ate LP; mode. Meanwhile, transmitted beam with y polarization called abnormal refractive
beam that is influenced by the metasurface can generate LP;; mode. Owing to the orthogo-
nal polarization of generated LP,, and LP;; modes, it is significantly convenient to separate
these two modes in optical fiber. Figure 13(a) and (b) shows the fabricated metasurface on
the facet of G.652 SMF to generate LP;; mode. The experimental results can be seen in Fig-
ure 13(d)—(g). When the polarization direction of incident light is set along x-axis, the LP,
mode is x-polarized and LP;; mode is y-polarized, as plotted in Figure 13(d) and (e). When
the polarization direction of incident light is changed to y-axis, the polarization directions of
LPy, and LP;; mode exchange, as seen in Figure 13(f) and (g).
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Figure 13. (a) and (b) SEM images of top view of a fabricated metasurface on the facet of SMF to generate LP;; mode:
(b) details of the metasurface array. (c) Experimental setup for LP;; mode generation using the fabricated metasurface.
Pol.: polarizer; HWP: half-wave plate; OL: objective lens; Col.: collimator. (d)—(g) Measured intensity profiles of gener-
ated LP;; mode and LP,; mode using the fabricated metasurface on the facet of SMF [50].

3. Light manipulation using dielectric metasurfaces

Dielectric metasurfaces are composed of high refractive index dielectric nanoparticles based
on the Mie resonances. Several typical types of dielectric metasurfaces and previous relevant
researches have been reported: (1) Er-doped Si-rich silicon nitride nanopillar array is designed
and fabricated using RF magnetron sputtering, electron beam lithography, and reactive ion
etching methods for enhanced omnidirectional light extraction and OAM beams generation
[34]; (2) Si-based metasurfaces are designed and fabricated using electron-beam lithography
and reactive ion etching techniques to possess sharp electromagnetically induced—-transpar-
ency-like resonances in the near-infrared regime [41]; (3) silicon nanobeams antennas are
designed and fabricated using low-pressure chemical vapor deposition (LPCVD), electron-
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beam lithography, and reactive ion etching techniques to generate Bessel beams [29]; (4)
amorphous-silicon nanoridges are designed and fabricated using standard electron-beam
lithography, and reactive ion etching techniques to realize polarization beam splitting in pixel-
level [36]; (5) silicon nanodisks are designed and fabricated using chemical vapor deposition,
electron-beam lithography, and reactive ion etching methods to achieve high transmission and
full-phase control in visible wavelength [53]; (6) silicon cut-wires array in combination with a
silver ground plane are designed and fabricated using chemical vapor deposition, electron-
beam lithography, and reactive ion etching techniques to achieve high linear polarization
conversion efficiency in the near-infrared band [54]; (7) silicon nanopillar array is designed
and fabricated using electron-beam lithography and reactive ion etching techniques to realize
low loss micro-lenses in the near-infrared band [55]; (8) dielectric metasurface with a tailored-
phase gradient is designed to achieve carpet cloaking at microwave frequencies [56]. All these
previous works are based on manipulating the Mie responses of dielectric nanoparticles by
altering the dimensions, directions, arrangement of unit structures and even combining
multiple resonators with different shapes. Recently, we have also made some progresses in
dielectric metasurfaces on the basis of previous works.

3.1. OAM beams generation using nanophotonic dielectric metasurface array

We design and fabricate a kind of chip-scale dielectric metasurface array on silicon-on-
insulator (SOI) platform. Figure 14 shows the schematic drawing of the proposed dielectric
metasurface units, consisting of rectangle or ellipse silicon resonators with various dimensions.
The working principle of these proposed dielectric resonators can be explained as follows: the
polarization of incident light is along x-axis, which can be decomposed into two perpendicular
components corresponding to the long and short axis of the resonator, respectively; the
reflection amplitudes of response for a resonator in both components are almost the same while
the relative phase retardation is around 7, where the linear polarization conversion occurs,
resulting in a y-polarized reflected light [51].

Reflected Reflected
Ey 4 Ey 4
A E, Incident A% E, Incident

Figure 14. Schematic diagram of top view of designed reflective dielectric rectangle/ellipse metasurface units based on
silicon-on-insulator (SOI) platform.

Then we simulate the amplitude and phase responses of the near-field of reflected light of a
rectangle dielectric metasurface unit with various dimensions using FDTD method at the
wavelength of 1064 nm. The simulated results indicate that the response of the proposed
resonator can cover a full phase varying over 0-27 and wide shift of amplitude. It is relatively
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easy to find out a series of resonators covering full-phase control while maintaining approxi-
mately constant amplitude, which is considerably important for OAM beams generation. Then
eight kinds of resonators with different geometric dimensions are chosen to provide an equal-
spacing phase shift from 0 to 2w and nearly constant amplitude, as plotted in Figure 15.
Figure 16 plots the simulated intensity and phase distributions of OAM beams of topological
charge number [ = 1-4 generated using the rectangle dielectric metasurface array consisted of
the eight chosen resonators. The results indicate that the generated OAM beams match the

theoretical ones well.

Moreover, we also design the dielectric ellipse metasurface arrays at the wavelength of
632.8nm. Figure 17 shows the concept of OAM beams generation through dielectric ellipse
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Figure 15. Schematic of eight dielectric rectangle resonators chosen to generate OAM beams, providing a phase shift
from 0 to 2 and nearly constant amplitude.
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Figure 16. Simulated intensity and phase distributions of generated OAM beams by proposed rectangle dielectric met-
asurface array at the wavelength of 1064 nm.
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metasurface array consisting of a series of resonators covering a full-phase modulation. When
a Gaussian beam of vertical polarization is incident to the metasurface, the reflected beam can
be transformed into OAM beams of horizontal polarization. In view of polarization conver-
sation happened on the proposed metasurface, one can easily separate the incident and
reflected lights. Figure 18 plots the simulated intensity and phase distributions of OAM beams
of topological charge number [ =—4 to 4 generated using the dielectric ellipse metasurface array
consisted of the eight chosen resonators at the wavelength of 632.8 nm. The results indicate
that the generated OAM beams match the theoretical ones well.
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Figure 17. Concept of OAM beams generation using dielectric ellipse metasurface array.

Figure 18. Simulated intensity and phase distributions of generated OAM beams by proposed dielectric ellipse meta-
surface array at the wavelength of 632.8 nm [51].

ac

We further fabricate and test the designed dielectric ellipse metasurface arrays at the wave-
length of 632.8 nm. Figure 19 shows the experimental results of fabricated dielectric ellipse
metasurface arrays. The first line in Figure 19 plots the measured intensity profiles of generated
OAM beams of | = —4 to 4 using the fabricated metasurface arrays. The second line in Figure 19
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exhibits the measured intensity profiles of generated OAM beams after interfered by Gaussian
beam. One can clearly see from Figure 19 that the number of the helical arms in the distribution
of interference intensity is equal to the topological number | of OAM beam, indicating the
favorable results.
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Figure 19. Experimental intensities of generated OAM beams of | = -4 to 4 by proposed dielectric metasurface array at
the wavelength of 632.8 nm (first line). Experimental intensities of generated OAM beams after interfered by Gaussian
beam with I =0 (second line) [51].

3.2. Bessel beams generation and OAM multicasting using dielectric metasurface array

We propose and design dielectric ellipse metasurfaces to realize Bessel beams generation and
OAM multicasting at the wavelength of 1550 nm, as displayed in Figure 20(a) [52]. Figure 20(b)
and (c) respectively depict the simulated amplitude and phase responses of y-polarized
reflected light using FDTD method. Then we choose eight kinds of resonators with different
geometric dimensions as shown in Figure 21(a), providing a phase shift from 0 to 2 and nearly
constant amplitude. The method of phase pattern replacing axicon is used to generate Bessel
beams. By replacing the phase patterns with the eight chosen resonators, simulated Bessel
beams are achieved as plotted in Figure 21(b). The purities of generated Bessel beams with
different indices are also analyzed. As shown in Figure 21(c), the purities of generated Bessel
beams with different indices of [ =20, -19, ..., 19, 20 are all higher than 0.93.

Amplitude

(@)

Figure 20. (a) Schematic diagram of designed dielectric ellipse metasurface with a period of 1 um and silicon height of
500 nm. Inset is the top view of a dielectric elliptical resonator. (b) and (c) are simulated near-field amplitude and
phase of y-polarized reflected light as functions of half of long axis length a and short axis length b [52].
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Figure 21. (a) Schematic of eight resonators chosen to generate Bessel beams, providing a phase shift from 0 to 2 and
nearly constant amplitude. (b) Simulated intensity of four Bessel beams (I =0, 1, 10, 20) by replacing the corresponding
phase patterns with the eight chosen resonators. (c) Purities of generated Bessel beams with different indices versus
topological number [ with varied propagation length L [52].

Moreover, sixfold OAM multicasting using the designed dielectric ellipse metasurfaces is also
simulated. The ideal phase pattern to generate collinearly superimposed six OAM beams (I =
1, 4,7, 10, 13, 16) is plotted in Figure 22(a). By replacing the ideal phase pattern with corre-
sponding resonators, we design the dielectric ellipse array shown in Figure 22(b). The intensity
profile of the superimposed six OAM modes produced by the proposed ellipse array with a
trigonal dark center is depicted in Figure 22(d). Figure 22(e) and (f) shows the intensity profiles
of OAM channels after demulticasting. For desired OAM channels, a bright light spot emerges
at the center of beam (Figure 22(f)), while for needless channels, dark region will come out at
the beam center (Figure 22(e)). The power ratios of the needed OAM channels (e.g. [ = 16) to
its neighboring ones (e.g. I =15 and [ = 17) are defined as cross talks, which are approximately
less than —14 dB as plotted in Figure 22(c).

|deal Phase Pattern 4 | ® [deal Phase Pattern M Dielectric Ellipse Array

1 4 7 10 13 16
OAM Channel

Figure 22. (a) Ideal phase pattern to generate sixfold OAM multicasting (I =1, 4, 7, 10, 13, 16). (b) Top view of designed
dielectric ellipse array to generate sixfold OAM multicasting by replacing the ideal phase pattern with corresponding
resonators. (c) Power distributions of OAM channels generated by ideal phase pattern and dielectric ellipse array. (d)
Intensity distribution of collinearly superimposed six OAM beams. (e) Intensity distribution of undesired OAM chan-
nels after demultiplexing. (f) Intensity distribution of multicasting OAM channels after demultiplexing [52].
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4. Discussion

Although metasurfaces composed of plasmonic and dielectric units have only recently
emerged as an active area of research, their potential as an approach to realize light manipu-
lation devices has already been successfully implemented in flat optics such as OAM beams
generator, lens, wave plates, holograms, and so on, for its superiorities of compact and flexible
design. For instance, convenient optical elements are based on refraction, reflection or
diffraction of light. Their ability of wavefront shaping is relay on propagation through media
whose refractive indices can be designed to control the light path. As a consequence, those
conventional optical elements suffer from thick materials, large volume, long diffraction
distance and even low optical manipulation accuracy that they are difficult to be compatible
with compact systems. Metasurface-based flat optical elements can potentially replace
traditional ones. They are able to modulate wavefront of light beam by introducing a variety
of nanoscaled electric dipole resonators replacing conventional propagation effect and
therefore considerably reduce the whole volume of systems. Besides, the responses of meta-
surfaces rely on the characteristics of unit structures such as structure dimensions and
materials types. It is relatively convenient to flexibly control the amplitude, phase and
polarization of scattering light.

However, there are still some challenges of metasurfaces. For plasmonic metasurfaces, they
suffer from ohmic loss at optical wavelength. One common solution to loss compensation is
to introduce a gain medium in or around the plasmonic material. This solution can partially
or fully compensate the loss in metals, but the incorporation of such active materials is very
challenging [57]. Another challenge for plasmonic metasurfaces is that noble metals have large
plasma frequency and cannot be adjusted, making tunable or switchable metasurface devices
hard to realize [57]. What is more, noble metals are not compatible with the standard semi-
conductor fabrication technologies, restricting metasurface devices to the proof-of-concept
stage only. To deal with those issues, some recent researches focus on new materials platforms
defined new, intermediate carrier density materials as the best candidates that perform low
loss, excellent tuning, and modulation capabilities and that are compatible with established
semiconductor processing technologies and integration procedures [57, 58]. In addition,
metasurfaces are also facing the challenge of reconfigurable. For metasurface, the unit
structures must be subwavelength-scaled optical switches with a fraction of a square micro-
meter footprint and a volume of only approximate 10-19 m>. The optical switches are desired
to be fast and energy saving. It is challenging for unit structures to satisfy the former two
conditions. To solve the problem, one can alter the dimensions of individual unit structures,
or manipulate the near-field interactions between them. The nanomechanical devices platform
can provide one possible ideal solution. There are several impressive works reported recently
focusing on the tunable and reconfigurable metasurfaces [57, 58]: (1) by combining the Fano
resonant metal nanoparticles with a single layer graphene, obviously electrically controlled
damping are observed in the Fano resonances in the near-infrared regime; (2) by positioning
a thin graphene sheet over asymmetric silicon nanobars, transmission spectrum of the
proposed device can be efficiently adjusted at the near-infrared frequencies; (3) a metal
nanomechanical metasurface is fabricated on the nanoscale-thickness dielectric membrane,
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and the displacement of metamolecules can be controlled by light illumination; (4) using
differential thermal expansion and Lorentz force, electrothermal tuning and magnetic modu-
lation are achieved in a reconfigurable metal metasurface; (5) using a vanadium dioxide
metasurface lens, the amplitude spectrum and the focal intensity can be adjusted by changing
the temperature in the terahertz regime; (6) utilizing a heating-induced vanadium dioxide
planar metamaterial, the device is able to be switched between capacitive and inductive
responses; (7) by combing metal nanoantenna array with indium tin oxide, phase and ampli-
tude of reflected light can be controlled at near infrared wavelengths.

In spite of facing many challenges, metasurfaces are still one of the most potential devices
applied in beam-steering, spatial light modulator, nanoscale-resolution imaging, sensing, and
novel quantum optics devices. Besides, the increasing demand for large capacity of data
transmission and fast signal processing promotes to eliminate the bottleneck between optical
fiber communication networks and electronic data handling. Achieving this goal will require
strong and fast nonlinearities for switching light with light, and much improved manipulation
of the electromagnetic fields with external stimuli such as electric signals in compact space.
Metasurfaces-based devices can considerably enhance these functionalities by exploiting the
characteristics of metasurfaces [58]. In the future, metasurfaces-based devices would be in
developing tunable, reconfigurable, nonlinear, switchable, gain and quantum metasurfaces,
which might be achieved by adopting new materials (such as superconductors or graphene)
and hybridizing plasmonics metal nanostructures with other functional materials such as
nanocarbon, organics, nanosemiconductors, organic polymers and phase-change media [58].

5. Conclusion

In summary, we have reviewed our recent works in light manipulation on the dimension of
spatial structure using metasurfaces: (1) metasurfaces consisting of multiple concentric rings
in a gold film are designed to generate broadband OAM carrying vector beams in the regime
from near infrared to mid infrared band; (2) a metal V-shaped antenna array is designed to
realize multicasting from a single Gaussian beam to four OAM beams assisted by PSI algo-
rithm, achieving a low-crosstalk of near —15 dB; (3) a kind of gold metasurface is designed and
fabricated on the facet of a G.652 SMF to generate LP;; mode at the wavelength of 632.8 nm;
(4) akind of dielectric metasurface is designed and fabricated on SOI platform, realizing OAM
beams generation; (5) a kind of dielectric metasurface is designed on SOI platform at the
wavelength of 1550 nm, achieving Bessel beams generation with high purity and multicasting
from a single Gaussian beam to six OAM beams with a relatively low crosstalk less than -14
dB. The designed and fabricated metasurfaces in these works have nanoscaled dimensions and
the generated beams carrying OAM have favorable qualities, which are promising for compact
and effective beam-steering system and space-division multiplexing (SDM)-assisted optical
communication systems. In the future, the metasurface devices to generate optical beams
carrying OAM can combine with tunable and reconfigurable functions reported in Refs. [57-
58], which makes robust spatial light manipulation possible and facilitates more interesting
applications.
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