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Abstract

Abstract

As an artificial two-dimensional sub-wavelength electromagnetic material,
metasurface has the characteristics of ultra-light and ultra-thin. By optimizing the
geometry, parameters and arrangement of these sub-wavelength structures, it can
control the amplitude, phase and polarization of electromagnetic wave flexibly.
Because of the flexible regulation ability of metasurface to electromagnetic wave, it
can realize various optical functions. As a common component in optical systems,
traditional lens has a single function and is hard to integrate, therefore,
multifunctional metalens has become a hot spot. However, in multi-wavelength design
of metasurface, polarization independent structures are often used or only response to
a single polarization state. There is a lack of research on polarization multiplexing
metasurface, and the phase response to multiple wavelengths is similar, so the
function is single. In order to solve the problems, the circular polarization
multiplexing metasurface focusing lens and wavelength multiplexing metalens are
studied in this paper. The main research of this paper includes:

1. A geometric phase polarization multiplexing metasurface is designed. The
amplitude and phase are modulated by changing the geometric size and direction
angle of nano-cylinder in sub-wavelength structure. According to the principle of
geometric phase modulation for circularly polarized light, the modulation phase
obtained by cross-polarized light has a linear relationship with the structure direction
angle, can be designed as a focusing lens for 473nm, 532nm and 632nm. The obtained
modulation phase of co-polarized light is independent of the direction angle, can be
designed as a transmission glass for 400nm-700nm in visible light. Using this method,
a polarization multiplexing metasurface with three right circular polarized light and
broadband left circular polarized light is designed. Through further research and

optimization, this kind of metalens is expected to be used as transparent display
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eyepiece.

2. Focused on the focusing difference of multi-wavelength focusing lens under
off-axis incident condition, a wavelength multiplexing transmission phase metalens is
designed. The phase and amplitude of three wavelengths are controlled by different
width of dielectric nano-pillar. Due to the sensitivity of wavelength to the structure,
the phase response with different wavelength can be obtained, a database
corresponding to the structure and phase is established. By constructing a
mathematical model of metasurface phase distribution and using particle swarm
optimization algorithm, the full-mode design is carried out, and the function of
multi-wavelength chromatic aberration adjustment is realized. According to the
off-axis incidence, a metalens which can multiplex the multi-wavelength is designed,
it can realize the function of three wavelengths incident at three different angles, and

finally focus on the axis with the same focal length.

Key words: Metasurface, Focusing lens, Multi-wavelength, Polarization multiplexing,

Wavelength multiplexing
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(b) Microwave absorber
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Figure 1.1 Negative refractive index material and experimental schematics?®"

(a) Negative refractive index material verified in experiment for the first time in microwave

band. (b) Schematic of experiment device for negative refractive index material.
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Figure 1.2 Schematics of generalized Snell’s law in two-dimensional and three-dimensional

coordinates),
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Figure 1.3 Different unit cells of metasurfaces

(a) V shape nano antennal**]. (b) Dipole nano antennal*!l, (c) Metal slit waveguide*2l.
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Figure 1.4 Monochromatic holographic metasurface

(a) V shape nano antenna hole holographic metasurface in visible spectrum!}. (b) Three
dimensional holographic metasurface with geometrical phase of gold nanopillarst4,
(c)-(d) Helicity multiplexed holographic metasurface, asymmetric holograms are
produced by different polarized incident light!*),
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Figure 1.5 Multi-wavelength color holographic metasurface

(a) Linearly polarized color holographic metasurface with Aluminum nano antennas[l. (b)

Circular polarized color holographic metasurface with Gold nano holes!'l.
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Figure 1.6 Optical vortex metasurface generator
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(a) Vortex beam metasurface with V shape metal nano antennas®**l. (b) Reflection vortex
beam metasurface with Silicon nano pillars!'?], (c) Vortex beam array metasurface with

Gold nano holes*7].
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Figure 1.7 Vortex beam metasurface based on catenary arrays!*,
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Figure 1.8 Wavefront distribution and focusing pattern of flat lens and flat axicon!*!

(a) Wavefront shcematic of flat lens (left) and flat axicon (right). (b) Calculation results and

measurement results of flat lens (left) and flat axicon (right).
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Figure 1.9 Grating metalens and wide-angle doublet metasurface

(a) Metalens and meta axicon using silicon grating structure®!. (b) Wide-angle doublet
metasurface, which is monochromatic aberration under off-axis incident. Simulated and

measured focus with 4 different incident angle*2],
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Figure 1.10 One-dimensional achromatic focusing metasurface in near infrared band!*!

(a) Side view of the metasurface made of unit cells with two coupled rectangular dielectric
resonators. (b)-(c) Simulated and measured far-field intensity at different anles. (d)
Cross section across the focal plane for three wavelengths. (¢) Far-field intensity

distribution for different wavelengths
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Figure 1.11 Spatial multiplexing achromatic metalens made by silicon pillars!¥

(a) Unit cell and full-mode arrangement. (b) Focusing contrast of normal lens and

achromatic meta-lens.
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Figure 1.12 Spatial multiplexing achromatic metalens made by gallium nitride pillars!*’
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Figure 1.13 Transmission phase metalens and focus intensity profile!ss
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Figure 2.1 Poincaré sphere
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Figure 2.2 Various types of anisotropic dipole antenna structure
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Figure 2.3 Schematic of the slot waveguide structure!*
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Figure 3.1 Schematic of the eyepiece in system

(a)-(b) Schematic of the eyepiece position in transmissive and reflective system. (c) Diagram

of the metasurface eyepiece.
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Figure 3.2 Unit cell and calculated transmission efficiency

(a) Schematic of a unit cell of the metasurface, structure parameters are indicated in the
figure, period p, length /, width w and height 4. (b) Transmission efficiency curve of the
nanorod with 1=230nm, w=60nm and h=140nm. (c) Two-dimensional diagram of the
transmission efficiency with parameters sweep for co-polarized, Abscissa indicates the

length (1) and ordinate indicates the width (w). (d) for cross-polarized.
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AR N A TTEE M T AR Rk, Kb 6FR 632nm, G 532nm, &
4, 473nm.

Figure 3.3 Plot of the relationship between the phase and the orientation angle

(a) The curve of the relationship between the co-polarized phase and the orientation angle of
the unit cell with three wavelengths. (b) The curve of the cross-polarized phase. Red for

632nm, green for 532nm and blue for 473nm.
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Figure 3.4 Schematic diagram of metasurface with different polarized light

(a) Incident with LCP, output the focusing RCP and the normal LCP. (b) Incident with RCP,
output the diverging LCP and the normal RCP. (c) Incident with LCP and RCP, after the

circular polarizer, output the focus RCP and the normal RCP.
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P AR S 65E AR B (O ME B A 2 BIXT R 473nm, 532nm 1 632nm.

Figure 3.5 Theoretical focusing result of the metalens

(a) The model and a part of the model in CST. (b) Light intensity curves on the z-axis of
three wavelengths. (c) Focusing intensity distributions in yz-plane. (d) Focusing
intensity distributions in xy-plane at focal plane. (c) and (d) From left to right

corresponds to the wavelengths of 473nm, 532nm and 632nm.
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Figure 3.6 Schematic diagram of system structure
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Figure 3.7 Unit cell and calculated transmission efficiency
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(a) Schematic of a unit cell of the metasurface, structure parameters are indicated in the
figure, period p, length /, width w and height 4. (b) Transmission efficiency curve of the
nanorod with 1=300nm, w=50nm and h=100nm. (c) Two-dimensional diagram of the
transmission efficiency with parameters sweep for co-polarized, Abscissa indicates the

length (1) and ordinate indicates the width (w). (d) for cross-polarized.
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Figure 3.8 Theoretical focusing result of the metalens

(a) Focusing intensity distributions in yz-plane. (b) Focusing intensity distributions in
xy-plane at focal plane. From left to right corresponds to the wavelengths of 473nm,

532nm and 632nm.
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Figure 4.1 Schematic of metalens and application

(a) Schematic of the off-axis multi-wavelength dispersion controlling metalens. The
metasurface is illuminated by three light with different wavelengths and incident angles,

and then focuses the reflected lights into a same point, become a white point.
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Figure 4.2 Unit cell and the phase response

(a) Top view of part of the designed metalens. (b) The element consists of a titanium dioxide

(TiO2) nanocuboid (43 = 530 nm) on top of a silicon dioxide (SiO;) layer (= 180 nm)
above a silver substrate (5 = 200nm). The period p = 400 nm, the nanocuboid has a
square cross-section with width w. By adjusting the width, the reflection phase can be
controlled. (c) Numerically calculated reflection phase shift as a function of w at three
wavelengths of 473 nm, 532 nm and 632 nm. As the nanocubiod width w changes from

90 nm to 350 nm, the corresponding phase undergoes multiple 0-2r phase cycles.
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Figure 4.3 Realized phases distribution in phase space.
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RN B ML R . BT SESIRAS SRR 7, xR
WAL R AT RIEBRA RS K M KRBT B BN . 5B B CST,
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R BATHERETE B & 90nm & 350nm. AR5 XL TS H S S E AR B HAR
AR S BAT T — B TR R ZE G AR A EE PR A Z h 3RATT LA s (TE
BO VEANS BT TR 24T, FAR#HBEEX, BAT@ELHEGRIMAEA
W AR A VO R K, MBS RS, BATRE 0-2n MIARLLTE BB AL 2 %
4, R AE B ER AR R AR AL 3 B AE 27 FUVEREIZ N, BRI E 4.2(c) B2k,
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BEEZ . ATOXN TREKMHME 632nm KK, BHFAALMLTEMSNE, REMM
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FARBEKAL MG AR UNE 43 FERER, BhE8NSHARB
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FHRUNMEZRA, X BRITERF RN 7R EE RO AR 2 R R/ IME
1995 4, Eberhart Fl Kennedy 2 FXt &8 AT AKIB FUAMERL, 2 TH
FRCILEZE: (Particle Swarm Optimization, PSO), HEEREIISER ITR
', RO EETEREEERAERIRT B, B FENBIEERTE
SRRV EEITER LT RINRRERE R LR RN MBI
B, NTREZREOHRE. HHEE. 2REERERIESNA. HTEREER
HETRER, R\ TILRIREEREBBIRFNME, KT RS H KX
BEERMNARIEEE, RN FZREBLEERRLMNFHMLERS, 8K
ERPE- R TFERUME, ERHERL, FREJMETNRRLE,
AFREHTHEE, BEIXENERE, BAFFRTFREARRLERSE. B
ZUEEF, BONENRERSMERNZRN, ToMelTARKR:
v, = w-v, +¢, -rand-(p, ~ x) + ¢, - rand (gpy ~%,) ..(4.0)
X =x+v, ..(45)
REHFTRTHIEEREAN, R@S)FRHFHCERZNL, HFP rand RO,
DARBENLEL, wv RRATRFRRME, o M o BB ERRESR, RAmE
HF, crrand (pi-x)RKLT B S X T L& R AR ELEL o2 rand (Goesxi) RN
FLTBHAZ BN RGBS BHE. ZERMRERE 4.4 Fir.
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Figure 4.4 Flow chart of particle swarm optimization algorithm
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SRRk S AR LT 7E AR VIR, UK BRI ERE ZRR AR E, B
BERBIEATHNE RGN —MrdE, RIEHFHAE (Rayleigh criterion), 5L
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PR, RATE PR GE A F 1R A S AR AL R A, W AR R — B Z R TEH,
FTEFETELEAMAMER, REESTHRIFTRIHMTIEE.

AT EAERAIFTRT M AR G WA L 5E R e SL L B BUR I BUR
BATE Kkt 632nm WIBKBRITT — M PENRESER, NTETELERET
BEAEERNRERRM L. WE 4.5 irALERESBRESIRRAREK
AR ERN R R AR L. X 632nm FIEERE N 262um i, BT HAR
B HMANEKEEER—ERARE.
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Figure 4.5 General focusing lens results
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Figure 4.6 Achromatic focusing lens results
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Figure 4.7 Abnormal chromatic aberration focusing lens results
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9 473nm, 532nm F1 632nm. EBRERITA 101%101 MEE S, BEAREIRR
HABREANINE, BEBRRIHEAE.

Figure 4.8 Idea phase profile and optimized phase profile

(a)-(b) Comparison between the idea phase profiles (a) and optimized results (b) at three
wavelengths of 473 nm (left), 532 nm (middle) and 632 nm (right). The designed
metasurface consists of 101*101 pixels. Abscissa and ordinate indicate the number of

pixels. Color map represents the phase.
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Figure 4.9 Phase error distribution and reflectivity of the metalens

(a) Phase error distribution map of the dispersion controlling metalens. Phase error at each
pixel on the metalens is calculated as the difference between the ideal target phase (Fig.
4(a)) and actual optimized phase (Fig. 4(b)). The range of the error is between —r to 7.
(b) Calculated nanopillar reflectivity of the metalens. From left to right corresponds to
473nm, 532nm and 632nm respectively. Abscissa and ordinate indicate the number of

pixels.
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Figure 4.10 Histogram of the phase error and the calculated reflectivity

(a) Histogram of the phase error across the metalens. Abscissa indicates the phase error from
—n to m, the bar width is 10° in degree measure, and the height corresponds to the
percentage of the pixel whose error falls in the range. (b) Histogram of the calculated
reflectivity across the metalens. Abscissa indicates the reflectivity of the nanostructure,
the bar height corresponds to the percentage of the pixel whose reflectivity falls in the
range. From left to right corresponds to the result of 473nm, 532nm and 632nm,

respectively.
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Figure 4.11 Focusing intensity of the metalens and intensity curve of the focal point under TE

mode

(a)-(c) Numerically calculated normalized focusing intensity distributions in yz-plane at the
wavelengths of 473nm, 532nm and 632nm. The corresponding incident angles are 0°,
-17° and 17°, respectively. (d)-(f) Theoretical (dotted lines) and calculated (solid lines)

normalized intensity curves of the three focal point alone the y-axis across the focal

plane.
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Figure 4.12 Focusing intensity of the metalens and intensity curve of the focal point under TM

mode
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(a)-(c) Numerically calculated normalized focusing intensity distributions in yz-plane at the
wavelengths of 473nm, 532nm and 632nm. The corresponding incident angles are 0°,
-17° and 17°, respectively. (d)-(f) Theoretical (dotted lines) and calculated (solid lines)
normalized intensity curves of the three focal point alone the y-axis across the focal

plane.
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Figure 4.13 Schematic of traditional system structure and simulated imaging of the metalens

(a) Schematic of traditional 3-DLP laser projection system structure, the prism used for
color separation and synthesis is larger. (b) Schematic of the color image synthesis with
the dispersion engineered metalens. The three monochromatic R,G and B images can be

synthesized into a color image after reflected by the metasurface. BS: beam splitter.
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Figure 4.14 Simulated imaging with metalens

(a)-(c) Simulated monochromatic imaging by the metalens for RGB with incident angle of

-17°, 17°and 0°. (d) Synthetic color image by the metalens.
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