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Metasurface which is made up of an array of sub-wavelength meta-atoms on a flat substrate is
powerful of engineering light beam’s amplitude, phase, polarization, and frequency. It attracts
increasing attentions in optical manipulation, communication, imaging, and metrology fields.

To boost the metasurface’s applications in classical regime, the working principle, general
design process, and fabrication flow of an all-dielectric metasurface are firstly studied in this
thesis. Three working regimes of the metasurface are clearly classified. Except for the two
conventional working regimes (polarization-independent regime and classical spin-multiplexing
regime), a non-classical spin-multiplexing regime is explored to achieve multifunctional imaging
system via a low refraction index metalens.

In polarization-independent working regime, a near infrared (NIR) metalens is achieved to
levitate and trap a nanorod in a vacuum. In experiment, both the translation and rotation motion
of levitated nanorod can be precisely controlled by the laser beam’s polarization and power as
well as the vacuum pressure. To construct an optically coupled dynamics system, a NIR dual foci
metalens is achieved in the classical spin-multiplexing working regime for levitating two particles.
Experiment results illustrate that the two optical potential wells can be precisely tuned, and two
nanoparticles can be stably levitated at a close distance. Based on above experimental results,
the world first prototype of metalens-based levitated optomechanical sensor is invented.

In classical spin-multiplexing working regime, two dual-mode microscopes with a high
maghnification of 58X, a 600um X 800um field of view (FOV), and a diffraction-limited resolution
are obtained via a NIR metalens where the focal point can be tuned to vortex ring from a Gaussian
spot. In addition, a unified design frame is proposed to polarization-controlled generate arbitrary
vector vortex beams on a HOPS and a HyOPS. In the proof of concept experiment in NIR, non-
focused and tightly focused 5" order HOPS beams are firstly demonstrated. Then, tightly focused
0-1-order and 0-2-order HyOPS beams are controlled generated to comparatively study the
focusing property of integer-order and fractional-order vector vortex beams.

In non-classical spin-multiplexing working regime, it is the world first to achieve tri-foci
metalens based on low-refraction-index material (i.e., SisN4). An infinity-corrected microscope
with three large magnifications and resolutions is firstly integrated into a centimetre-scale device
via a longitudinal tri-foci SisNs metalens. Then, a compact simultaneously achiral and chiral
microscope with a magnification of 53X is experimentally demonstrated to realize all-optics fast
identification of biological and chemical sample’s chirality via a lateral Si;N, tri-foci metalens.
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Chapter 1

Chapter 1 Introduction

1.1 Research background and motivation

Since Capasso’s group reported the abrupt phase change over wavelength-scale and the
generalized Snell law in the year of 2011 [1], the research on metasurface have experienced
explosive growth around the world because the metasurface’s powerful engineering ability of
electromagnetic wave’s amplitude [2, 3] phase [4, 5], polarization [6, 7], and even frequency [[2,
8]. Comparing with plasmonic metasurface, all-dielectric metasurface is attracting intensive
attention because it can avoid ohmic losses and realize higher working efficiency [9]. The working
mechanism of an all-dielectric metasurface is based on resonance effects (e.g., Mie-resonance,
Fano resonance, bound states in the continuum, et al.) or non-resonance effects (e.g.,
propagation phase, geometric phase, and their combination) [9-12]. The application of
resonance-based metalens (i.e., a metasurface with a focusing phase profile) would be restricted
by its narrow working bandwidth and the strong resonance coupling between adjacent meta-
atoms[13]. In contrast, non-resonance metalens can work in a wide spectrum and work for tightly
focusing with a high numerical aperture (NA). As a result, the metalens has a huge application
potential in optical manipulation, laser communication, and optical imaging. Therefore, all
metasurfaces studied in this thesis is based on non-resonance mechanism and all-dielectric
material. In following, I’'ll directly use metasurface/metalens to denote the non-resonance and

all-dielectric metasurface/metalens.

Optical tweezer as an effective tool of optical manipulation was awarded the Nobel physics prize
in the year of 2018 because its wide applications in biological, chemistry, physical, and
astronomy research as well as in nanotechnology and sensing field [14-17] . Conventionally, an
optical tweezer is built by tightly focusing a laser beam via a high NA objective lens[18] or a
reflective metal parabolic mirror [19], which leads the optical tweezer system to be bulky, difficult
in alignment, not suitable for scale-up, and high cost. Benefiting from the development of
metalens, a laser beam can be tightly and aberration-free focused into a tiny focal point with a
high efficiency, which makes it possible to build an optical tweezer via a thin, lightweight, and flat
element [20-22]. As a result, the optical tweezer system is simplified, miniaturized, and scaled
up, which would contribute to the mass-production of optical levitation sensors. In the year of
2021, Tong Cang Li’s group demonstrated the first metalens-based optical levitation system [23].
In a conventional optical levitation system, the levitated nanoparticle can be driven to spin at a
speed of GHz by transferring the spin angular momentum (SAM) [24-26]. However, it has not been

realized in a metalens-based optical levitation system. Therefore, the first research motivation of
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Chapter 1

this thesis is to build a metalens-based optical levitation system and achieve the fast spin of a

levitated nanoparticle.

Moreover, optical levitation of multiple particles has become technically possible for studying
particle-particle interactions such as optical, light-matter interactions, coupled dynamics, and
mode-localization [27-31]. The ability to simultaneously trap and manipulate multiple particles
or even an array of particles in a vacuum will be of vital importance [28, 32, 33]. Conventionally,
there are two ways of trapping more than one particle at a time. The first way is using the standing
wave generated by two counter-propagating beams [34, 35], and the other way is introducing a
modulator [e.g., spatial light modulator (SLM), acoustic-optics deflector (AOD), digital
micromirror device] to the optical levitation system [36, 37]. However, the overall efficiency of a
SLM-based/AOD-based two optical traps would be only around 5%. In addition, limited by the
modulation principle of a SLM and AOD, there would be continuous fluctuation in the intensity of
the two focal point. Both the low efficiency and intensity fluctuation highly suppress the
interactions between trapped particles. Therefore, the second research motivation of this thesis
is to propose a compact metalens-based optical traps for levitating multi-particles with high

efficiency and tunable potential wells.

It is known that the SAM transferred to optically levitated nanoparticle arises from the trapping
laser beam’s polarization state, and the orbital angular momentum (OAM) carried by the vortex
beam arises from the laser beam’s phase distribution [26, 38]. While the SAM can lead to a GHz
spin of the levitated nanoparticle [24], the OAM can result in the orbital rotation of a trapped
particle [39]. Therefore, itis important to generate vector vortex beams for providing more degree
of freedom of optical manipulation [20, 22]. Generally, a vector vortex beam owns spatial-varied
distribution in both polarization and phase, which could be used for multi-dimensional optical
manipulations. In theory, a higher-order Poincaré sphere (HOPS) and hybrid-order Poincaré
sphere (HyOPS) are developed to systematically describe arbitrary vector vortex beams [40, 41].
In engineering, some metasurfaces are demonstrated to generated vector vortex beams [4, 42-
47]. However, there is not a general design frame of a metasurface to generate arbitrary non-
focused/focused vector vortex beams on a HOPS and HyOPS, and the tightly focusing property of
HyOPS beams is not systematically studied. Therefore, the third motivation of this thesis is to
propose the general design and experimentally investigated the tightly focusing property of
HyOPS beams. It should be figured out that the HOPS and HyOPS beams have huge potential
applications in optical communication, manufacture, precision metrology, and imaging [22, 48-

51].

As to the imaging application, the metalens could effectively reduce the volume and weight of a

conventional imaging system (e.g., telescope, camera, and microscope), because multiple bulky
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lens can be compressed into a single metalens without reducing the imaging quality at the
designed wavelength [52, 53]. While it is still a world challenge to realize wide-spectrum and
large-aperture achromatic imaging via a single metalens, metalens has demonstrated its
advantages in monolithically multi-functional imaging applications [54-57]. For example, a
metalens can be used for phase contrast imaging [58], polarization imaging [59], 3D depth
imaging [60], and complex amplitude imaging [60]. However, many advanced imaging functions
have not been realized via the metalens. Therefore, the fourth motivation of this thesis is to
furtherly extend the functions of a metalens-based imaging system, to extend the imaging

application scenarios, and boost the commercialization of meta-scope.

1.2 Thesis structure

Based on above research background and motivations, this thesis is organized as follows.

Chapter 2 summarizes the commonly adopted phase modulation principle, derives the
realization conditions of three working mechanisms, and demonstrates a general design
procedure of an all-dielectric metalens. Importantly, the inherent coherence of the four research

motivations is pointed out through analyzing the three working mechanisms.

In chapter 3, a single-foci metalens with a high NA (0.91) and high working efficiency (31%) is
firstly designed, fabricated, and characterized in experiment. Then, an optical levitation
experiment system where the light beam is tightly focused by the metalens is operated for

optically levitating a nanoparticle and realizing fast spin of the particle in a vacuum.

In chapter 4, a laterally dual-foci metalens is demonstrated in both simulation and experiment to
realize a on-chip tunable optical traps for levitating two nanoparticles at a close distance. Then,
an optical levitation experiment of two nanoparticles is operated and demonstrated. At the last
of this chapter, a theoretical analysis of optical trapping force, binding force, trapping stiffness,
as well as the dynamics of two levitated particles is done to show the potential applications of

the proposed dual-foci metalens-based optical levitation platform.

Chapter 5 demonstrates a near-infrared (NIR) metalens empowered dual-mode high resolution
and large field of view (FOV) microscope. To realize the dual-mode microscope, a NIR metalens
with polarization-controlled and high-NA focal point is desighed, fabricated, and measured in

experiment.

In chapter 6, to generate arbitrary non-focused/focused vector vortex beams on a HOPS or
HyOPS via an all-dielectric metasurface, a general design frame of the metasurface is proposed

at first. Then, four metasurface surfaces are designed, fabricated, and characterized to show the
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validation of the proposed design frame and to study the tightly focusing property of the HyOPS

beams.

Chapter 7 proposes a longitudinal tri-foci metalens via the low-refraction-index material Si3N4.
Then, the metalens sample is introduced to a commercial microscope to realize three
magnifications and resolutions via a single objective lens. Finally, a fully integrated microscope

with three magnifications and resolutions is built based on the metalens sample.

Following a similar working principle of the metalens demonstrated in chapter 7, chapter 8
demonstrates a lateral tri-foci SisN4s metalens and builds a diffraction-limited microscope for

simultaneously chiral and achiral imaging.

In chapter 9, a numerical simulation model is proposed to calculate the optical forces and
torques exerted on an aspherical particle levitated by a complexing optical field. Then, the
prototype of metalens-based levitated optomechanics system (LOMS) is invented for boost the

commercialization of optical levitation sensor.

Finally, allwork in this thesis is summarized in chapter 10 where some prospectives for the future

work are proposed in five directions.

20



Chapter 2

Chapter 2 Principle and design procedure

2.1 Phase delay principle

As shown in Figure 2.1(a), the metasurface is made up of an array of periodically placed meta-
atoms on a flat silica substrate. The meta-atoms in a dielectric metasurface generally have a
subwavelength-scale. The phase modulation ability of a metasurface is achieved by the local
phase delay induced by each meta-atom. The local phase delay could arise from the resonance

phase [61], propagation phase, and geometric phase (i.e., the PB phase) [4].

5

Figure 2.1 Metasurface and meta-atom.
(a) SEM image of a fabricated metasurface sample, (b) and (c) scheme of subwavelength meta-

atom with a rectange cross section.

When the dielectric meta-atoms have a height (H) much smaller than working wavelength (1),
metasurface’s phase manipulation is achieved based on resonance phase, like the Mie
resonance, FP resonance, Fano resonance, and BIC [62, 63]. However, metasurfaces based on
resonance phase can only work in a narrow bandwidth [13]. Moreover, resonance-based
metasurfaces cannot focus incoming light with a high numerical aperture (NA), because the
resonance mode coupling between adjacent meta-atoms would lead to significant errors in the
case of large phase gradients [13]. In following, the phase delay and working mechanism of non-

resonance all-dielectric metasurface will be studied in detail.

211 Propagation phase of meta-atoms

The dielectric meta-atoms with a height H comparable to the working wavelength A would
introduce polarization-independent propagation phase and the polarization-dependent

propagation phase. When the meta-atoms have a rotationally symmetrical cross-section (e.g.,
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square, circle), the propagation phase is polarization independent. Otherwise, polarization-

dependent propagation phase would be introduced.

As shown in Figure 2.1(b), the dielectric meta-atom can be treated as a truncated waveguide that
has an effective refraction indexn.rr. As the optical wave is confined inside the meta-atom, the
propagation phase ¢ of the light wave propagating through the meta-atom can be defined as Eq.
(2.1) [64],

2

As the n,rr is determined by the meta-atom’s structural parameters (e.g., period P, width W,
length L, and height H), material properties (e.g., refraction index n), the propagation phase ¢ can
be tailored by the varying the structural dimensions [Figure 2.2(a)]Jand material selection. 27
phase coverage is necessary to achieve effective focusing of light wave. To achieve 2w phase
coverage between the meta-atoms with smallest dimensions and largest dimensions, the height
H should meet Eq. (2.2) [9].

H>-2* (2.2)

n-1

As the larger Hwould lead to a higher aspect ratio of the meta-atoms and increase the fabrication
difficulty, I’d like to select the material with larger refraction index n. The period P should be small
enough to satisfy the Nyquist sampling criterion and reduce high order diffraction [Eq. (2.3)] fora

target numerical aperture NA [65].

P < SiNA (2.3)
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Figure 2.2 Meta-atom’s library for the NIR a-Si metalens.

(a) Propagation phase ¢, varies with meta-atom’s dimension, (b) Phase delay |¢x - ¢y| varies
with meta-atom’s dimension, (c) Selected meta-atoms library for achieving 2w phase
coverage of ¢, and meeting the requirements of |¢x - ¢y| =mandt,=t,=1.

(Period = 650nm, Height = 800nm, wavelength = 1550nm)
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Because the maximum filling factor, feature size, and highest aspect ratio of the meta-atoms are
restricted by the fabrication ability, the fabrication of a large NA metalens is quite challenging.
Because of the large refraction index (n = 3.45), low absorption (k=0) at the wavelength of 1550nm,
and mutual fabrication technique, the silicon is selected as the meta-atom material for the NIR

metalens.

2.1.2 Geometric phase of meta-atoms

As shown in Figure 2.1(b) and Figure 2.2(b), there is a phase difference |¢>x - ¢>y| between the
propagation phases induced to the X-polarized light beam and Y-polarised light beam when the
cross-section is rectangle (W # L), because the X-polarized and Y-polarised light beams
experience different structural dimensions. Therefore, the meta-atom works like a waveplate,

and its function can be represented by a Jones matrix [66].

E,?] B [cos (6) -sin (9)] [txe(-)i¢x . 0 ] [ cos (8) sin (9)] y [lb;;] (2.4)

E}|l ~ [sin(8) cos () e®y| |—sin (6) cos (0)

As Eq. (2.4) shown, the transmitted light can be directly obtained at each lattice. In Eq. (4), 8 is
the angle between the meta-atom’s length side and Y-axe, t, (t,) and ¢, (¢, ) are the
transmission and propagation phase of the X-polarized (Y-polarized) light beam for 8 =0,

respectively. By optimizing the meta-atom dimensions, both t, and t, can be meticulously
crafted to achieve a unity (=1), and |q,')x - ¢y| = m. As a result, Equation (2.4) can be simplified to

Eq. (2.5).

[E,?] _ it [cos (26) sin(26) ] N [Ex]
y

Byl sin (26) —cos (26) (2.5)

When the incident light beam is left-handed circular polarization (LCP, |L) = [ﬂ) the transmitted
light beam can be obtained as Eq. (2.6), which means that the transmitted light beam is
transferred to be right-handed circular polarization (RCP, |R) = [_1[] ) with a propagation phase
of ¢, and a geometric phase of 26.

o

E .
[E;é] = ie'(@x+20)|R) (2.6)

E
When theincident light beam is RCP (i.e., [Ex] = |R)), the transmitted light beam can be obtained
y

as Eq. (2.7), which means that the transmitted light beam is transferred to be LCP with a

propagation phase of ¢, and a geometric phase of —26.
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EXY _ ith—26

[Eo] = el (Px=20)|L) (2.7)
y

According to Egs. (2.6) and (2.7), the geometric phase +26 imposed on incoming LCP and RCP

light beam is opposite, therefore, the geometric phase is a polarization-dependent phase.

For a given meta-atom, the induced propagation phase ¢, is a constant value, which means that
the phase carried by the transmitted light is only determined by the geometric phase +26. As
shown in Figure 2.2(c), with keeping |(;bx - ¢y| =mandt, =t, =1, we can vary meta-atom’s
dimension (i.e., L and W in Figure 2.1) to realize 2 phase coverage of the propagation phase ¢,..
Based on the selected meta-atom library [Figure 2.2 (c)], polarization-dependent geometric
phase £260 and polarization-independent propagation phase ¢, can be simultaneously utilized
for manipulating the phase of the transmitted light wave. Finally, a multi-functional spin-

multiplexing metasurface can be designed.

2.2 A general working mechanism

While the geometric phase is achieved by using anisotropic meta-atoms, the propagation phase
introduced by a meta-atom generally requires a wavelength-scale height and a material having
high refraction index and low absorption index [9, 11]. Silicon is generally used in NIR and short-
wavelength mid-infrared spectrum, the TiO,, GaN, and SisN, are widely used in visible spectrum
[67]. Comparing with CMOS-compatible fabrication process of Si;N, metalens, the fabrication of
TiO, and GaN metalens is not compatible with CMOS process and require a complex process of
low-temperature atomic layer deposition and high aspect ratio two-step dry etching [11].
However, the refraction index of SizN, is around 2 and smaller than that (~2.4) of TiO, and GaN,
which would lead to a high aspect ratio for achieving 2 phase coverage and to higher fabrication
difficulty. More details on selecting material can be found in Appendix A. As a result, multi-
functional imaging applications of a SisN, metalens is restricted. Because the low-cost and
CMOS-compatible fabrication process are two key factors of boosting the industrial applications
of dielectric metalens, it is meaningful to explore the potential of a SisN, metalens for advanced
multi-functional imaging applications. To achieve multi-functional imaging applications of SizN4
metalens (i.e., low refraction metalens), a more general working mechanism of a metasurface is

thoroughly studied in this section [68].

|Eo) = /i ' @PPE) + n, e @p72D L) + [y e @p*2O|R) (2.8)

It is believed that the ongoing light |E,) of a truncated waveguide meta-atom has three
polarization terms [Eq. (2.8)] [68]. The first term |E;) has an identical polarization of the incident

light beam, and the second and third terms denote the left-circularly polarized and right-circularly
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. . et ip 2 11 i¢p 2 |1
polarized light. In Eq. (2.8), the n; = E(tx +tye d)l ML = |E(tx —tye d)(RIEl-)l s MR = |5 (t, —

. 2
tyel¢d)(L|Ei)| are the efficiency coupled to each polarization term, and phase delay ¢, =
|¢y - ¢x|. Generally, the t, and t,, can be optimized to be higher than 90% by designing the height

and period of the meta-atom. As a result, the three efficiencies are dependent on the phase delay

2 , 2 _ 2
n; = E(l + el4’d)| , ML = E(l —ePa)(RIE)| , ngr = E(l —e'®a)(L|E;)| . In following, three

special regimes would be investigated.

2.21 ¢4 = 0, polarization-independent regime

. . 1
For a symmetrical meta-atom, we can realize ¢, = ¢, and ¢; = 0. As a result, n; = 5(1 +

) 2
e“l’d) =1, andn; = ng = 0, which indicates that the ongoing light beam is fully coupled into a

polarization-independent term and imposed a phase profile of ¢, = (py;r(px = @,.. This means that

the metasurface/metalens based on symmetrical meta-atoms only has one modulation channel.
As a result, the metalens can only have one polarization-independent focal point [64]. In this
regime, to build up an optical levitation system and achieve high-speed spin of the levitated
particle, a single-foci metalens with a high NA of 0.91 and high efficiency of 31% is demonstrated

in chapter 3.

2.2.2 ¢, = m, classical spin-multiplexing regime

Conventionally, all researchers committed to achieving a phase difference ¢4 = m via an
anisotropic meta-atom. As a result, n; = 0, n, = (R|E;), and ngz = (L|E;), which indicates that
ongoing light beam is coupled to the polarization-dependent |L)/|R) channels and the phase
profile carried by the ongoing light beam relies on the polarization of incident light beam.
Specifically, when the incident light beam is |L), n, = 0, ng = 1, the ongoing light beam would be
|R) and has a phase profile of 20 + ¢,. In contrast, when the incident light beam is |R, 7, = 1,
ng = 0, the ongoing light beam would be |L) and has a phase profile of —26 + ¢p- When the
incident light beam is non-perfect circular polarized, the |R) and |L) orthogonal components
would be respectively imposed the phase profile of 26 + ¢, and —26 + ¢,,. If we can build a
meta-atom library where each cell has a ¢, of m and the propagation phase q’)p can realize 21
phase coverage, arbitrary phase profiles can be separately achieved by 26 + ¢, and —26 + ¢,,.
Therefore, a polarization-dependent dual-functional metasurface/metalens can be built. As the
circular polarization state of a laser beam is corresponding to the SAM, the polarization-
dependent dual-functional metasurface/metalens is also named spin-multiplexing

metasurface/metalens [69, 70]. Because this is a classical and widely-adopted polarization-
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dependent mechanism in designing metasurface, I’d like to call this regime as a classical spin-

multiplexing regime.

Based on the classical spin-multiplexing phase, a lateral dual-foci metalens is firstly
demonstrated in chapter 4 to build up an on-chip tunable optical levitation system for
simultaneously trapping two particles at a close distance. Then, a metalens with polarization-
controlled focal field is demonstrated in chapter 5 to build up a dual-mode imaging system.
Finally, in chapter 6, a general design frame of a spin-multiplexing metasurface is proposed to

generate arbitrary non-focused/focused HOPS and HyOPS beams via a single-layer metasurface.

However, because of the low refraction index and fabrication limitation on aspect ratio, the
required library cannot be built up via the low refraction index material (e.g., SizN4). Therefore, it

is necessary to release the requirement on building up a library for multi-channel metasurface.

2.2.3 0 < ¢4 < m, non-classical spin-multiplexing regime

When the ¢, is not equal to zero and =, three efficiencies n;, n;, and ni are not equal to zero. It
means that the ongoing light beam would be coupled to three channels |E;), |[L) and |R) when the
incident light beam is not perfect LCP and RCP. Each channel can be imposed three phase
profiles of cj)p, 20 + ¢p, and —260 + ¢p, respectively. It is obviously that, we can realize two
arbitrary phase profiles once building up a library where the propagation phase cj)p have 2m
coverage and the phase difference ¢, of each meta-atom is identical. As the requirement on the
phase difference ¢, is reduced to arbitrary non-zero and non- i value, the low refraction index
material (e.g., SisN4) can be used for building up a meta-atom library. Because this working
mechanism is not experimentally explored previously around the world, | callit as a non-classical
spin-multiplexing regime. Based on this non-classical spin-multiplexing regime, a longitudinal
and lateral tri-foci SisN4 metalens is experimentally achieved in chapters 7 and 8, respectively.
Based on the two SisN, metalens samples, a fully integrated microscope with three
maghnifications and resolutions is demonstrated in chapter 7, and chapter 8 demonstrates a tri-

channel microscope for simultaneously chiral and achiral imaging.

2.3 Design procedure

While three working mechanisms could be adopted to design a metasurface for varies of
applications, a metasurface can be designed following a standard procedure including three

steps (Figure 2.3) [9, 71, 72].

The design flow starts from the determination of target phase profile as shown in Figure 2.3(a) at

the expected working wavelength 1. The target phase profile is dependent on the application
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requirements. For example, the hyperbolic phase profile Figure 2.3(a) is generally required for
achieving diffraction-limited focusing, and the vortex phase profile is needed for generating

vector vortex beams.

(a) o (b) 2
~ 1.5
< 1
=
©05
0
I 1234567809
0 Number of meta-atoms

(d)

Figure 2.3 Designing procedure of a metasurface.

(a) target phase profile, (b) phase library, (c) and (d) distribution of meta-atoms.

The second step is to build up the library of meta-atoms using numerical simulation tools (e.g.,
Lumerical FDTD solver, COMSOL, and CST). In this step, the first thing should be considered is
metasurface’s polarization-dependence. If we want to manipulate the light in a polarization-
independent way, circular pillars and square pillars can be chosen for imposing propagation
phase. To realize polarization-dependent manipulation, the common choice of the meta-atoms
is elliptical and rectangle nanofins. Moreover, elliptical and rectangle nanofins can be used for
the classical and non-classical spin-multiplexing metasurface. As shown in Figure 2.2, once the
structure of the meta-atoms is confirmed, we can sweep the dimensions (e.g., H, P, W, L) to build

up a meta-atom’s library with high transmission.

If we target at designing a metasurface working for a specific circular polarization state based on
pure geometrical phase [Egs. (2.6) and (2.7)], we only need select a meta-atom unit which can
fulfill two requirements of |¢, — ¢,| = mand t, = ¢, = 1[e.g., an arbitrary point in Figure 2.2(c)].
If we want to design a metasurface based on propagation phase or spin-multiplexing phase, the
meta-atoms library can be built up by choosing 9 meta-atoms from Figure 2.2 for achieving 2m
phase coverage of propagation phase [Figure 2.3(b)]. The selection rule relies on the condition of

adopted working regime.
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The last step of designing a metasurface is digitalizing the target phase profile ¥ based on the
period P of meta-atom and determine the meta-atom’s distribution on the flat substrate. For
designing a polarization-dependent metasurface based on geometrical phase, the key targetis to
confirm the rotation angle 8 of the selected meta-atom at each lattice via diving the local phase
Y, by 2 (€1 denotes the lattice position). This process needs to be repeated for all lattices until a
whole metasurface is designed. Figure 2.3(c) shows the meta-atom’s distribution in a

geometrical phase metasurface.

While the propagation phase is required for achieving the target phase profile ¥, a searching
algorithm should be adopted to select a right meta-atom from the library [e.g., the Figure 2.3(b)]
for imparting the required propagation phase ¢. After repeating this process for all lattices, the
whole metasurface is designed. Figure 2.3(d) shows the layout of a spin-multiplexing
metasurface, which illustrates that the spatial-dependent phase profile W is obtained via the

spatial-dependent distribution (e.g., 8, W, L) of meta-atoms in a spin-multiplexing metasurface.

2.4 Conclusion

This chapter starts from the commonly used propagation and geometric phase in designing a non-
resonance all-dielectric metasurface. Based on a general working mechanism, the design of a
metasurface is classified to three regimes. Compared with the widely adopted classical spin-
multiplexing regimes, the novel non-classical spin-multiplexing regime has a lower requirement
on designing a spin-multiplexing metasurface, which makes itis possible to obtain multi-channel
metasurface via low refraction index material (e.g., SisN4). Through the theoretical analysis, it is
figured out that all experimental results obtained in chapters 3 -8 are respectively corresponding
to the three working regimes, which illustrates the inherent coherence of following chapters. In
the last section of this chapter, a standard design procedure of the metasurface is demonstrated

in detail.
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Chapter 3 High-NA metalens for optical levitation and

rotation

3.1 Introduction of optical levitation system

Nanoscale or microscale particles optically levitated in a vacuum are well isolated from the
environment (e.g., the damping from thermal bath and molecules collision). Due to the absence
of direct dissipation and any physical contact in vacuum conditions, the thermal-mechanical
noise of this optically levitated system is very low, and it has been predicted that this system
could obtain a mechanical quality factor (Q-factor) as high as 10" for the centre of mass (COM)
mode [17]. Hence, optically levitated particles could be used for sensing weak forces and torques

with high sensitivity [73-75].

The other significant advantage of an optical levitation system in a vacuum is its high tunability,
making it possible to study some unobservable physical phenomenon in the air or other viscous
medium. Firstly, the motion of the optically levitated particles could be changed in-situ by simply
adjusting the trapping light [24]. For example, rotation of the optically levitated particles could be
accelerated to ultrahigh frequency exceeding gigahertz simply by changing the polarisation of the
laser from linear to circular. It has been verified that the highest rotation speed is only limited by
the tensile strength of the material of the levitated particles, which means that the properties of
material and friction at ultrahigh rotation frequency could be studied. Secondly, the interaction
of the optically levitated particles could be simply tuned by changing the gas pressure in the
vacuum chamber, which means that the optically levitated particles could be employed to study
stochastic thermodynamics [29]. Because of the tunability of the system parameters, optically
levitated particles are also suitable for the study of nonlinear nanomechanical phenomena [76],
which are important for the miniaturization development of future mechanics and photonic
sensors. Because of optical levitation system’s advantages, this chapter focuses on the optical

levitation application of a metalens.

As shown in Figure 3.1, a typical setup for optical levitation in a vacuum is made up of four main
sub-systems, including an optical trapping system, an optical detection system, a feedback
control system, and a vacuum system [77]. The optical detection system is adopted to detect
scattered light in-time and analyse particle motion. The feedback control system is for stabilizing
the particle in a high vacuum. The vacuum system is utilized to control the air pressure around
the optical trap and obtain the high-vacuum condition. The optical trapping system is the key part

of an optical levitation system, and there have been many optical configurations for levitating
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particles in a vacuum. As the metalens will be used for miniaturizing and scaling up the optical

trapping system, current optical traps configurations and their problems will be analysed.
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Figure 3.1 A typical optical levitation system [77].
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Figure 3.2 Optical trapping configurations for optical levitation system [78].

Figure 3.2 shows the optical configurations adopted for levitating particles in a vacuum. Three
configurations, including the high-NA objective, high-NA parabolic mirror, and the optical lattice,
are utilized to trap objects of subwavelength size [78]. However, it has been pointed out that the
aberrations of a refracted optical trapping configurations, including defocus, spherical
aberration, and chromatic aberrations, would decrease the Strehlratio and degrade the levitation
performance [77]. Itis well-known that the aberrations arising from the refractive elements could
be compensated by the utilization of several other lenses or an adaptive optics system. However,
the residual aberration after compensation still affects the optical levitation performance, and
the system complexity is heavily increased by the utilization of the other elements. This problem

motivates the introduction of the reflective optics element in optical levitation systems.

As shown in Figure 3.2, a commonly utilized reflective element is the high-NA parabolic mirror
made in metal. In theory, the parabolic mirror can provide several advantages. Firstly, it

eliminates the aberrations and makes the focal point be at the expected position. Secondly, it is
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easier to implement and use in high-vacuum conditions compared with the refractive high-NA
objective. However, the machine errors containing the surface deviation and roughness will
introduce phase error and decrease optical levitation performance. In addition, a high-

performance metal parabolic mirror is bulky, heavy, and expensive.

The metalens which can achieve aberration-free focusing with high NA opens a door of
miniaturizing an optical levitation system with lightweight and low cost [79]. A pioneering work
using metalens with an NA of 0.88 demonstrates optical levitation in a vacuum [23]. However, the
spin motion mode of an optical levitated particle is not demonstrated in the pioneering work
limited by the particle’s spherical shape. In this chapter, to realize optical levitation and rotation
in avacuum, we’llfirstly demonstrate a polarization-independent metalens with a high NA of 0.91

and an aberration-free focusing ability.

3.2 Aberration-free and high-NA focusing
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Figure 3.3 Metalens for optical levitation experiment.

(a) Schematic of the optical levitation in vacuum combining the nanofabricated metalens and a
nanofabricated rectangular nanorod. (b) Schematic of the metalens building block: a
single a-Si rectangular nanopillar on a glass substrate. The pillar height and period
are 800 nm and 600nm respectively. (c) Simulated propagation phase (blue and left

axe) and transmission (orange and right axe) as a function of the nanopillar's width W
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(110nm to 440nm). (d) Top-view SEM of the centre of the fabricated metalens. (e)
Normalized measured intensity distribution in the focal plane. (f) The intensity profile

along the x-axis passes through the focus, together with the fitting to the Airy profile.

To manipulate the motion mode and realize optical levitation of the levitated particles in the
wavelength of 1550nm [Figure 3.3(a)], a polarization-independent metalens is designed based on
isotropic a-Si nanopillars [Figure 3.3(b)]. To realize a high working efficiency and avoid high-order
diffraction for high-NA focusing, the period and height of the a-Si nanopillars are optimized to be
600nm and 800nm, respectively based on a commercial FDTD (finite-difference time-domain)
solver (Lumerical FDTD Solutions). Then, the nanopillars library is built by sweeping the
nanopillar’s width W from 110nm to 440nm as shown in Figure 3.3(a). It could be seen that the

nanopillars library achieves a 2 phase coverage and a high transmission (>90%).

To realize an aberration-free and diffraction-limited focusing effect, the hyperbolic phase profile
[Figure 2.3(a) and Eqg. (3.1)] is adopted in designing the metalens. In Eq. (3.1), 41 = 1550nm is the
working wavelength, f = 200um is the target focal length, and p is the radial coordinate in a polar
coordinate system. To match our laser beam’s diameter, the designed metalens has a diameter

of 1.2mm.

®(p) == (f —f7+ pP) (3.1)

3.3 Fabrication and characterization
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Figure 3.4 Fabrication flow of the a-Si metalens.

The designed metalens are fabricated in our University Cleanroom following a CMOS-compatible
process as shown in Figure 3.4. The metalens samples are fabricated on a double-side polished
SiO, wafer. The wafer is firstly cleaned in NMP for 10mins and IPA for 10min. Then, a layer of

amorph silicon (800nm in thickness) is deposited in a rate of 16nm/min via PECVD at 250°C.
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ZEP520A resist is spin coated on the wafer and baked on a hot plate for 3mins at 180°C.
Subsequently, the metalens pattern is defined by the e-beam lithography (EBL) and develop
process in ZED solution. As the hard mask, a 35nm-thick Cr layer is coated on the substrate by e-
beam evaporation and followed by a lift-off in NMP. Consequently, the designed patterns are
transferred to the Cr layer. Then, the wafer with patterned Cr layer is dry etched via reactive ion
etching (RIE) in a rate of 20nm/min. Finally, metalens samples are obtained after removing Cr
layer via wet etching in Cr etchant. Figure 3.3(d) shows the SEM image of the fabricated metalens

sample. More details on fabrication can be found in Appendix B.
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Figure 3.5 Optical configuration for characterizing a-Si metalens samples.

To characterize the metalens sample’s focusing performance, a microscope (Figure 3.5) with a
high NA of 0.9 and a high magnification of 100X working in the wavelength of 1550nm is
customized in ourlab. Inthe microscope, the 1550nm laser beam is collimated via collimator (L1)
and incident to the rear surface of the metalens sample (S). Then, the focal point of the metalens
is collected by a high-NA objective lens (100X, NA 0.9, L2) and imaged to an InGaAs camera by a
tube lens (L3). A polarizer (P1) and quarter-waveplate (QWP) are adopted to manipulate the laser
beam’s polarization state. § denotes the angle between the QWP’s fast axis and the transmission
axis of the polarizer P1. The imaging section from L2 to camera is motorized for precisely

measuring its focal length.

For measuring the focal length and focal point’s intensity distribution, the objective lens L2 is
firstly focused on the metalens sample. Then, the imaging system is driven to move away from
the metalens’ surface for finding the focal plane and measuring the focal points’ intensity
distribution. Figure 3.3(e) shows the measured optical intensity distribution in the focal plane,

revealing a clear and well-defined focal spot. Figure 3.3(f) presents a cut across the x-axis passing

33



Chapter 3

through the focus [dotted line in Figure 3.3(e)], along with the fitting to the Airy pattern. The Airy
radius which is defined as the radius from the central peak of the Airy function to its first
minimum, is measured to be 1.036um. Finally, the effective NA of the metalens sample can be
calculated to be 0.91, which is slight smaller than the target NA of 0.95. Both the fabrication error

and the 0.9 NA of objective lens L2 can contribute to the difference in NA.

3.4 Optical levitation and rotation
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Figure 3.6 Optical configuration of the metalens-based optical levitation system.

The experimental setup for levitating a nanorod using the fabricated metalens sample is shown
in Figure 3.6. A 1550 nm laser, amplified by an erbium-doped fiber amplifier (EDFA), is collimated
to a polarizer for obtaining linearly polarized light. A QWP is utilized to control the light's
polarization state. To detect the nanorod’s motion modes, the scattering light from the nanorod
is collected by an objective lens and guided to a photodetector (PD) via the dichroic mirror (DM).
As the scattering light is modulated by the nanorod’s motion, the nanorod’s motion can be
detected by the PD and oscillator. To capture the video of the levitated nanorod, a 532nm imaging
path (the green path in Figure 3.6) is built as well. The 532 nm laser is firstly focused on the
levitated nanorod and the scattered by the nanorod. The scattered 532nm laser beam is collected
by the objective lens and imaged to a visible camera via tube lens. The inset in Figure 3.6 shows
the optical image of the levitated nanorod. Nanorods having a dimension of
214nmx220nmXx753nm are fabricated in our cleanroom and loaded into the optical trap using

an ultrasonic nebulizer.
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Once a nanorod is trapped, the vacuum chamber's pressure is pumped down to 4 mbar to
measure the frequencies of COM’s three translation motion modes (X, Y, and Z). Figure 3.7(a)
shows the power spectral density (PSD) of the nanorod’s translation motion when the trapping
lightis linearly polarized. It can see that the oscillation frequencies in the x, y, and z directions are
43.6 kHz, 78.3 kHz and 122.8 kHz, respectively. The translation frequency in the z-direction is
lower than the other frequencies because the optical focus is elongated along the direction of the
propagating beam. Asecond harmonic signal (i.e., 2Z) along the z-direction is observed in the PSD

spectrum due to the non-perfectly harmonic trapping potential.
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Figure 3.7 COM motions of levitated nanorod.

(a) Power spectral density (PSD) of the COM translation motions X, Y, and Z when the trapping
laser beam is linearly polarized (i.e., the QWP has an angle of zero degree). (b) The
measured COM oscillation frequencies as a function of the laser’s polarization state

(i.e., the QWP angle).

Then, this chapter manipulated the COM motion’s frequency via tuning the trapping laser beam’s
polarization state. It is well known that a focal point’s intensity distribution would be elongated
along the laser beam’s polarization direction, the circularly symmetric focal point can only be
obtained when the laser is circularly polarized. As a result, the intensity gradient along the laser’s
polarization direction would be smallest in the focal plane when the laser beam is not circularly
polarized, which would reduce the motion frequencies. Therefore, the X and Y frequencies of the
COM motions in the focal plane can be tuned by the laser beam’s polarization state. In
experiment, as shown in Figure 3.7(b), it is measured that the frequencies of the COM motions
along X and Y directions are a function of the waveplate angle (i.e., the laser beam’s polarization
state). The waveplate angle in Figure 3.7(b) refers to the angle between the fast axis of QWP and
the polarizing axis of the polarizer. The ellipticity of the laser beam as well as the intensity gradient
difference in the X- and Y-directions increases with the increasing waveplate angle. In Figure

3.7(b), the frequency difference (i.e., Afy_, = fx — f, plotted in red line) is adopted as a merit to
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evaluate the manipulation of the in-plane COM motions via tuning the laser beam’s polarization
state. In Figure 3.7(b), Af,_, gradually reduces with increasing the waveplate angle, which
indicates the motion frequencies in the x and y directions are becoming closer with the laser
beam being tuned to be circularly polarized from linearly polarized. Meanwhile, the motion
frequency in the z direction remains constant [the blue curve in Figure 3.7(b)], as the field
distribution in the z direction is not affected by the laser beam’s polarization state. The

frequency’s fluctuations in the Z direction mainly result from the variation of laser power.
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Figure 3.8 Rotation dynamics of levitated nanorod.

(a) Power spectral density (PSD) of the motions of the levitated particle at 0.11 mbar, with linear
(blue line) and circular (red line) polarization states, respectively. The frequency
ranges from (a) 0 to 200 kHz and (b) 200 to 1500 kHz. The rotation frequency (c)
decreases with the increasing pressure, and (d) increases with the increasing
trapping. (e) The rotation frequency is a function of the QWP angle. When the plate
angle is larger than 30°, the particle starts to rotate and the rotating frequency

increases with the plate angle.

Finally, to mitigate the damping effect caused by gas molecules and observe a clear rotational
signal, pressure inside the vacuum chamber is furtherly pumped down to 0.11mbar. Figure 3.8(a-
b) shows the PSD spectrum from 0 to 1500KHz measured for circularly polarized (orange curve)
and linearly polarized (blue curve) laser beam. Comparing the blue curve in Figure 3.8(a) and the

curve in Figure 3.7(a), when the laser beam is linearly polarized, the PSD spectrum obtained at
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the pressure of 0.11mabr is similar to that [Figure 3.7(a)] at 4 mbar, but the linewidth of each
peaks is significantly reduced. This is because the levitated nanorod’s translation motionsin X, Y,
and Zdirections are simply harmonic oscillations, where the oscillation frequency is independent
of the environment damping (i.e., the pressure) but the mechanical quality factor can be

improved with reducing the environment damping/pressure.

Figure 3.8(b) clearly shows that two high frequencies peaks f,.,; and 2f,.,; appears in the PSD
spectrum with tuning the laser beam to be circularly polarized from linearly polarized. Figure
3.8(c) demonstrates that the frequency 2f,.,; linearly scales with reducing the pressure, which is
a typical feature of a levitated particle’s rotation mode. In the PSD spectrum, the amplitude of

2frot is much larger than that of f,.,; because of the symmetry of the levitated nanorod.

This thesis also studied the dependence of the rotation frequency and the laser’s power [Figure
3.8(d)] and polarization state [Figure 3.8(e)]. From the Figure 3.8(d), the rotational frequency is
almost linearly proportional to the laser power. From the Figure 3.8(e), there is no rotational PSD
signal in the frequency spectrum when the QWP angle is smaller than 30°. With the QWP angle
becoming larger than 309, the levitated nanorod is driven to rotate, and the rotational frequency
scales with the QWP angle. Because, with rotating the QWP from 0° to 45°, the laser beam is

tuned to be circularly polarized, and more SAM can be transferred to the levitated nanorod.

In addition, a hybrid numerical calculation method is proposed in this thesis to calculate the
opticalforces and torques exerted on optically levitated particles with arbitrary geometric shape,
which will be demonstrated in chapter 9. Furthermore, in chapter 9, a prototype of metalens-
based levitated optomechanics sensor (LMQOS) is designed for boost the commercialization of

optical levitation sensors.

3.5 Conclusion

In the polarization-independent regime, a metalens sample with a high NA of 0.91 and aberration-
free focusing ability is experimental demonstrated in this chapter. Then, this chapter builds up an
optical levitation system including the metalens-based optical traps, motion detection
subsystem, motion imaging subsystem, and vacuum chamber system. Based on this optical
levitation system, a nanorod is optically levitated and rotated to a high speed of around 1MHz.
The translational and rotational motions’ dependence on the trapping laser’s polarization state,
power, and the vacuum pressure are experimentally investigated in detail. The experimental

results meet well with theoretical expectation.
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Chapter4 Tunable on-chip optical traps for levitating

particles

4.1 Introduction of optical traps array

While the optically levitated single particle could be used for sensing forces and torques with high
sensitivity, the coupling effect of multiple levitated particles at a close distance could furtherly
improve the sensing sensitivity. The weak coupling between multiple oscillators (i.e., the levitated
particles) could be modulated to realize nonlinear dynamics, nonreciprocal dynamics, and mode
localization, which can provide higher sensitivity than a single oscillator. Therefore, the ability to
trap and manipulate simultaneously multiple particles or even an array of particles in a vacuum
will be of vital importance [28, 32, 33, 80]. In general, there are two ways of trapping more than
one particle at a time. The first way is using the standing wave generated by two counter-
propagating beams [34], and the other way is introducing a modulator [e.g., spatial light
modulator (SLM), acoustic-optics deflector (AOD), digital micromirror device (DMD)] to a

conventional optical trapping system [27, 36, 81]

Because a 2-level blazed grating phase profile is required to split the incident laser beam into two
symmetric diffraction orders in a SLM-based optical traps system, the light utilization efficiency
of the SLM would be lower than 30% at the wavelength of 1550nm [82]. While the transmission of
an objective lens with a high numerical aperture can be corrected to be around 85% in the visible
spectrum, that would be only around 50% in near-infrared spectrum [27]. As a result, the overall
efficiency of a SLM-based optical traps would be only around 5% because there is some insertion
loss arising from the other bulky optical components. In addition, limited by the modulation
principle of a SLM, there would be continuous fluctuation in the intensity of the two focal points.
In an AOD-based optical traps, because of the diffraction loss and the objective loss, light
utilization efficiency is low as well. In addition, the optical intensity of each trap would be
continuously fluctuated due to the instability of RF frequency and power. Moreover, the optical
frequency of each trap is different. Both the intensity fluctuation and optical frequency difference

highly suppress the interactions between trapped particles [83].

Remarkably, it has been shown that transferring spin angular momentum (SAM) carried by a
circularly polarized (CP) trapping beam [38] to a trapped particle can be used to rotate the
nanoparticle at high speed [24, 25]. It has been further shown a high-speed rotation effectively
removes particle’s structural anisotropies arising from fabrication limitations and prevents

motion instabilities [27]. This then requires tuning both focal points to be circularly polarized (CP)
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by inserting polarization modulation elements between the focal plane and the modulator. As a
result, the optical levitation system becomes bulky, complicated, and difficult to align, making
modulator-based systems inconvenient for practical applications [28, 33, 84] and the scaling of
the number of devices [21]. The low efficiency and intensity instability are further disadvantages

of using a modulator-based optical traps.

To pave the way for scaling the number of levitated optomechanical devices or realising of
paralleled levitated sensors as well as improving the efficiency, it is essential to miniaturize and
simplify the levitation system and one option appears to be the realisation of levitated sensors on
the chip. As shown in Figure 4.1, based on a single-layer dielectric metasurface, this chapter
proposes a scalable single chip with tunable optical traps for realizing bistable potential well and
double potential wells with high NA, high efficiency, and no intensity fluctuation at focal points,
which can be extended to multiple-particle traps benefiting from the breakthrough in the

limitation of polarization-multiplexing metasurface.
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Figure 4.1 Conceptual figure of the on-chip optical levitation system.

(a) Atunable bistable potential well when the distance D is smaller than a threshold D; for non-
equilibrium thermodynamics or nonlinear dynamics. (b) A tunable two potential
wells when the distance D is larger than a threshold D, for optical coupling
application. (c) One-chip optical levitation system based on a single-layer

metasurface.
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Importantly, the focal points (Figure 4.1) are inherently circularly polarized and support trapping
particles with high-speed spin modes. This chapter experimentally obtains two near-diffraction-
limited focal points at the wavelength of 1550nm with a high numerical aperture of 0.9, and high
light utilization efficiency of 31%, and experiments demonstrate that the distance between two
focal points can be accurately tailored, and relative intensity between two traps can be
dynamically and continuously tuned by changing the polarization state of the incident laser
beam. Therefore, the particles levitated in each focal point would experience tunable optical
trapping potential. While the distance between two focal points is close enough, the focal points
will combine and can provide a bistable potential well. Finally, this chapter experimentally and
theoretically shows the metasurface’s ability to construct an on-chip optical levitation system

with tunable potential wells.

4.2 Design of the metasurface sample

The metasurface for controlled double focal points is designed based on an out-of-plane focusing
phase profile and works in the classical spin-multiplexing regime. In the metasurface, one
incident laser beam could be directly focused to two or more circularly polarized focal points with
high NA, as shown in Figure 4.1, which would effectively reduce the loss and instability arising
from the optical components in an SLM-based optical binding system. By tailoring the distance
D between two focal points, the potential well could be shaped from the bistable potential well
[Figure 4.1(a)] for a single particle to separately double potential wells [Figure 4.1(b)] for the
optical coupling of two particles. As the two focal points respectively correspond to the LCP and
RCP components, the relative intensity between two focal points can be tuned by manipulating

the laser beam’s polarization state.
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Figure 4.2 (a) Geometrical parameters of two focal points; (b) Nanofins library; (c) SEM.

As the metasurface working the classical spin-multiplexing regime, the incident laser beam could
be coupled to the orthogonal |R) and |L) channels which can be separately imposed the phase
profile of @, = 260 + ¢, and &, = —20 + ¢,. For focusing the |R) and |L) components into two
focal points at a close distance in the same focal plane, the off-axis focusing phase profiles [Eq.

(4.1)] are adopted for @, and @, , where (p, @) is the polar coordinate of each nanofin located, f
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and «a are the target focal length and tilt angle, as shown in Figure 4.2(a). As a result, the distance
D between two focal points could be expressed as D = 2ftan(a) and be tailored by tuning the

target a for a given f or NA, where NA =R/\/R?>+ f? and R is the radius of the whole

metasurface [57].

®(p, ) == [f —F2 + p? — 2pfsin (@)cos ()]

m (4.1)
®r(p, @) = S [f = F? + p? + 2pf sin(a) cos(9)]

To impose the target phase profiles on the ongoing light beam, a nanofin library [Figure 4.2(b)]
including eight cells is built up based on the large library shown in Figure 2.2 where a group of

nanofins with different W and L are selected to achieve a 2w phase coverage of qbp and keep

|¢x - ¢y| = m. The period and height are respectively optimized to be 650nm and 800nm in

advance.

The tailoring ability of distance D and potential wells is verified in numerical simulation. As shown
in Figure 4.3(a1)-Figure 4.3(c1), foragiven f = 5pum and NA=0.9, the distance D alongY direction
varies from 0.7um to 3.15um. Note that, as shown in Figure 4.3(a), the two focal points emerge
into one when a =2° and D = 0.7um, because the distance D of 0.7um is smaller than the
diffraction limitation (1.18um) of each focal point. The diameter and focal length f used in the
simulation are 20pm and 5um, respectively, which are much smaller than those of fabricated

samples and is limited by our computer memory.

Foreach distance D, the potential wells U(y) experienced by a trapped SiO, spherical particle are
calculated as well to show that the potential wells U(y) can be tailored for studying optical

coupling effect using Eq. (4.2) and Eq. (4.3) [77].

3 2
2mngr3 ni—-1

Uy) = ——— (! (4.2)

c nZ+2

1) =2 EQ)I? (4.3)

Where ng = 1istherefractionindexof the surrounding environment, 7 is the radius of the trapped
particle and assumed to be 100nm, n,, = 1.48 is the relative refraction index between the SiO,
particle and the ng, c is the speed of light in vacuum, and the &, is the dielectric constant in
vacuum. E is the electrical field amplitude of the focal plane which is simulated via Lumerical
FDTD as shown in Figure 4.3(a1) — Figure 4.3(c1). Note that the incident laser power is normalized

to be 200mW in simulation.
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Figure 4.3 Simulated focal points and potential wells.
(a) —(c) are the simulated optical intensity (1st row) and potential well (2nd row) in the focal
plane with the distance D changing from 0.7um to 3.15pum when the incident laser

beam is linearly polarized. (d) central depth of potential well vs the distance D.

As shown in Figure 4.3(a2) — Figure 4.3(c2), the central depth U, of the potential wells goes up
with increasing the distance D. According to Ashkin’s criterion, the depth of the potential well
should be higher than 10kgT for stably trapping a particle in the focal point [85, 86]. kg is the
Boltzmann constant, and T is the environment temperature assumed to be 300K in our
calculation. Therefore, the distance D should be large enough to obtain two coupled optical traps.
Figure 4.3 (d) shows the relationship between the central depth U,, and the distance D, which
demonstrates that two optical traps with a U,,, > 10kgT can be achieved, when the distance D >

1.14pm. Therefore, 1.14pm is regarded as a distance threshold a D,
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As shown in Figure 4.3(b) and Figure 4.3(d), the potential well generated by the focal points with
adistance D of 1.12um (smaller than D;) has a central depth U,,, of 7kgT which cannot stably trap
two particles at each focal point at the same time. As a result, the potential well shown in Figure
4.3(b2) can be seen as a double-well potential or bistable optical potential well which could
stably trap one single particle. Therefore, it can be used for studying the nonlinear dynamics of

one levitated particle.

4.3 Metasurface preparation and characterization
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Figure 4.4 Characterization of the metasurface sample.
(a) Central image of the metalens; (b) Strehl ratio of samples. Red dashed curve: diffraction
limitation corresponding to 0.9; Blue line: measured intensity at focal plane; (c)

focusing process near the focal plane.

In the experiment, a series of metasurface samples with the same radius (600pm) and focal
length (300um) (i.e., NA=0.9) are fabricated following the steps in Figure 3.4 and measured via the
home-customized microscope in Figure 3.5. Figure 4.2(c) shows the SEM image of fabricated
metalens sample. For measuring the focal length and focal point’s intensity distribution, the
objective lens L2 is firstly focused on the metalens [Figure 4.4(a)]. Then, the imaging system is
driven to move away from the metalens’ surface to find the focal plane and measure the focal
points’ intensity distribution. In the experiment, the distance (i.e., the focal length) from
themetalens to the focal plane is measured to be 300pum which precisely matches with our design
value of 300um. Figure 4.4(b) shows the focusing process from the 5um (Z in negative value) in

front of the focal plane to the 5pum (Z in positive value) behind the focal plane.
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For measuring the light utilization efficiency of our metalens, the incident laser power P, is firstly
measured at the rear surface of the metalens, and then the laser power P; arrived at the focal
plane is measured. The light utilization efficiency of P; /P, is measured to be 31%. Note that the
laser beam width is adjusted to match the diameter (1.2mm) of our metalens, and the CCD is
changed to be a power meter for measuring the powers. Notably, the overall light utilization
efficiency (laser power at the focal point/incident laser power) of a metasurface-based optical
levitation system is the metasurface’s light utilization efficiency as there are no other
components in the optical path. Therefore, by using the metasurface, the overall light utilization
efficiency of an optical levitation system with tunable two optical traps could be improved to 31%
from a SLM based system of 5%. In addition, the light utilization efficiency of the metasurface
could be furtherimproved by optimising the structural parameters of each cell, the materials, and

the fabrication processing [43].
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Figure 4.5 Optical intensity and potential wells of the metalens sample 1.
Relative optical intensity (1st row) in the focal plane of the metasurface with a target distance D
of 0.92um when the incident laser beam is LCP (a), LP (b), and RCP (c). (d) shows the

potential well’s tunability with rotating a QWP over a Poincaré sphere.

To further evaluate the focusing performance of our metalens, the Strehlratio (S) of the sample is
measured. As shown in Figure 4.4(c), the Strehl ratio of our sample is 0.89. According to the
relationship § = exp [—(ko)?]between the Strehl ratio and the RMS wavefront error o, where the
k=21/A is the wavenumber and wavelength A= 1550nm, the RMS wavefront error is calculated to

be 0.054A, which meets the diffraction limitation criterion [87].
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Figure 4.5 and Figure 4.6 show the optical intensity and relatively optical potential distributions
of two samples (Figure 4.5(b): D = 0.92um, and Figure 4.6(b): D = 3.2um) when the incident laser
beam is linearly polarized. Note that as the incident laser beam is not perfectly LP, the relative
intensity of the two focal points is not precisely identical. As shown in Figure 4.5(b) and Figure
4.6(b), the real distance of the two samples is measured to be 0.92um and 3.2um, which are
almost equal to the designed values 0.9um and 3.15um. According to the intensity distribution
shown in Figure 4.5(a), the full width of half maximum (FWHM) of the focal points are measured
to be 930nm, which corresponds to a NA of 0.9. Comparing Figure 4.5(d) and Figure 4.6(d), the
central depth of the 0.92um sample is shallow, while that of the 3.2um sample is high enough for
isolating the potential into two wells and trapping 2 particles for simultaneously levitating two

particles at each focal point.
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Figure 4.6 Optical intensity and potential wells of the metalens sample 2.
Relative optical intensity (1st row) in the focal plane of the metasurface with a target distance D
of 3.2um when the incident laser beam is LCP (a), LP (b), and RCP (c). (d) shows the

potential well’s tunability with rotating a QWP over a Poincaré sphere.

The incident laser beam is tuned to be LCP and RCP for determining the focusing performance of
the metasurface and demonstrating the tunability of two focal points’ relative intensity and

potential wells. The polarization is manipulated by changing the QWP angle in the experiment
(Figure 3.5). When the QWP angle equals to —%, 0, and %, focal field’s intensity distributions of the

0.9um and 3.2um samples are measured and shown in Figure 4.5(a-c) and Figure 4.6(a-c),
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respectively. By changing the QWP angle from —% to %, the left focal point’s intensity goes down,

and the right one’s intensity goes up. When the QWP angle equals 0, two focal points with
identical intensity are obtained. It indicates that the relative intensity could be well controlled by
the QWP angle. As the optical trapping potential well’s depth is linearly scaled with the intensity
of the focal point [Eq. (4.2)], two tunable trapping potential wells are obtained in the experiment.
As shown in Figure 4.5(d) and Figure 4.6(d), the optical potential well gradually evolutes with

rotating the QWP. As the QWP is rotated from -% to %, the potential wells are a function of

polarization state over the fundamental Poincaré sphere, which will be theoretically explained in

following.

Based on the coordinate system shown in Figure 3.5, the Jones matrix of the incident laser beam

cos
can be expressedas| . .ﬁ
—isinf

], where 8 is the QWP angle. As a result, the amplitudes of LCP and
RCP components are [(cosf — sinf)/v2] and [(cosf + sinB)/v2] . Correspondingly, the
intensities of LCP and RCP components can be expressed as [1 —sin(28)]l,/2 and [1+
sin (28)]1,/2, where I, means the total intensity of the incident laser beam. Therefore, the
intensity of the LCP component (i.e., the left focal point) would go down from I to zero with the
angle  changing from -45° to 45°, while the intensity of the RCP component ((i.e., the right focal
point)) goes up to a maximum value I, from zero. According to Eq. (4.2), the potential well linearly

scales with the intensity distribution. Therefore, the potential wells generated by the metasurface

can be tuned correspondingly.

.
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Figure 4.7 Polarization state over the fundamental Poincaré sphere.

The tune process of the laser beam’s polarization state can be demonstrated by the fundamental
Poincaré sphere (Figure 4.7) [40]. The three axes of the sphere denote the Stroke parameters Sy,
S,, and S5 of the light beam’s polarization state, which will be explained in Chapter 6. Especially,
with the light beam’s polarization being tuned from LCP to RCP, the beam’s position on the
Poincaré sphere varies to the Northern pole from the Southern pole. Correspondingly, the S3 =
A% — A? = sin (29) evolutes from -1 to 1. In experiment, the intensity A% of the RCP component

is [1 + sin (23)]1,/2, and the intensity A? of the LCP componentis [1 — sin (2/3)]l,/2. Therefore,
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29 = 2 can be obtained, which means that the relative intensity and potential well depth can be
seen as a function of the polarization state and be tuned over a Poincaré sphere with rotating a

Vs Vs
QWP from e to >

4.4 Dual-traps and levitation

4.4.1 Trapping stiffness and potential well

To theoretically evaluate the focal point’s trapping stability and obtain the trapping stiffness, the
optical force applied on a silica nanosphere with a radius of 100 nm is calculated based on the
Maxwell stress tensor method using Lumerical FDTD software [88-90]. In simulation, the incident
laser beam is set to be circularly polarized and all light energy is focused to the one focal point as
shown in Figure 4.8(a). The incident laser power is set to be 180mW to match the simulation
results with experiment data. Figure 4.8(b) shows the calculated optical force (black solid curve,
left axe) and potential well (yellow solid curve, right axe). The horizontal axe y, of Figure 4.8(b)
denotes the deviation of the trapped particle’s position to the focal point’s centre [i.e., the y;, in
Figure 4.8(a)].
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Figure 4.8 Simulated trapping stiffness and force.

(a) Optical trapping model of single focal point; (b) trapping force and potential well.

When the deviation y, is within +£150 nm, the radial trapping force Fy,, can approximated by a
linear function of the deviation y, (i.e., F4y, =~ —k,4¥4), Which means that the trapped particle
experiences a spring force [red dashed line in Figure 4.8(b)]. Therefore, the motion of the trapped
particle can be regarded as an optically driven spring-mass type of optomechanical oscillator,
where the spring constant kyA = 2.65pN /um is the slope of the trapping force over the linear
region. The spring constant kyA is also called trapping stiffness, which is a key factor for

evaluating the trapping stability.
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In addition to the trapping stiffness, the trapping well potential energy should be beyond 10 kgT
(kg is the Boltzmann constant, and T is ambient temperature 300K) for stable trapping [1, 2].
Therefore, the trapping potential well of the focal point is calculated and demonstrated in yellow
solid curve in Figure 4.8(b), which demonstrates that the focal point could provide a trapping well
with a depth of 80kzT. While 80kgT is smaller than the potential well depth of 89k T obtained in
Figure 4.3(a), the theoretical values of potential well depth in Figure 4.3 coincide well with the
numerically simulated values in Figure 4.8(b) because the potential well depth is linearly scaled
down with reducing the incident laser power. With tuning the incident light beam to be linearly
polarized, the light energy would be equally split to two focal points. As a result, the trapping
potential well depth of each focal point would be reduced to 40kgT, and the trapping stiffness
k4y / kgy of each focal point would be reduced to 1.325pN/um. Therefore, the focal points

generated by the metalens can be used for stably trapping a nanoparticle.

4.4.2 Optical levitation experiment

In following, a setup is built to verify the metasurface sample’s optical levitation ability in free
space. As the red dashed line shown [Figure 4.9(a)], the collimated 1550nm laser beam is
introduced into the rear surface of the fabricated metasurface and then is collected by an
objective lens (NA=0.9) for alignment and imaging of the focal points by a 1500-1600nm NIR CCD
(fluorescence based). The 1550nm laser beam is for trapping particles. In addition, a fibre-based
polarization controller is introduced to manipulate the beam’s polarization. For imaging the
levitated particles, as the green dashed line shown in Figure 4.9(a), a green laser beam (520nm)
is introduced to the focal plane of the metasurface, and the green laser beam is scattered by the
levitated particles, collected by the objective lens, and imaged by a visible CMOS camera. A long-
pass dichroic mirror (550nm cut-on wavelength) is placed behind the objective lens to split the

1550nm trapping laser and the 520nm detection laser beams.

In the experiment, the optical path of the 1550nm laser is first alighed by checking the focal
point’s images via the 1550nm imaging system. The brightest image with a circular profile (shown
in Figure 4.9(b1 and c1)] can be obtained when the optical path is alighed well enough. At this
time, the focal planes of the metasurface and the objective lens are coincided at the same plane
at 1550nm. Otherwise, the image would be blurred by the misalignment (e.g., coma and defocus
aberrations). Then, the metasurface is moved forward to the objective lens by 300um (i.e., the
focal length of the metasurface) via a precision translation stage, and the functional surface (i.e.,
the former surface) of the metasurface is moved to the focal plane of the objective lens, which

plays an important role for aligning the optical path of 520nm laser.
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Figure 4.9 Optical levitation of two nanoparticles.
(a) Optical levitation setup. (b) and (c) are the images of the metasurface’s focal points (1st row)
and levitated particles (2nd row) when the incident laser beam is RCP and LP,

respectively.

The 520nm laser beam is introduced (i.e., the incident angle is almost equal to 90 degrees) to the
functional surface of the metasurface, and the nanostructure of the functional surface can be
imaged by the Thorlabs CMOS camera because of the scattering effect. Next, the position of the
metasurface is slightly translated from the 1550nm focal plane to obtain the best image from the
chromatic aberration of the objective lens. The functional surface of the metasurface is located
at the focal plane of the objective lens at 520nm. Finally, the metasurface is moved backwards
from the objective lens by 300um, and the 1550nm focal plane of the metasurface is moved to
the 520nm focal plane of the objective lens, which is essential for imaging the levitate particles

[Figure 4.9(b2 and c2)].

The 1550nm trapping laser beam (180mW) is firstly manipulated to be RCP, and a single focal
point is measured by the 1550nm imaging system. Then, the solution with 1T00nm nanoparticles
is sprayed to the region between the metasurface and the objective lens via a nebulizer. Before a
particle is trapped by the focal point, the image captured by the 520nm imaging system is fully
dark, and then a bright spot [Figure 4.9(b2)] appears on the image demonstrating that a particle is
trapped by the focal point. As this experiment is done in free space, it means that the particle is
stably levitated by the focal point. In another experiment, a particle is stably levitated in air for

more than three hours.

To verify the levitation ability of 2 particles at the same time, the 1550nm trapping laser beam
(180mW) is tuned to be LP, and two focal points [Figure 4.9(c1)] are captured by the 1550nm
imaging system correspondingly. As the particles are loading via a nebulizer, it takes some time
for particles to be trapped by the focal points since they are sprayed out. Figure 4.9(c2) shows

that two particles are trapped at the same time, which demonstrates that our metasurface-based
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optical levitation system could be used for simultaneously levitating two particles and studying

optical coupling effect in the experiment.

It is difficult to simultaneously trap two particles at the focal plane as shown in Figure 4.9(c2). In
general, only one particle can be trapped by one of the two focal points at one time. In addition,
the trapped particles in Figure 4.9(c2) are not identical in shape and size which makes it difficult
to directly studying the dynamics of levitated particles. It is well known that these two problems
are caused by the nebulizer-based loading method. In future, we’ll focus on optimising the
particle loading method and moving the setup into a vacuum chamber to explore the optical

levitation dynamics ranging from nonlinear duffing equation to coupled oscillators.

4.5 Optical coupling dynamics

It is demonstrated that the metasurface-based optical traps can simultaneously levitate two
particles in free space in experiment. Meanwhile, the two particles behave like two oscillators
with spring constants kg, and kg, respectively, as shown in Figure 4.10(a). In following, the
optically coupled dynamics of the two levitated particles will be analysed in simulation. In
simulation, the incident laser beam is linearly polarized and has a power of 180mW. As the spring
constant of the optical force is proportional to the focal point’s intensity [3,20]. Therefore, the
ratio between ky,, « [1 —sin (2f)]lpand kg, « [1 + sin (28)]l, can be tuned via controlling the
QWP angle . ky, will be close to kg, when the two focal points have the same intensity

distribution under the assumption that the two particles are similar.

Because the light scattered by particle Awould exert a force on particle B and vice versa, the two
particles A and B levitated at a close distance would be coupled [Figure 4.10(a)], which is
generally called optical binding [16, 18]. The mutual force and coupled motion are termed as an
optical binding force and optical binding dynamics. As the distance D could be precisely tailored
and varied from zero to several micrometres in experiment, the metasurface can be utilized to

explore different lateral optical binding dynamics.

In the following, we concentrate on the ideal case where two focal points (i.e., trapping centres)
have an equal intensity distribution. As a result, the driven and damped dynamics of the coupled
oscillators A and B can be described by a Langevin equation Eq. (4.4) including the stochastic

effect of collisions with residual gas particles in the environment of the trapped particles [27],

a2 (Ya\ , d (Ya)_ (A A12> F4(8) = kayya + Fon (V)
A g (VB) T (YB) - <A12 A11) \Fp(t) = kpyyp + Fop (¥a) @4
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where y, (or yg) is the deviation of the particle A (or B) from its equilibrium position y;o(¥20)
(Figure 4.10), Ay, = 1/(6mua) and A, = 1/(4muD) are the longitudinal mobility factors with u
the residual gas viscosity. f4(t) and fz(t) are the force noise terms, the term ky, 4 (o7 kg, yp)
represent the restoring spring force on particle A (or B) when particle A (or B) is displaced away
from its equilibrium trapping position, and the other particle B (or A) is kept at a fixed position. The

term F,,(yg) [or F,p(y4)] is the optical binding force acting on particle A (or B) at its equilibrium

position when particle B (or A) is displaced.
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Figure 4.10 Optical coupling model and dynamics.
(a) and (c) models for calculating optical binding forces; (b) optical force and binding force vs

distance D; (d) Spring optical force (kg,yg) and optical binding force [fop (¥4)] ON
particle B.

The optical binding force on particle B can be obtained by subtracting the optical force applied to
particle B when there is no particle trapped in another trapping centre [Figure 4.10(c)] from the
total optical force exerted on particle B when particle A is trapped in the trapping centre [Figure
4.10(a)]. Eq. (4.4) shows that the dynamical behaviour relies on the restoring force ky,y, and
kgyyp as well as the optical binding force Fy;,. It has been proven that, in a coupled oscillation
system, non-reciprocal dynamics and localization of the oscillation mode can be realized by
modulating the conservative - restoring force - and nonconservative - optical binding force -
terms, which could be used for enhancing sensitivity in detecting weak force or torque [33, 75,

91]. The tunability of the nonconservative coupling force, the optical binding force, would be
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discussed in the following to show our metasurface’ potential application in constructing an on-

chip optical binding system with non-reciprocal dynamics or localization of the oscillation mode.

The red dashed curve (left axis) in Figure 4.10(b) shows the total force applied to particle B when
both particles A and B are placed at the trapping centres [Figure 4.10(a)], and the black dashed
curve shows the optical force when no particle is trapped in trapping centre A [Figure 4.10(c)]. As
the two curves shown, the opticalforce applied to particle B shows spatial periodicity. In addition,
the black curve is nearly identical to the red one, which means that the optical binding force is
small, and the motion of the trapped particle is dominated by the total trapping force. The
diamond shapes in [Figure 4.10(b)] marks the distance D where the total trapping forces are null.
Considering the optical force’s direction and the relative position between particles A and B,
particle B would be pushed back to the trapping centres (i.e., the focal point) by perturbating the
distance D at the points marked by black diamond shapes. Therefore, they are stable trapping
centres. In contrast, particle B would be pushed away from the trapping centres for the distance

D marked by blue diamond shapes. Therefore, they are not stable trapping centres.

As the yellow curve (right axe) shown in Figure 4.10(b), the optical binding force also shows the
spatial periodicity, which is generally called long-range oscillation of optical binding force and
arises from the combination of the scattering field from particle A and the focal field around
particle B and. In magnitude, the optical binding force is much smaller than the total trapping
force and would decay with the increase of D, which means that two trapped particles are weakly

coupled by the optical binding force.

In addition, 5 zero points are marked on the red curves in Figure 4.10(b). It means that the optical
binding force at these points is null. At the points marked by an asterisk, the optical binding force
is linearly proportionalto the perturbation of distance D but with a negative slope, which indicates
that particle A exerts an attractive optical-binding force on particle B. In contrast, the optical
binding force is linearly proportional to the perturbation of distance D with a positive slope, at the
points marked by the cross, which indicates that the optical binding force is repulsive. Around the
peaks of yellow curve, the optical binding force would be nonlinear when perturbating the
distance D. Therefore, tailoring the distance D could realize different coupling characteristics,

like linear and nonlinear coupling [27, 31, 92].

When two trapped particles are trapped and optically coupled, their motion is a small oscillation
around their trapping centres. Therefore, to analyse the coupled dynamics, the dependency of
the optical binding force [i.e., coupling forces F,,(y,4), Fop(¥5)] on small deviations y, and yp

should be studied in detail.
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Considering that the total optical trapping force and the optical binding force are linearly
proportional to the perturbation of distance D at D = 3231.8nm [marked by the green cross and
black diamond in Figure 4.10(b)], the distance D is fixed at 3231.8nm to realize the linearly
coupled dynamics/i.e., fopb (V4) X {4Va, for (V) < {5yg]. Thisis the reason why the metasurface
sample with a distance D of 3.2um is experimentally characterised in detail ranging from optical
focusing performance to levitation ability of two particles in free space. In addition, considering
the symmetry ({4 = (5, kAy = kBy) of this system under the assumptions that two focal points’
intensity distribution and trapped particles are identical, only the forces exerted on particle B[i.e.,

—kgyyp and F,, (y4)] are calculated and shown in Figure 4.10(d).

As the black curve (left axe) shown in Figure 4.10(d), when particle A is fixed, the optical force
exerted on particle B linearly goes down with its displacement yg. Therefore, the optical force
could be simply expressed by the term —kpg, Vg (kp,>0) in Eq. (4.4). The minus sign means that
the opticalforce is a restoring force. As the yellow curve (right axe) shown in Figure 4.10(d), when
particle B is fixed at its equilibrium position, the optical binding force F,,(y,) is positively
proportional to the small displacement y, of particle A. Therefore, F,,(y,) in Eg. (4.4) could be
simplified to {gy, ({5>0). As a result, two particles are linearly coupled and could be seen as two

coupled oscillators via three springs, as shown in Figure 4.10(a).

In addition, as the intensity of two focal points could be modulated, the symmetry between the
two particles’ motion is broken when the intensity distributions of the two focal points are not
identical. As aresult, {4 is notequalto {g, and spring constant kg, is not equalto kg,,. Then, more

complicated dynamical behavior could be realized based on the proposed metasurface.

4.6 Conclusion

This chapter proposed a scalable on-chip platform for realizing tunable optical potential wells of
two trapped particles via a metasurface working in the classical spin-multiplexing regime. Based
on the metasurface, one incident laser beam can be directly focused to two diffracted-limitation
focal points with high light utilization efficiency (31%) and high NA (0.9). Benefiting from the
application of this metasurface, there are no other optical components in the whole system,
which results in the overall light utilization efficiency of one metasurface-based optical levitation
system being improved to 31%. It is illustrated that the distance and relative intensity as well as
the relative potential wells could be well tailored and finely controlled in both simulation and
experiment. Itis experimentally demonstrated the fabricated metasurface sample could be used

for stably levitating one or two particles for several hours.
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Based on the general Langevin equations and the numerically obtained optical binding force, itis
analysed that the metasurface sample could provide different dynamical behaviours of two
coupled particles. Specifically, different optical trapping force and binding force profiles could be
potentially realized by tailoring the distance between two focal points because of the long-range
oscillation. As aresult, the proposed metasurface-based levitated optomechanical system could
be used for constructing levitated force and torque sensors with ultra-high sensitivity and

accuracy by using varieties of coupling dynamics.
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Chapter 5 Near-infrared metalens empowered dual-

mode microscope

5.1 Introduction of dual-mode imaging

Bright field microscope is widely used for imaging the overall morphologies of amplitude objects.
However, the bright field microscope cannot provide clearly distinguished morphological
information of the transparent objects (i.e., low index contrast objects) [5, 93]. To realize high-
contrast and edge-enhanced imaging of phase objects, a phase contrast microscope is initially
introduced by the Dutch physicist Frits Zernike in the 1930s [93]. Compared with algorithm-based
edge enhancement in image processing, a phase contrast microscope is an all-optical
processing and could provide direct edge detection functionality [55]. This technique is employed
to generate high-contrast images of transparent specimens, including living cells (typically in
culture), unstained biological samples, and microorganisms and is widely used for low optical

contrast specimens [94].

Essentially, a phase contrast microscope is based on filtering image information in its Fourier
plane (i.e., frequency domain). As the spiral phase filtering function can lead to a 2-dimensional
(2D) isotropic edge-enhancement effect of observed amplitude and phase objects, the spiral
phase contrast microscope has been implemented in many ways. Conventionally, the spiral
phase contrast microscope is implemented by generating a spiral phase profile in the Fourier
plane of a 4f filtering system via a spatial light modulate (SLM), which makes the microscope

system too bulky and limits the resolution and FOV [58, 95].

In recent years, metasurface being made of an array of subwavelength nanofins has attracted a
lot of attention in the imaging community because of its powerful ability to manipulate amplitude,
phase, and polarization of incident light [11, 13, 53, 96]. A transmissive dielectric metasurface
working as a polarization-controlled phase filter is placed in the Fourier plane of a 4f system for
realizing switchable spiral phase contrast imaging [69]. Additionally, some reflection
configurations based on reflective metasurface are proposed as well [97, 98]. However, the
multiple lenses used in both 4ffiltering system or reflection configuration resultin a complex and
bulky optical system, which fails to exploit the multi-functional merit of a metasurface and

hinders the miniaturization of the spiral phase contrastimaging system.

A single-lens spiral phase contrast imaging configuration was achieved by compressing the
imaging and edge-enhancement functionalities into transmissive metalens in the visible

spectrum [5]. However, the metalens can only work in the phase-contrast imaging mode, which
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limits its application in bright field imaging mode. Recently, a dielectric metasurface has been
proposed for synchronous spiral phase contrast and bright field imaging [99], and an electrically
tunable dual-mode metalens is reported for switchable spiral phase contrast and bright field
imaging [54]. However, the former one has one smallimaging FOV (~50um X 50um), and the latter
one has a low resolution (~31) and low edge-enhancement quality. There is no report on the
switchable dual-mode (i.e., bright field and phase contrast) microscope with high resolution,
large magnification, and large FOV. While the above metalenses work in the visible spectrum.,
the near-infrared (NIR) spectrum is attracting increasing attention in biological research, machine
vision and semiconductor inspection because of several advantages. Firstly, the NIR light wave
can penetrate through the biological tissue deeper than visible light. Secondly, the visible auto-
fluorescence of cells and tissues is considered as the main source of background noise in
biologicalimaging, imaging in NIR can achieve a higher signal-to-noise ratio [100,101]. Finally, the
NIR microscopy provides defect information on the silicon chips compared to visible light for

semiconductor inspection.

(b) mnfinity-corrected microscope (c) Singlet microscope
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Figure 5.1 Conceptual figure of dual-mode imaging.
(a) Conceptual scheme of polarization-controlled focusing mode. Metalens-based infinity-
corrected microscope (b) and singlet microscope (c) for polarization-controlled

phase contrast imaging and bright field imaging.

This chapter proposes a NIR single-layer dielectric metalens where the phase profile can be tuned
from a hyperbolic phase to a sum of a hyperbolic phase and a spiral phase with a topologic charge

of 1, as shown in Figure 5.1. In the wavelength of 1550nm, the metalens can focus the LCP light
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beam to a donut ring with a topologic charge of 1 for phase contrast imaging mode and focus the
RCP light beam to a Gaussian focal point for bright field imaging. Taking these advantages, two
polarization-controlled dual-mode imaging systems are demonstrated in the NIR imaging

window.

5.2 Metalens design and characterization

To realize dual-mode focusing and imaging, the metalens sample is designed in the classical
spin-multiplexing regime again. Therefore, a nanofins library including 8 cells (Table 5.1) is built

up based on the sweeping results shown in Figure 2.2.

Table 5.1 Nanofins library for dual mode focusing metalens.

L (nm) W(nm) ¢x (m) bq ()
140 600 -0.79 1
200 440 -0.67 1
220 480 -0.47 1
260 480 -0.11 0.94
500 160 0.16 0.93
560 160 0.32 1
500 220 0.62 1.1
500 260 0.92 0.99

As shown in Figure 5.1(a), to realize phase contrast imaging mode, the metalens impart a sum
phase profile [Eq. (5.1)] of the hyperbolic phase and the spiral phase with a topological charge of
1 onthe LCP light beam. A hyperbolic phase profile [Eq. (5. 2)] isimparted onto the RCP light beam
to realize bright field imaging mode. Therefore, the metalens in a microscope system can serve
as an imaging lens and a polarization-controlled phase plate as shown in Figure 5.1(b) and Figure

5.1 (c).

O,(p,0) =2 (F =P+ pD) + 0 (5.1)
Or(p, @) = = (f =2+ p?) (5.2)
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Following the design procedure in section 2.3 and the fabrication flow in Figure 3.4, two a-Si
metalens samples are designed and fabricated. The first metalens [Figure 5.2(a)] has a diameter
of 4mm, a NA of 0.89, and a focal length f of Tmm. The second metalens [Figure 5.2(d)] has a
diameter of 4mm, a NA of 0.25, and a focal length f of 8mm. Figure 5.2(g) demonstrates the SEM

image of metalens sample 1.

1.8um ' 1.8um

1.8um 1.8um

Figure 5.2 Characterization of metalens samples.

The (a) - (c) are the optical image, Gaussian focal point, and donut-shaped focal point of the
metalens sample 1 (NA =0.89), respectively; (d) - (f) are the optical image, Gaussian
focal point, and donut-shaped focal point of the metalens sample 2 (NA = 0.25),

respectively; (g) SEM image of sample 1.

The fabricated metalens samples are measured by the home-customized microscope (Figure
3.5) a magnification of 100X and a NA of 0.9 to characterize the polarization-controlled focusing
ability. The Gaussian focal point is first measured to evaluate the NA of two samples under the
RCP beam illumination. The FWHM of sample 1 is measured to be 1.1 um, shown in Figure 5.2(b),
which demonstrates that sample 1 has a NA of 0.89. The FWHM of sample 2’s Gaussian focal
point is 3.8um corresponding to a NA of 0.25, Figure 5.2(e). These results indicate that two
diffraction-limited Gaussian focal points are obtained by illuminating samples 1 and 2 via an RCP
light beam. As shown inFigure 5.2(c) and Figure 5.2(f), the two Gaussian focal points can be tuned
to be two donut rings by tune the illumination light beam to be LCP via rotating the QWP (Figure
3.5). The donut ring of sample 1 has aradius of 1.6 um, and the donut ring of sample 2 has aradius

of 5.7 um, respectively.
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To realize a large-magnification (58X) and a high-resolution (0.71) dual-mode imaging system, an
infinity-corrected microscope in Figure 5.1(b) is demonstrated by utilizing the metalens sample 1
as a high-NA (0.89) objective lens (section 5.3.1), and a second infinity-corrected dual-mode
microscope with large FOV (600 um X 800 um) and a diffraction-limited imaging resolution
(0.61A/NA) is demonstrated by utilizing the metalens sample 2 as the objective lens (section
5.3.1). Finally, a singlet dual-mode microscope system in Figure 5.1(c) is demonstrated via the

metalens sample 2 (section 5.3.3).

5.3 Compact dual-mode imaging experiments

5.3.1 High-resolution and large magnification microscope

Intensity (a.u.)

0 Scale (um) 22

Figure 5.3 Imaging results of 58X microscope.
(a) and (b) show the bright-field image and edge-enhanced imaging obtained via the 58X infinity-

corrected microscope, and (c) demonstrates the intensity curve.

An infinity-corrected microscope in Figure 5.1(b) is constructed by utilizing the metalens sample
1. The metalens serves as a high-NA (0.89) objective lens and polarization-controlled phase filter.
A 1550nm LED light source (Thorlabs, M1550L4) is used for illuminating a USFA 1951 resolution
target (Thorlabs, R1DS1N), and a cemented achromatic doublets lens (Thorlabs, AC254-060-C)
with a focal length of 60mm is adopted as the tube lens. One polarizer and QWP are placed
between the light source and the resolution target to manipulate the illumination light’s

polarization state. The image is captured by an InGaAs camera.

Figure 5.3(a) and Figure 5.3(b) show the bright-field image and edge-enhanced image of element
1in group 7, respectively. the transition process of the imaging mode between bright-field and

edge-enhanced phase contrast imaging mode can be clearly observed with rotating the QWP. To
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quantitively demonstrate the transition of imaging mode, the intensity along the blue and red lines
inFigure 5.3(a) and Figure 5.3(b) are depicted inFigure 5.3(c), which demonstrates the intensity
peaks are tuned to the intensity valley with the imaging mode being tuned from bright-field to
phase contrast imaging mode. According to the real dimension of element 1 in group 7, the
magnification of our compact dual-mode microscope is calculated to be 58 times (i.e., 58X). As
shown in Figure 5.4(a) and Figure 5.4(b), the bright-field image and edge-enhanced image of the
USAF element 6 in group 7 indicate that the microscope could effectively resolve a feature size
around 1um in both bright field and phase contrast imaging mode, which means the microscope
has a diffraction-limited sub-wavelength resolution (0.611/NA = 0.71 = 1.1um) at the wavelength
of 1550nm. However, limited by the sensor size of the InGaAs camera, this microscope can only

provide us with a small FOV (80 um X 108 um) in this configuration.

(b)

(d)

llum

I1um

Figure 5.4 Resolution test of infinity-corrected microscope.
The bright-field image (a) and edge-enhance image (b) of elements 4-6 of group 7 obtained via the
58X microscope (section 5.3.1); The bright-field image (c) and edge-enhanced image

(d) of the group 7 obtained via the 7.8X microscope (section 5.3.2).

5.3.2 Diffraction-limited resolution and large FOV microscope

By using the metalens sample 2 with a focal length of 8 mm and NA of 0.25 in the custom build
microscope (section 5.3.1), the FOV of 600pmx 800um, diffraction-limited image resolution, and
biological dual mode imaging ability is demonstrated. The imaging resolution and magnification
of this microscope are firstly measured by capturing the dual-mode images of the group 7 in USAF
resolution target. Figure 5.4(c) and Figure 5.4(d) respectively show the bright-field image and
edge-enhanced image of the USAF group 7. Correspondingly, the imaging magnification and
resolution of this microscope are calculated to be 7.8X and 3.78um (i.e., diffraction limitation of

the metalens sample 2, 0.611/NA=2.441).
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A freshly peeled and unstained onion epidermal is prepared for verifying the dual-mode imaging
ability of the microscope in biological samples. As shown in Figure 5.5, the cell wall (i.e., the edge
of cells) becomes clear [Figure 5.5(b)] from blurred [Figure 5.5(c)]in whole FOV (600um X 800um)
with the illumination light being tuned to be LCP from RCP. The edge-enhancement process can
be clearly observed and captured by the camera. The intensity along the blue and red lines in
Figure 5.5 are depicted in Figure 5.5(c) to show the edge-enhancement effect quantitively. In

theory, the FOV can be further enlarged by adopting a camera with a larger imaging sensor.

0.8

< Intensity (a.u.)

0 Scale (um) 32

Figure 5.5 Imaging results of biological sample.
(a) and (b) show the bright-field image and edge-enhanced image obtained via the metalens-

based 7.8X microscope, and (c) demonstrates the intensity curve.

5.3.3 Singlet dual-mode microscope for all-optical edge-detection

While edge detection plays an importantrole in a lot of industrial applications, the edge-detection
is mostly achieved by post-processing of a bright-field image via software algorithms. The
processing speed of current edge-detection algorithms highly depends on the computer
hardware and software. If the edge-enhanced images of the target objects can be directly
obtained based on an all-optics system, the edge detection can be operated in light speed, which
would boost the industrial application. In addition, the imaging system should be simplified as
much as possible to improve the system’s robustness and reduce the cost. In the following, a
singlet dual-mode microscope is demonstrated to realize all-optics edge-detection at 1550 nm

wavelength.
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Intensity (a.u.)

0.9

0 Scale (um) 100

Figure 5.6 All-optics edge-detection experiment and results.
(a) metalens sample; (b) bright-field image and (c) edge-enhanced image obtained via the

singlet dual-mode microscope; (d) is the intensity curve; (e) Experiment setup.

The metalens sample 2 [Figure 5.6(a)] is mounted 40mm in front of the InGaAs camera sensor
(i.e., the imaging distance is 40mm) via a 3D-printed holder [Figure 5.6(e)]. The USFA 1951
resolution test target is placed 10mm in front of the metalens to get a clearimage in the camera.
Figure 5.6(b) and Figure 5.6(c) show the bright-field image and edge-enhanced image of the
elements 3-6 in group 5, respectively. According to the real dimension of element 5 in group 5,
the magnification of this singlet dual-mode microscope is calculated to be 4.2X. The intensity
curves inFigure 5.6(d) demonstrate the intensity peaks are tuned to valleys with the imaging mode
being tuned from bright-field to phase-contrast imaging mode. The transition process can be
clearly observed via the camera. Therefore, an all-optics edge-detection system with a simple

hardware configuration is achieved in this chapter.

5.4 Conclusion

The spiral phase contrast microscope can clearly distinguish the morphological information of
the phase objects (i.e., biological samples) because of the isotropic edge-enhancement effect,
while the bright field microscope can image the overall morphology of amplitude objects.
However, the imaging resolution, magnification, and field of view of conventional spiral phase
contrast microscopes based on 4f filtering configuration are limited by the system’s complexity.
This chapter studies compact dual-mode microscopes working at near-infrared using the
engineered metalens which can be tune between the spiral phase contrast imaging and bright
field imaging by polarization control. The metalens combines the high-resolution objective lens
and polarization-controlled phase filter into a single-layer nanofins array. This chapter
demonstrates two infinity-corrected microscope systems to achieve subwavelength resolution

(0.74), large magnification (58X), and large field of view (600um X800um). Unstained onion
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epidermal is imaged by the microscope to show the dual-mode imaging ability for the biological
sample. Finally, a singlet dual-mode microscope system is demonstrated to show the all-optics
edge-detection application for industrial standards. These results could open new opportunities

in applications of biological imaging, industrial machine vision, and semiconductor inspection.
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Chapter 6 Metasurface for arbitrary HOPS and HyOPS

beams

6.1 Introduction of HOPS and HyOPS beams

Structured light beam is attracting researchers’ attention in many fields because of its powerful
application potentials in classic and quantum fields ranging from laser communication, super-
resolution imaging and lithography, multi-dimensional optical manipulation [20, 22, 48-50].
Vector vortex beam (VVB) as a special case of structured light beam owns spatially
inhomogeneous state of polarization (SOP) and phase profile on its cross section, which makes

it carry with orbital angular momentum and spin angular momentum [51].

Figure 6.1 Conceptual figure of HOPS and HyOPS.

N'M), SZ(N’M), and S§N'M) are the strokes parameters of the beams,

(a) HOPS, and (b) HyOPS. S
the superscript (M, N) denotes the topological charges carried by the LCP (southern
pole) and RCP (northern pole) beams. When M = —N, the LCP and RCP beams are
the vortex beams of same topological charge with opposite sign, and the HyOPS (c)
is degraded to HOPS (b). Moreover, when M =N =0, the LCP and RCP beams are

plane waves, and the HOPS is degraded to a fundamental Poincaré sphere shown in

Figure 4.7.

A theoretical framed named higher-order Poincaré sphere (HOPS) is developed to describe the
VVB’s total angular momentum and its evolution of SOP and phase profile, which provides

researchers with great utility and convenience in analyzing the VVB [40]. As shown in Figure 6.1(a),
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the two poles of HOPS represent two scalar vortex beams with spatially homogenous SOP (i.e.,
RCP and LCP) and vortex phase profile, which possesses a SAM of oA (0 = £1) and an OAM of (A (!
is the orders of a HOPS as well as the topological charge of a vortex beam) [40, 51]. The equator
of a HOPS represents a set of cylindrical vector beams which carries no angular momentum and
is the most used type of VVBs because of its cylindrically symmetric feature and unique

performance in optical imaging and manipulation [51].

Constrained by the identical angular momentum carried by the HOPS beams, their applicability
remains limited to specific scenarios [41]. The hybrid-order Poincaré sphere (HyOPS) is
developed to broaden the scope of HOPS to a more general form, where the LCP and RCP beams
represented by the northern and southern poles have distinct topological charges (|€;cp| #
|[€rcpl) [Figure 6.1(b)]. As a result, the total angular momentum carried by a HyOPS beam varies

across its surface [102].

Arbitrary vector vortex beams on a HyOPS can be expressed as Eq. (6.1) where ¢ is the azimuthal

angle in polar coordinate of the light beam’s cross section, 4,y =ALNei(¢LN) and Agy =

ARMei(‘l’RM) are the complex amplitudes of the LCP (i.e., |L) = g[ﬂ) vortex component with a

topological charge of N and the RCP (i.e., |R) = g[_ll

]) vortex component with a topological

charge of M [41]. Note that the N should not be equal to M for the HyOPS beams.
U=A,ye@n)eiNo) |1y 4 Ay el (Prm)oiMO)|RY (6.1)

From Eq. (6.1), the vector vortex beams on a HyOPS can be regarded as a combination of two
orthogonal LCP and RCP vortex components with different topological charges. As shown in
Figure 6.1(b), from the northern pole to southern pole of a HyOPS, the Eq. (6.1) could vary from a
scalar plane beam to a scalar vortex beam with a topologic charge of 2 by settingM =0and N =2.
The equator of the HyOPS represents a set of cylindrical vector vortex beams (CVVBs) where the

LCP and RCP components have same amplitudes A,y = Agy.

The scalarbeams on the fundamental Poincaré sphere (FPS, Figure 4.7) have uniform distribution
of the polarization overall the beam’s cross section and a Gaussian intensity distribution. When
N =M =0, Eq. (6.1) is simplified to Eq. (6.2) which describes all the scalar beams on the FPS.
Therefore, arbitrary polarization state of a scalar beam can be decomposed into to two
orthogonal LCP and RCP components. The polarization states would vary with the complex
amplitudes ALN and /IRM. Specifically, the LCP and RCP components in an linear polarization (LP)
light beam have same amplitudes A;y = Agy , and the phase difference A¢pr; = ro — P10
determines the polarization direction of a LP laser beam [40], which is illustrated by the equator

of the FPS in Figure 4.7. In experiment, arbitrary scalar beams on an FPS can be obtained by a
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combination of a QWP and a half waveplate (HWP). In another word, the A,y and Az, can be

tuned to be arbitrary values via a QWP and HWP.
U= Ay|L) + Apy|R) (6.2)

As shown in Figure 6.1(a), the light beams on a HOPS have a spatial-varied distribution in phase
and polarization. In addition, the orthogonal LCP and RCP components in a HOPS beam are
vortex beams of same topological charge N with opposite sign. Therefore, the Eq. (6.1) can be re-
written into Eq. (6.3) for describing the HOPS beams by replacing M with -N. According to Figure
6.1(a) and Eq. (6.3), the equator of a HOPS represents a set of cylindrical vector beams with an
order of N — 1. Two special cases (azimuthal vector beam and radial vector beam) of the set of
CVVBs beams are widely used for super-resolution imaging and lithography because of its unique

focusing performance, which would be demonstrated in following experiment.

U= AneNO|LY + Appe!"NO|R) (6.3)

: NAM) L N-M Y
Up, ) = 1@+ 4 Ty + Ay eCE9)RY) (6.5)

In addition, there is no focusing phase included in Eq. (6.1). To obtain arbitrary focused vector
vortex beams on a HOPS or HyOPS, a hyperbolic focusing phase profile [Eq. (3.1)] should be
imparted to the LCP and RCP componentsin Eq. (6.1). As a result, arbitrary focused vector vortex

beams can be expressed as Eq. (6.5), which indicates that the dielectric metasurface should be

able to simultaneously impart the polarization-independent phase profile of ®(p) + (@)(p via

the propagation phase ¢, and polarization-dependent phase profile of i(@q)) via the

geometric phase +26 on the ongoing scalar laser beam.

Based on the spin-multiplexing principle of a metasurface as well as the relationship between
FPS, HOPS, and HyOPS, a unity design method is proposed in this chapter to generate arbitrary
vector vortex beams on a HOPS and HyOPS via an all-dielectric metasurface working in the

classical spin-multiplexing regime.

It needs to be admitted that, in past ten years, some metasurfaces have been developed for
generating and focusing the cylindrical vector beams, HOPS beams, and HyOPS beams [4, 26,
42-47, 103-107]. However, there is not a general design frame of using metasurface to generate
non-focused and focused VVBs on a HOPS or a HyOPS. In addition, the HOPS beams and HyOPS
beams have not been experimentally generated in the wavelength of 1550nm via a metasurface,
while the 1550nm wavelength plays an important role in laser communication, biological

imaging, and optical manipulation [101, 108].
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A general design frame will be proposed in section 6.2, and section 6.3 derives the controlled
generation principle of the arbitrary vector vortex beams over the HOPS and HyOPS is analyzed
as well. Then, in proof-of-concept experiments as well as section 6.4, 4 metasurface samples are
designed, fabricated, and characterized to controlled generate arbitrary vector vortex beams on

the 5" order HOPS (non-focused and tightly-focused), 0-2 order HyOPS, and 0-1 order HyOPS.

6.2 General designh frame

CI)‘P‘P CDGP

Figure 6.2 Proposed general design frame.

(b) is the dimension’s distribution of the meta-atom array obtained via the target propagation
phase profile ®°F shown in (a), (d) is the final distribution of the meta-atom array.
Each meta-atom shown in (b) is rotated an angle of 8 based on the target geometric

phase ®¢? shown in (c).

As discussed above, the metasurface needs to impart a propagation phase profile ®°F [Eq. (6.6)]
and a geometric phase profile ®¢P [Eq. (6.7)] to the transmitted light beam. Based on the meta-
atom library built up in Figure 2.2 and Table 5.1, the metasurface can be designed following a

general flow.

N+M

P (p, ) = @(p) + (=

)P (6.6)

O (p, 9) = ()¢ 6.7)
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Taking the metasurface of generating arbitrary focused vector vortex beams on a HyOPS (M = 0,
N = 2, NA =0.89) as an example, Figure 6.2 demonstrates the metasurface design flow in detail.
Starting from the digitalization [Figure 6.2 (a)] of the target propagation phase ®?, the dimension
(W, L) [Figure 6.2 (b)] of the meta-atom at each lattice can be determined by looking-up the meta-
atoms library (Table 5.1). Next, the rotation angle 8§ = ®”? /2 of each meta-atom can be obtained
according to the digitalized geometric phase ®°F [Figure 6.2 (c)]. Repeating above steps [Figure
6.2(a) - Figure 6.2(c)] for all lattices, the whole metasurface can be designed as shown inFigure
6.2(d)]. Obviously, the rotation angle of the meta-atom array owns a distribution of 8(p, @) =

(N —M)¢p/4.

6.3 Manipulation of ongoing optical field

WP HWP Metasurface
Q
SA X

FA

(b) (0.0)
Strokes parameters
So = AﬁM + A%N

Sy = ApyAgucos(2)

52 = ALNARMSI'D(ZUJ)

Figure 6.3 Manipulating ongoing optical field over a HOPS and HyOPS.
(a) Scheme of generating arbitrary vector vortex beams on a target HOPS or HyOPS, (b) the
circular point represents a scalar beam having a position angles (29, 2), (c) the solid

red point is the transmitted light beam’s position (—29, —21) on a HOPS/HyOPS.

As shown in Figure 6.3, a set of QWP and HWP is adopted for manipulating the ongoing optical
field over the whole PS surface to achieve arbitrary vector vortex beams on a target HOPS or
HyOPS. An LP light beam (E,, in Figure 6.3, the polarization direction y) passing through the QWP

and HWP can be describes as U, [Eq. (6.8)] based on Jones matrix. To determine the polarization
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state of U, (i.e., the polarization angles 29 and 21 on an FPS), the complex amplitudes /TLN and
/TRM [Eq. (6.9)] of the LCP and RCP components in U, needs to be obtained. Substituting /TLN and
ARM into the definition of strokes parameters (See Figure 6.3), the position angles (29 and 2 in
Figure 6.3) can be obtained as Eq. (6.10) where 21) denotes the phase difference between the RCP
and LCP components. As both y and y angles can be continuesly tuned from 0 to 2m, arbitrary
positions represented by 2y and 29 (i.e., ALN and ARM) can be obtained. Therefore, arbitrary

beams represented by an FPS can be achieved.

_[cos 2x)  sin(2x) Jf1 O7[cos(y)
0™ Lsin (2y) —cos(Z)()] [O ] [sin(y)] (6.8)
Ay = \/1— [cos(y) + sin(y)]e'?0 o
ARM = \/LE [COS(]/) - sm(y)]e‘( 2x) .
{219 = 2y (6.10)

Substituting Egs. (6.6), (6.7), and (6.9) into Eq. (2.8), the light beam transmitted the metasurface
sample can be obtained as Eq. (6.11), which demonstrates arbitrary vector vortex beams on a
specific HOPS and HyOPS. As shown in Figs. 6(b) and 6(c), after passing through the metasurface,
the light beam’s position on a HOPS and HyOPS would be opposite to its position on the FPS,
because the LCP (RCP) component is converted be RCP (LCP) by the metasurface [Egs. (18) and
(20)1.

[5] = e 1@ L (cos) — sinpet 20 )y 4 -

— [cos(y) + sin(y)]e ‘(ZX)e( 2 )|R)} (6.11)

\/_
N-M)p

E%] . [¢(p)+(N+M)(p] COS[ (6_12)

Ey y=0 sin -2 ]

Specifically, wheny = 0 (i.e., the polarization direction of the incoming light is along the slow axis
of the QWP), 29 equal to zeros [Eq. (6.11)] as well. It means that, fory = 0, Eq. (6.11) represents
the vector beams on the equator of the HOPS and HyOPS. Introducing y = 0 to the Eq. (6.8), the

cos(2y)
sin(2y)

linear polarization basis (see Appendix C), the optical field represented by Eq. (6.11) can be

outgoing light beam Uy (y = 0) = [ ] which is LP and has a polarization direction of 2. In

simplified to be Eq. (6.12).

69



Chapter 6

Eq. (6.12) clearly demonstrates that the vector beams represented by the HOPS and HyOPS’
equator are a set of CVVBs with an order of (N — M)/2 and a topological charge of (N + M) /2.
For example, when N =2, M = 0, the equator represents a set of CVVBs with an order of 1 and a
topological charge of 1, as shown in Figure 6.1(b). Appendix C gives a simple explanation of Eq.

(6.12) based on linear polarization basis.

6.4 Proof-of-concept experiments

Up to now, the general design frame and manipulation of ongoing VVBs over a target
HOPS/HyOPS have been theoretically studied. Specifically, based on the linear polarization
basis, the order and topological charge of the CVVBs represented by a HOPS/HyOPS’ equator are
quantitively presented for the first time. In following proof-of-concept experiment, 4 metasurface
samples are designed, fabricated, and characterized. Design parameters and target of the 4

samples are summarized in Table 6.1.

Table 6.1 Parameters and target of metasurface samples.

Number of Design parameters Target
samples
1 M=5N=-50(p)=0 Non-focused 5"-order
HOPS beams
2 M =5N = —5,f =300um Focused 5™"-order HOPS

beams (NA=0.89)

3 M=0N=2f=1mm Focused 0-2 order HyOPS
beams (NA=0.89)

4 M=0,N=1f=1mm Focused 0-1 order HyOPS
beams (NA=0.89)

6.4.1 Non-focused 5"-order HOPS beams

The metasurface sample 1 is designed by setting M = 5,N = —5, ®(p) = 0 to generate arbitrary
non-focused 5"-order HOPS beams. The intensity distribution of the transmitted light beam is
theoretically calculated based on the Eq. (6.11) and illustrated in Figure 6.4(a). The position
angles (29, 2y) in Figure 6.4(a) are obtained based on the Eq. (6.10) and the parameters (y, )
adopted for Eqg. (6.11). Considering the orthogonality of the X- and Y-components in the

transmitted light and the symmetry of the X- and Y-component’s intensity, Figure 6.4(a) only
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depicts the near-field of the X-component in the transmitted light beam. As shown in Figure

6.4(a), the near field distribution of the X-component becomes a clearly gear-like pattern from an
EO

almost uniform pattern with manipulating the 229 from i% to 0. (i.e., the ongoing opticalfield [E)é]
y

is manipulated from the two poles to the equator).

"""""" Far Near Phase |
@0.20) field  field profile |

Figure 6.4 Experimental results: non-focused 5"-order HOPS beams.

(a) Simulated far-field, near-field, and phase profile distribution of the X-component in the
transmitted light beams over the target 5"-order HOPS by manipulating the position
angles (29, 2vy), (b) measured near-field distribution of the X-component, (c1) and
(c2) are the simulated and experimental results of the X-component’s propagation

evolution from the metasurface (Z=0mm) to Z = 16mm. Scale bars: 130um.
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EO
In experiment, the ongoing optical field [E)‘C’] is collected via the customized microscope (Figure
y

3.5) where the sample 1 is illuminated by a collimated 1550nm laser beam. To obtain the near
field distribution of the X-component, the microscope is focused on the sample 1 (Z=0), and a
polarizeris placed in front of the camera to select the X-component in ongoing opticalfield. Figure
6.4(b) shows the experiment result where the near-field of X-component is tuned to be clearly

gear-like pattern from an almost uniform pattern with manipulating the 2y (i.e., —29)from —g to

0.

Based on the Fourier transformation of near field, the far field of the X-componentis obtained and
shown in Figure 6.4(a) as well. It is obviously that the distribution of near field and far field of the
transmitted light beam is quite different as shown in Figure 6.4(a). Therefore, it is meaningful to
figure out that how the transmitted light beam evolutes from the near field pattern (Z = 0) to the
far field pattern. Keepingy = 0 (29 = 0), the intensity evolution with the propagation distance Z
is theoretically obtained via angular spectrum theory [109] and measured in experiment. The
theoretical and experimental results are shown in Figure 6.4(c1) and Figure 6.4(c2), respectively,
which demonstrates that experimental results coincide well with the theoretical results. From
both numerical and experimental results, the gear-like near field (Z= 0mm) gradually converge to
the far field pattern with multiple-lobes at around Z = 12mm, and then the far field pattern

divergently propagates away (Z>12mm).

6.4.2 Tightly-focused 5"-order HOPS beams

To obtain the tightly-focused 5™"-order HOPS beams via a metasurface, the metasurface sample
2 owning a diameter of 1.2mm is designed by settingM = 5,N = =5, f = 300um. The target NA
of sample 2 is 0.89. The tightly-focused far field (Figure 6.5) can be measured at the focal plane

of the sample 2.

Figure 6.5 demonstrates the controlled generation of tightly focused 5"-order HOPS beams along
its longitude line and equator by tuning the angles (y, ). It could be seen that the far field of X-
and Y-components is orthogonal to each, and the total fields are donut-shape over the whole 5"-
order HOPS. From the first 3 columns in Figure 6.5, the X- and Y-components spread to be donut-
shaped from 10 lobes [Figure 6.5 (b)] with manipulating the 2y (i.e, -29) from 0 to + /2. Keeping
y = 0, it is observed that the 10 lobes in X- and Y-components rotate by the angle of HWP (i.e.,
2x) [Figure 6.5(b), (d) — (f)]. The far field distributions (Figure 6.5) measured in the focal plane of

the sample 2 match well with the theoretically obtained far field distribution [Figure 6.4(a)].

To show the tightly-focusing property of the 5"-order HOPS beams, the size of each lobe in the

Figure 6.5(b) is quantitatively evaluated. Each lobe has a tiny lateral FWHM of 828nm, which is
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22% smaller than the diffraction limitation (1062nm, 0.611/NA), which indicates that the tightly-

focused HOPS beams can be used for super-resolution imaging.

X

(f1)

2% =135°

Figure 6.5 Experiment results: tightly focused 5"-order HOPS beams.
Manipulating along the HOPS’s longitude (a) — (c) and along its equator (d) — (f). The 15t and 4"
columns are the X-components in the total focal fields T (3" and 6" columns), the

2" and 5™ columns are the Y-components.

6.4.3 Tightly-focused 0-2 order HyOPS beams

In this section, the metasurface sample 3 with a diameter of dmm is detailed studied in simulation
and experiment for generating arbitrary focused beams on the 0-2 order HyOPS. As shown in
Figure 6.1(b), from the northern pole to southern pole along a latitude line, the topological charge
(TC) carried by a 0-2-order HyOPS beam gradually increases to 2 from 0. The beams on its equator
are the 1%-order CVVBs with a TC of 1 [Eq. (6.12) as well as Eqg. (A.5)]. It is firstly verified that the
outgoing optical field from the metasurface can be tuned from a scalar RCP (LG00, TC, £ = 0) to
aCVVB (TC, £ = 1) andtoascalar LCP (LG02, TC, £ = 2) with the incident laser beam being tuned
from a scalar LCP to an LP and to an RCP beam in simulation (first three columns in Figure 6.6).
With rotating the polarization direction (i.e., 2y) of the incident LP beam, arbitrary 1**-order CVVBs

(TC, £ = 1) can be generated via this metasurface (last three columns in Figure 6.6).
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Figure 6.6 Simulation results: tightly focused 0-2-order HyOPS beams.
Manipulating along the PS’s longitude (a) — (c) and along its equator (d) — (f). The 15 and 4™
columns are the X-components in the total focal fields T (3™ and 6" columns), the

2" and 5" columns are the Y-components.

The NIR microscope (Figure 3.5) with a magnification of 100X and NA of 0.9 is customized for
characterizing the metasurface. The LG0O focal point is measured to obtain the metasurface’s
NA under the LCP beam illumination. The FWHM of the LGOO focal point is measured to be
1060nm [Figure 6.7(c1)], which demonstrates that the fabricated metasurface has a NA of 0.89.
As the incident beam’s polarization changing from LCP to RCP, the focal point is tuned from a
diffraction-limited LGOO spot[Figure 6.7(a)] to an LG02 donut [Figure 6.7(c)] along the latitude line
of the 0-2 order HyOPS. The intensity in the focal plane gradually spreads from the central area to
the donut ring [Figure 6.7(a-c)] with tuning incident laser beam’s polarization state from LCP (y =

—45°) to RCP (y = 45°) by rotating a QWP.

As predicted by Eq. (6.12) and simulation results in Figure 6.6, arbitrary 1*-order CVVBs by
manipulating the LP laser beam’s polarized angle 2y via rotating the HWP [Figure 6.7(b), (d)-(f)].
For 2y = 0, an azimuthal vector vortex beam (a special case of the CVVBs) is generated and
tightly-focused. As a result, a focal point (FWHM = 870nm) which is smaller 18% than the
diffraction limitation (1062nm, 0.611/NA) is obtained [Figure 6.7(b)]. With changing the LP laser
beam from an X-polarized (2y = 0°) beam to a Y-polarized beam (2y = 90°), the focal point’s
FWHM goes up, and optical intensity goes down. Furthermore, it is measured that the 8-shaped
intensity distribution of the X-components [Figure 6.7(b1), (d1) -(f1)] and Y-components [Figure

6.7(b2), (d2) -(f2)] rotates with the polarization direction2y.
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Figure 6.7 Experiment results: tightly focused 0-2-order HyOPS beams.
Manipulating along the PS’s longitude (a) — (c) and along its equator (d) — (f). The 15t and 4™
columns are the X-components in the total focal fields T (3" and 6" columns), the

2" and 5™ columns are the Y-components.

6.4.4 Tightly-focused 0-1 order HyOPS beams

Figure 6.8 Simulation results: tightly focused 0-1-order HyOPS beams.
Manipulating along the PS’s longitude (a) — (c) and along its equator (d) — (f). The 1 and 4™
columns are the X-components in the total focal fields T (3™ and 6" columns), the

2" and 5™ columns are the Y-components.
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The vector order and topological charge of the CVVBs represented by the 0-2 order HyOPS are
both one and integer values, and a super-resolution focal point beyond diffraction-limitation is
obtained in both simulation and experiment. It is theoretically reported that there is a large
difference between the CVVBs with integer order/topological charge and fractional
order/topological charge. Therefore, the sample 4 with a diameter of 4mm and a target NA of 0.89
is designed and measured to experimentally study the difference for the first time. The sample 4
is detailly studied in simulation (Figure 6.8) and experiment (Figure 6.9). According to Eq. (6.11),
the topological charge carried by all vector vortex beams on the 0-1 order HyOPS is fractional.
Based on Eq. (6.12), The CVVBs represented by the 0-1 order HyOPS’ equator have a vector order
of 0.5 and a topological charge of 0.5.

Figure 6.9 Experiment results: tightly focused 0-1-order HyOPS beams.
Manipulating along the PS’s longitude (a) - (c) and along its equator (d) — (f). The 15 and 4™
columns are the X-components in the total focal fields T (3™ and 6" columns), the

2" and 5" columns are the Y-components.

The tunability of the topological charge carried by the ongoing light beam is studied by
manipulating the incident laser beam’s polarization state. With the polarization state is tuned
from LCP to RCP, the ongoing laser beam is tuned from a diffraction-limited Gaussian spot
[FWHM = 1060nm, Figure 6.8(a3) and Figure 6.9(a3)] to an LG0O1donut [Figure 6.8(c3) and Figure
6.9(c3)]. Because the topological charge (1) carried by the southern pole of 0-1 order HyOPS is
smaller thanthat (2) of the 0-2 order HyOPS, the radius of the central holes shown in Figure 6.8(c3)
and Figure 6.9(c3) is smaller than that in Figure 6.6(c3) and Figure 6.7(c3).

Comparing the focal fields in sections 6.4.3 and 6.4.4, there is a clear difference in the intensity

evolution of the 0-1 order and 0-2 order HyOPS beams from northern to southern poles. While the
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light energy spreads from a Gaussian solid point to a donut and keeps rotational symmetric for
the 0-2 order HyOPS (section 6.4.3), the light intensity maximum is offset from the optical axis
and intensity distribution becomes non-symmetric around the optical axis for the 0-1 order
HyOPS (section 6.4.4). Moreover, a non-axial zero point appears in the focal field of arbitrary
vector vortex beams on the 0-1-order HyOPS, which arises from the superposition of fractional

vortex phase carried by the LCP and RCP components [Eq. (6.11)].

When the sample 4 is illuminated by an LP light beam, the uniaxial symmetric property is distinct
in the transmitted light beam’s focal plane [Figure 6.9(b)]. As a results, the FWHM of the totalfield
[Figure 6.9(b3)] is 1380nm and larger than the diffraction limitation. With changing the linear
polarization direction 2y, the non-axial maximum intensity [arrows in Figure 6.9(b), (d)-(f)] and
null intensity in X- and Y-components rotate around the optical axis. These experiment results in
Figure 6.9 match well with the simulation results in Figure 6.8 as well as the reported theoretical
results in paper [110]. As far as we know, it is the first time that the tightly focusing properties of
fractional VVBs and CVVBs are experimentally studied, which highlights the merit of the proposed

general design frame.

6.5 Conclusion

In the classical spin-multiplexing regime, a general design frame of single-layer dielectric
metasurface is proposed to generate arbitrary non-focused/focused vector vortex beams on a
HOPS/HyOPS. Based on the Jones-matrix method, the controlled generation mechanism is
theoretically derived as well. Especially, based on linear polarization basis, the simultaneous
modulation of local polarization direction and phase is obtained for the first time to analyze the
controlled generation of the CVVBs on the HOPS/HyOPS’ equator. According to the proposed
design frame and a linear polarization basis, the orders and topological charges of the CVVBs
represented by the equator of a HYyOPS can be obtained. In proof-of-concept experiments, 4
metasurface samples are designed, fabricated, and measured to generate arbitrary beams on the
5" order HOPS (non-focused and tightly-focused), 0-2 order HyOPS, and 0-1 order HyOPS.
Because of the simplicity and feasibility of the general design frame, | conceive this research

could boost the metasurface as well as VVB’s applications.
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Chapter 7 Longitudinal tri-foci metalens for integrated

microscope

7.1 Introduction

Different from a conventional lens, a metalens can be engineered to possess multiple focal
points via spatial multiplexing or wavefront shaping technique, which makes it possible to realize
a multiple focal points via a single metalens [60, 111-113]. However, the multiple-foci metalens
has not been used to build up an integrated microscope system with multiple magnifications and
diffraction-limited resolution. In addition, there is no report on SizN, multi-foci metalens, limited
by the classical spin-multiplexing working regime, low refraction index of SizN4, and the

fabrication ability of high aspect ratio nanostructure.

50mm

Figure 7.1 Conceptual figure of integrated microscope with three magnifications.

(a) Conventional infinity-corrected microscope; (b) optical images of two metalens samples; (c)
and (d) are the front (t-MS) and rear (g-MS) surface of the integrated microscope,
respectively; (e) Optical configuration of integrated microscope. t-MS: tri-foci

metalens; g-MS: metalens with quadratic phase profile.

In a conventional microscope, only one magnification and resolution can be achieved using one
objective lens [114]. Multiple objective lenses are necessary for realizing multiple magnifications
and resolutions, and a nosepiece with high accuracy is required for replacing the objective lens
[the section marked by green rectangle in Figure 7.1(a)]. As a result, the conventional microscope
system is bulky and expensive. To integrate three objective lenses into one element and eliminate
the nosepiece, a SisN, metalens with longitudinal three focal points (i.e., tri-foci metalens, t-MS)
and a diameter of 1.2mm is obtained in this chapter [Figure 7.1(b)] based on the non-classical

spin-multiplexing regime. By introducing the t-MS into a commercial microscope [Figure 7.1(a)],
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three magnifications can be obtained without replacing objective lens. Then, the whole
microscope system [the section marked by purple rectangle in Figure 7.1(a)] including three
objective lenses is miniaturized to millimeter-scale where two metalens samples are compactly
integrated by a 3D printed holder [Figure 7.1(c - e)]. In the miniaturized microscope system [Figure
7.1(e)], the t-MS is utilized as an objective lens with three focal points, and another metalens (g-

MS) with a quadratic phase profile and one focal point works as a tube lens.

7.2 Desing of longitudinal tri-foci metalens

600

Figure 7.2 Design and optical characterization of the metalens sample.

(a) nanofin structure; (b) three hyperbolic phase profiles for the three focal points; (c) optical
image of the metalens with a diameter of 1.2mm; (d) metalens sample’s SEM image;
(e) the FWHMs of three focal points; (f1) - (f3) are the three focal points at focal

length f = 1.9mm,3mm, and 6mm, respectively.

To achieve the longitudinal tri-foci metalens based on Si;N, with a refraction index of 2, the
metalens being made of an anisotropic truncated waveguide meta-atom [Figure 7.2(a)] array is
designed in non-classical spin-multiplexing regime (see section 2.2.3 in page 26). When the

metasurface working in non-classical spin-multiplexing regime, the ongoing light |E,) from the
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meta-atom could be imposed three phase profiles ®;(p, ®) = 20(p, ¢) + ¢, (p, 9), P, (p, ¢) =

—20(p, @) + dp(p, @) , and 2®3(p, @) = ¢p(p, @) = P1(p, ) + P2(p, @) . ¢Pp(x,y) is the
distribution of propagation phase ¢, = (¢, + ¢,,)/2, and 8(x, y) is the rotation distribution of the

meta-atoms array. To design the t-MS, a Si;N, meta-atoms library is built up as first.

300 m

W (nm)

[

300 J.
80 L (nm) 300 80 L (nm) 300 80

Figure 7.3 Cell library for SisN, metalens in chapters 7 and 8.

The phase maps ¢y, ¢y, ¢, and ¢4 have a unit of .

To build a SisN, meta-atom library with high transmission and working in the non-classical spin-
multiplexing, the height and period of the meta-atom is firstly optimized to be 800nm and 350nm
[Figure 7.2(a)], respectively. Then, the width and length of the meta-atom are swept as shown in

Figure 7.3. Based on the data, 14 meta-atoms are selected to build up a library where each meta-

atom has a phase difference ¢4 ofi—: and the phase propagations ¢,, varies from —m to .

In designing the t-MS, the phase profile ®,(p, ) is the hyperbolic phase profile [Eq. (3.1)] with a
focal length f; of 6mm, the phase profile ®3(p, @) is the hyperbolic phase profile with a focal
length f; of 2mm. Then, the ®,(p, ) = 2P3(p, ) — P1(p, p)is obtained. According to Eq. (7.1)
where ®(f, p, @) is the hyperbolic phase profile given in Eq. (3.1), the ®,(p, ¢) can be seen as a
hyperbolic phase with a focal length f, of 3mm. The three phase profiles are plotted in Fig. 2(b) in
yellow, blue, and red colors, respectively. In addition, from the red curve and purple dashed
curve, the @, (p, @) meets well with the ®(f, = 3mm, p, ¢). Once the metalens with a diameter
of 1.2mm is designed, some samples are fabricated following a CMOS-compatible process in our

University Cleanroom (Figure 7.8).
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2fif.
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7.3 t-MS characterization
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Figure 7.4 Optical configuration for measuring SizN, metalens samples.

As shown in Figure 7.1(a) and Figure 7.4, a microscope is built in our lab based on a Nikon
microscope. A collimated 520 laser is adopted to replace the illumination path and guided to the
MS sample via two mirrors (M1 and M2). The focused light via the MS is collected by a 10X
objective lens (NA = 0.3) and imaged to a camera via a tube lens with a focal length of 200mm. A
polarizer and QWP are placed in the illumination path for controlling the incident light’s

polarization.

Figure 7.2(c and d) shows the optical image and SEM image of the fabricated metalens sample.
Then, the t-MS sample is characterized by the home-built microscope. The first focal point [Figure
7.2(f1)] is observed with moving the imaging part of the microscope 1.9mm away from the surface
[Figure 7.2(c)] of the t-MS sample. It means the measured first focal point has a focal length of
1.9mm. With moving microscope’s imaging part 3mm and 6mm away from the sample surface,
the second focal point [Figure 7.2(f2)] and third focal point [Figure 7.2(f3)] are observed,
respectively. Therefore, the three longitudinal focal points have an expected focal length. The
measured NAs of three focal points can be calculated as 0.3 (f = 1.9mm), 0.2 (f = 3mm), and

0.1 (f = é6mm), respectively.

To furtherly evaluate focusing performance of the three focal points, focal points’ FWHM are
calculated [Figure 7.2(e)]. The FWHMs of three focal points are 1.18um, 1.79um, and 3.51um,
respectively. As the diffraction limitation (0.6141/NA) can be theoretically calculated upon the
working length 4 = 520nm and NA, the diffraction limitations of each focal points can be

obtained as 1.02um (f = 1.9mm, NA=0.3), 1.56um (f = 3mm, NA=0.2), and 3.12um (f = 6mm,
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NA = 0.1). Comparing the FWHMs and theoretical diffraction limitations of each focal points,
three near-diffraction-limitation longitudinal focal points are obtained via the SisNs metalens

sample.
7.4 Compact imaging experiment

7.4.1 Combining with Nikon microscope

Image planes

'''' R A

!

:RT t-MS IObiéctive TL Camera

T —

=111 W "=

e=m  lI=:

Figure 7.5 Singlet imaging for extending Nikon microscope.

(a) Optical configuration. RT: resolution target [USAF 1951, see the insertin (b)]; TL: tube lens;
(b) Experiment setup; (c) — (e) are the imaging results (the 1° column is obtained at
f = 1.9mm, the 2" column at f = 3mm, the 3" column at f = 6mm) for the
wavelength of 488nm, 520nm, and 650nm, respectively. Insert figure in (b) is the

ground truth of the RT. Scale bars: 1mm.

The t-MS sample is firstly used as a condenser in a commercial microscope [Figure 7.1(a)]. As
shown in Figure 7.5(a and b), a positive USAF 1951 resolution target (RT) is placed in the
collimated illumination light path, and it is illuminated by a lamp with wide emission spectrum.
Then, through the imaging of the t-MS sample, three images [Figure 7.5(a)] corresponding to the
three focal points can be obtained. Then, the three images are collected and magnified by the
commercial microscope with an objective lens (10X, NA=0.3). Because the chromatic aberration
is corrected in designing, the RT cannot be imaged to a same plane for different wavelength at
each focal point. Therefore, a tunable bandpass filter (Thorlabs: KURIOS-WB1/M) is placed in
front of the camera to capture the image of each single wavelength. Note that the light passing
through the filter still has a bandwidth of 35nm. Therefore, the image captured by the camera is

not exactly for a single wavelength.
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By setting the central wavelength of the filter at 488nm, 520nm, and 650nm, 9 images are
obtained and demonstrated in Figure 7.5 (c — e). To compare the magnification’s difference of
each focal point as well as the central wavelength, the scale bars are marked based on the image
size (i.e., pixel number X pixel size) in camera coordinator. Therefore, the larger FOV from the
images illustrates a smaller magnification. The images on Figure 7.5(c1), Figure 7.5(c2), and
Figure 7.5(c3) are respectively obtained at the 1% (f= 1.9mm), 2" (f = 3mm), 3" (f = 6mm) focal
point. We can see that, with moving the objective lens from the 15 focal point to the 3™ one, the
imaging FOV goes down. Because the singlet imaging magnification goes up with the

increasement of focal length for a fixed object distance between the RT and t-MS sample.

Comparing Figure 7.5(d) and Figure 7.5(e), it is observed that the imaging FOV goes up with the
working wavelength is tuned from 520nm to 650nm, which indicates that the magnifications
corresponding to each focal point goes down with increasing the working wavelength. Furtherly,
this phenomenon arising from the dispersion relation (i.e., the focal length goes down with
increasing the working wavelength) of a metalens. Therefore, the t-MS sample works well for a
wide visible spectrum (488nm - 650nm), while it cannot achieve broadband achromatic imaging.
Importantly, by using the t-MS sample as a condenser, the commercial Nikon microscope could

realize three magnifications without replacing objective lens.

7.4.2 Integrated tri-magnification microscope

In this section, the t-MS sample is adopted as an objective lens to build an integrated and
miniaturized microscope with three magnifications. To try miniaturizing the whole microscope to
be centimeter level and reduce its weight, this section designs and fabricates another metalens
sample which is used a tube lens as shown in Figure 7.1(a) and Figure 7.6(a). To realize large FOV
imaging with low distortion, a quadratic phase profile [Eq. (7.2)] is adopted in designing the
second metalens sample [Figure 7.7(a)][113]. Therefore, the second metalens sample is called
g-MS. In addition, the g-MS has a diameter of 4.5mm to increase the brightness of the FOV edge.
As shown in Figure 7.6(b), to effectively collecting the light scattered from the off-axis object
point, the g-MS must have a larger diameter than the t-MS[114]. Otherwise, the edge light energy
would be lost in the imaging system. The focal length of the g-MS is 45mm for achieving high

maghnifications.

De(f,p) = =22 72)
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Figure 7.6 Experiment on integrated tri-magnification microscope.

(a) optical configuration; (b) Optical path of wide FOV imaging; (c) and (d) indicate the imaged
FOV for each focal plane; (f) — (h) are the captured images when the RT is
respectively placed at f = 6mm, 3mm, and 1.9mm; (e) is the second image

captured at f =1.9mm.

As shown in Figure 7.1(c, d), the two metalens samples are integrated together by a 3D printed
holder. As the holder is printed using transparent material, the light ray (i.e., stray light) out of the
t-MS region would go into the g-MS and imaged to the camera, which would degrade the
integrated microscope’s imaging quality. Therefore, the central region of the holder is stained to
be black to block the stray light. Based on the holder, the two metalens samples have a

separation of 5mm.

As shown in Figure 7.6(a), to realize intensive illumination, the collimated light from a 520nm LED
is focused onto the RT via a condenser lens. The condenser lens and RT are mounted together so
that they can be moved from focal plane 1 (FP1) to focal plane 3 (FP3). As the integrated
microscope is an infinity-corrected configuration, once the RT is placed in the three focal planes,
it can be imaged to the focal plane of the g-MS. Therefore, a camera is placed at the g-MS focal

plane to obtain the images.

Figure 7.6(f - h) illustrates the captured whole images when the RT is placed at f = 6mm [focal

plane 1 marked in orange in Figure 7.6(a)], 3mm [focal plane 2 marked in blue in Figure 7.6(b)],
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and 1.9mm [focal plane 3 marked in red in Figure 7.6(b)], respectively, and the measured FOVs
are limited by the camera’s sensor size (6.4mm X 5.12mm). The imaged regions as well as the
FOVs of each focal plane are marked in orange, blue, and red on a ground truth image [Figure
7.6(c)]. As the red FOV (674um X 539 um) is smaller than the blue one (320um X 256 um) which
is smaller than the orange one (221um X 177um), the FOV goes down with the RT being moved
from f = 6mm [Figure 7.6(f) orange border] to f = 1.9mm [Figure 7.6(h) red border]. Furthermore,
it means that the magnifications go up with moving the RT from f = 6mm focal plane [Figure 7.6(f)]
to f = 1.9mm focal plane [Figure 7.6(h)]. Based on quantitative calculation, the magnifications
for three images are respectively 9.5X, 20X, and 29X, which are around 1.3 times of the expected
magnifications of 7.5X, 15X, and 22.5X. The expected magnifications are evaluated by dividing the
focal length 45mm of the g-MS by the three focal length 6mm, 3mm, and 1.9mm. The slightly
defocus of the camera contributes to the magnification errors. When the RT is placed in the focal
plane 3, as indicated by the Figure 7.6(d), the imaging region is changed from the red solid
rectangle to the red dashed rectangle for obtaining solid evidence of the imaging position (i.e., the

group and element number).

Except forthe magnification, the imaging resolution of integrated microscope is evaluated as well.
From the Figure 7.6(f), the element 5 in group 7 can be resolved with a high contrast, which
indicates that the integrated microscope can realize a diffraction-limited resolution of
203.2lp/mm in the whole FOV at the focal plane 1 (focal length = 6mm, NA =0.1). As the other two
focal points have diffraction-limited FWHM as well, itis conceived that the integrated microscope
can achieve diffraction-limited resolutions (322.5lp/mm and 456lp/mm) at the focal planes 2 and

3 as well, while the imaging contrast of the focal plane 3 is lower.

7.5 Design of g-MS and fabrication

As the g-MS works as a tube lens in the integrated microscope, the g-metalens needs to
polarization-independently focus incident light to a focal point. Therefore, an isotropic meta-

atom (H =800nm, P =350nm, and W = L) library [Figure 7.7(a)] is built to design the g-MS.

As shown in Figure 7.8, the metalens samples are fabricated on a double-side polished SiO,
wafer. The wafer is firstly cleaned in NMP for 10mins and IPA for 10min. Then, a layer of SizsN,
(800nm in thickness) is deposited with a rate of 25nm/min via PECVD at 350°C. The refraction
index and absorption coefficient of the PECVD SisN4 are illustrated in Figure 7.7(a). 300nm
ZEP520A resist is spin coated on the wafer and baked on a hot plate for 3mins at 180°C.
Subsequently, metalens pattern is defined by the e-beam lithography (EBL) and develop process
in ZED solution. As the hard mask, a 35nm-thick Cr layer is coated on the substrate by e-beam

evaporation and followed by a lift-off in NMP. Consequently, the designed patterns are
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transferred to the Cr layer. Then, the wafer with the patterned Cr layer is etched by reactive ion
etching (RIE) with a rate of 27nm/min. Finally, metalens samples are obtained after removing Cr

layer via Cr etchant. More details on fabrication can be found in Appendix B.
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Figure 7.8 Fabrication flow of SizN, metalens.

7.6 Conclusion

Based on the non-classical spin-multiplexing working regime, a SisNs t-MS sample with a

diameter of 1.2mm is designed and obtained in experiment for the first time. Three diffraction-
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limited focal points are achieved in experiment, and the NAs of three focal points are 0.1, 0.2, and
0.3, respectively. It is demonstrated that a commercial Nikon microscope could realize three
magnifications with a fixed objective lens by using the t-MS sample for singlet imaging. The
broadband imaging performance of the t-MS sample is investigated, and the chromatic
aberration’s influence on imaging effect is analyzed. Finally, an infinity-corrected microscope
with three high magnifications of 9.5X, 20X, and 29X is integrated to a dimension of centimeter
level by using the t-MS sample as an objective lens. To realize large FOV and diffraction-limited
imaging performance, a g-MS sample with a quadratic phase profile and a diameter of 4.5mm is

fabricated and used as the tube lens in the integrated microscope system.

87



Chapter 8
Chapter 8 Simultaneously chiral and achiral

microscope

8.1 Introduction

Chirality refers to some biological and chemical species which cannot be superimposed on their
mirror image like human’s right and left hands [115, 116]. The chirality can contribute to the
biological and chemical specie’s flavor, odor, effectiveness, and safety when some molecules
are made of same chemical elements and bonds [117]. Currently more than half of available
biomedical drugs on the market are chiral, thus, chirality identification of biochemical samples
plays animportantrole in drug discovery [118, 119]. Chiralimaging as a fast and effective chirality
identification is attracting increasing attention in biochemical and optical field [56, 63, 120].
Moreover, the polarization information obtained via chiral imaging can give us more details of the
imaged object [56, 57]. For instance, we can see strong difference between beetle’s left-hand and
right-hand images obtained via a chiral imaging system, because the beetle’s exoskeleton
strongly reflects left-hand circularly polarized (LCP) light while absorbing more right-hand
circularly polarized (RCP) light [57].

Conventionally, a chiral imaging system relies on cascading multiple optical components in a
complicated setup, which is bulky also reduces the imaging quality and resolution. In the pastten
years, varieties of optical imaging systems are experiencing a lightweighting and high-compact
revolution benefiting from the fast development of flat metalens [13]. As a flat optical device,
metalens consisting of an array of subwavelength nanostructures on a flat substrate can be used
for arbitrarily engineering the incident light beam’s amplitude [121], phase [26], polarization [7],
and frequency [8]. The research progress on metalens for compact multi-functional imaging
systems has been reviewed in some high-quality papers[11, 13, 52, 71, 122]. Here, we only focus
on the metalens’ application in chiral imaging systems. A multispectral chiral imaging metalens
is proposed to simultaneously image the LCP and RCP light scattered by the object based on PB
phase and two interweaved sets of TiO, nanopillars [57]. With the development of spin-
multiplexing metalens, the metalens composed of one set of nanopillars are demonstrated to
simultaneously focus the LCP and RCP light at different position in visible [123], near-infrared

[124], [125], and Terahertz spectrum [125].

It should be noted that the amplitude information of the target species is also important in
biologicaland chemicalresearch [5]. Therefore, integrating the chiralimaging and achiralimaging
system into one metalens would attract more attentions across the biological and chemical

society. While it is claimed that the simultaneously achiral and chiral imaging is achieved via a
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200um-diameter plasmonic metalens in a reflective configuration, the two imaging channels of
the metalens make it cannot simultaneously obtain the LCP, RCP, and achiral images [124]. In
addition, the reported metalens sample is fabricated in a CMOS-incompatible way and works in
the wavelength of 1550nm [124]. Therefore, there is no report on simultaneously achiral and

chiral imaging based on visible metalens.

To show the merit of non-classical spin-multiplexing regime, a tri-channel SizN, metalens is
demonstrated to realize simultaneously achiral and chiralimaging in a transmissive configuration
(Figure 8.1). Moreover, a high magnification of 53 times and a diffraction-limited resolution are
achieved in this chapter. In addition, the 1.2mm-diameter metalens is composed of one set of
SisN4 nanopillars and fabricated following a CMOS-compatible process, which makes the tri-

channel metalens can be scale-up with low cost in both time and budget.

(a)
LCP image

Achiral image

chiral sample metalens sample
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Figure 8.1 Conceptual figure of simultaneously achiral and chiral imaging.
(a) The imaged sample is transparent and has a different chirality across the field of view. The
central sun region is LCP, and the other region in RCP; (b) Chirality of chemical

molecular.

8.2 Metalens desigh and characterization

As shown in Figure 8.1, the light beam scattered by a chiral sample [Figure 8.1(b)] can be imaged
into three channels according to their chirality (i.e., LCP and RCP images) and polarization-
independent transmission (i.e., achiral image). Specifically, for a transparent sample having
opposite chirality, the achiral image would have a uniform intensity distribution. Meanwhile, the

LCP region (e.g., the central region marked by a sun in Figure 8.1) would be imaged to the LCP
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channel, the other region would be imaged to the RCP channel, and the LCP region would be
absent from the RCP image (i.e., the dark sun in the LCP image of Figure 8.1). To realize the above
imaging function, the tri-channel metalens is required as shown in Figure 8.2(a). The metalens
needs to focus incident light beam at three different positions in a same plane. The LCP and RCP
focal points are polarization dependent for chiral imaging, and a polarization-independent focal

point (i.e., achiral focusing) for realizing achiral imaging.

(a) (b1)

‘ LCP@
- A
= "
d !

& Achiral #

A

-a \

d !

v

Figure 8.2 Working (a) and results (b - d) of tri-channel metalens.
(b1) = (b3) [(d1) - (d3)] are the measured LCP [RCP] focal points with tuning the laser beam from
LCP to LP and to RCP; (c1) — (c3) are the achiral focal points. The green scale bars in

(b1) — (c3) are 3um, and the white scale barsin (d1) - (d3) are 10um.

Based on the non-classical spin-multiplexing working mechanism (see section 2.2.3) and the
meta-atom library in Figure 7.3, the SisN4 metalens can be designed after determining the target
phase profiles. As shown in Figure 8.2(a), to obtain an on-axis achiral focal point, a hyperbolic
phase profile ®,4 [Eq. (3.1)] is polarization-independently encoded to the incident light beam via
the propagation phase ¢,,. In this chapter, the working wavelength 1 = 520nm, target focal length
f = 6mm [Figure 8.3(a)]. Then, as shown in Figure 8.3(b), an off-axis hyperbolic phase profile @,
[Eq. (4.1)] where the focusing tilt angle @ = 10° [Figure 8.2(a)] is imposed to the LCP channel.
Therefore, a large separation distance d = f X tan(a) = 1.05mm [Figure 8.2(a)] can be obtained
to avoid the overlap of achiral and chiral images. According to the working mechanism, a phase

profile &, = 2d, — ®; [Figure 8.3(c)] can be encoded to the RCP channel at a same time.
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Figure 8.3 Phase profiles for tri-channel metalens.

(a) - (c) are the phase profiles ®4(f = 6mm), ®,(f = 6mm, = 10°), and ¢, = 2¢, — P,
encoded on the metalens sample, (d) is the expected tilt focusing phase profile
Dp.(f = 6mm, B = —10°) with a tilt angle of —10°. (e) shows the phase difference
©Opy = g — O, between the real encoded @y and expected ®p,, (f) is the 1D

phase profile of the ®3,;(X = 0) in the Y-direction.

To investigate the focusing performance of the RCP channel, an expected off-axis hyperbolic
phase profile @3, [Eq. (4.1)] with a tilt angle ¢ =-10° is demonstrated in Figure 8.3(d). Then, the
unwrapped phase difference ®gp; = ®p — dg, canbe obtained and shown in Figure 8.3(e). As the
peak-valley value of phase difference®y, is only 7m and much smaller than the expected phase
profile ®p,.. The @, can be regarded as an estimated phase profile of the ®,. Therefore, the RCP
channel would achieve a focal length of 6mm and a focusing tilt angle of -10°, which is
experimentally verified. The phase difference @y, varying along Y direction [Figure 8.3 (e) and
Figure 8.3(f)] is the fundamental reason why the RCP focal point is enlarged along the Y direction

[Figure 8.2(d)].

A metalens sample with a diameter of 1.2mm is fabricated following the CMOS-compatible
process [Figure 7.8] and measured by the home-made microscope (Figure 7.4) working in the

wavelength of 520nm.

As shown in Figure 8.2(b - d), three focal points at the target focal plane which is 6mm away from
the metalens’ surface are experimentally obtained. Therefore, the focal length of three focal
points is 6mm in experiment. With tuning the laser beam from being LCP to LP and to RCP, the

LCP focal point’s intensity increases to a maximum [Figure 8.2(b1) to (b3)], and the RCP focal
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point’s intensity deceases to a minimum from a maximum value [Figure 8.2(d1) to (d3)], which
demonstrates the chirality of these two focal points. In addition, the on-axis focal point [Figure
8.2(c1) to (c3)] doesn’t change with tuning the incident laser’s polarization, which means that this
focal point is achiral. The FWHM of the achiral focal point is measured to be 3.2um which is
corresponding to the diffraction limitation of a NA of 0.1. In addition, the two achiral focal point’s
FWHM is diffraction-limited 3.2um as well along the X-direction. As two chiral focal points are
formed via inclined focusing [Figure 8.4(a) and Figure 8.4(c)], two chiral focal points’ FWHM is
larger than 3.2um in the Y-direction. The enlarged RCP focal point in the Y-direction results from
the phase difference @y, [Figure 8.3(e)]. From the focusing process shown in Figure 8.4, the

focusing tilt angle of the LCP and RCP channels can be determined to be +10°.
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Figure 8.4 Focusing process of the LCP (a), achiral (b), and RCP (c) channels.

8.3 Demonstration of tri-channel microscope

8.3.1 Simultaneously achiral and chiral imaging

Based on this metalens sample, a simultaneously chiral and achiral microscope system is
demonstrated. As shown in Figure 8.5, the microscope system works in a transmissive
configuration, and a USFA 1951 resolution object is illuminated by a focused 520nm laser beam,
the scattered light from the RT is collected by the metalens sample (MS) and imaged to a white

board (WB). The imaged object is illuminated by a focused 520nm laser beam via the lens L1, and
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the polarizer and QWP are placed for controlling the laser beam’s polarization state. In addition,
aruleris placed in front of the WB to calibrate the size of the achiral and chiral images as well as

the magnification of the microscope system.

NI NN

s= |l
6=l _

Figure 8.5 Simultaneously achiral and chiral microscope.

(a) Optical configuration of the metalens-based microscope for achiral and chiral imaging, (b)
the experiment setup, (c) the initial picture captured by the iPhone camera, (d) is the
zoom in picture of the marked region in (c) which shows the imaging resolution of

3.1um.

In experiment, the object is placed 6.11Tmm away from the front surface of the metalens sample
(i.e., the object distance equals to 6.11mm), and a most clear image can be obtained when the
white board is placed 325mm away from the metalens rear surface. According to the Gaussian
imaging equation, the magnification of this microscope system can be calculated as 53.2 times.
The imaging results are illustrated in Figure 8.6, which are taken by an iPhone 12 camera. The
magnification is calibrated by placing a ruler in front of the white board. According to the ruler in

captured images [Figure 8.5(c)], the microscope system’s magnification is calibrated to be 53
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times which meets well with the theoretical value of 53.2 times. The scale bars are corresponding

to the calibrated size of captured images.
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Figure 8.6 Imaging results of the microscope shown in Figure 8.5.

Simultaneously achiral (2" column) and chiral imaging (15* and 3" columns) of USAF 1951
resolution target with tuning the illumination light beam’s polarization state from be

RCP (1%t raw) to LP (2" raw) to LCP (3" raw) via rotating a QWP. Scale bars: 4mm.

As shown in Figure 8.6, with rotating the QWP angle  from —45° (1% raw) to 0° (2" raw) and to 45°
(3" raw), the image corresponding to the LCP channel (15 column) gradually gets brightest from
dark, and the brightest image corresponding to the RCP channel (2™ column) gradually becomes
dark, which demonstrates that the chiral imaging is achieved. Meanwhile, the images
corresponding (the 2™ columnin Figure 8.6) to the on-axis channel keeps steady with rotating the
QWP, which shows that the achiral imaging channel works well. In one word, a simultaneously
chiraland achiral microscope is achieved in transmissive configuration, and the microscope has
a high magnification of 53 times and a diffraction-limited resolution of 3.1um (i.e., 161.3lp/mm)
because the element 3 in group 7 can be clearly resolved in the achiral imaging channel (the 2"

columnin Figure 8.6).
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8.3.2 All-optics chirality identification of chemical sample

Achiral

Figure 8.7 All-optics chirality identification of liquid crystal sample.
Experiment setup (a, b) for fast identifying the chirality of a transparent liquid crystal sample (c).

(d) - (f) are the imaging results with tuning the electrical voltage.

Lastly, the resolution objectis replaced by a liquid crystal sample (LCS, which is fabricated by our
cooperator) to test the microscope system’s ability in fast detecting sample’s chirality as shown
in Figure 8.7(a - c). The LCS is totally transparent in visible spectrum as shown in Figure 8.7(c),
while the fast-axis and slow-axis of the LC cells in one region (i.e., Region |) are opposite to the
otherregion (i.e., Region ll). It means that the chirality of Region | would be opposite to the Region
Il when a quarter-wave voltage is applied. In addition, when a half-wave voltage is applied, the

whole LCS works as a half-waveplate.

In experiment, the achiral images [central images in Figure 8.7(d - f)] have a uniform intensity
patten with changing the load voltage. In contrast, two complementary images in the LCP and
RCP channels are obtained as shown in the left and right region of Figure 8.7(d - f), when the
quarter-wave voltage of 1V is applied. Specifically, the LCP channel obtains a bright image of the
Region I [the left image in Figure 8.7(d)], and the image of Region | obtained by RCP channel is
dark [the right image in Figure 8.7(d)]. It means that the chirality of Region | is right-hand, and the
Region Il has a chirality of left-hand, when the load voltage is 1V. With the load voltage being
increased to be a half-wave voltage of 1.5V, three chiral and achiral channels obtain almost same
intensity distribution [Figure 8.7(e)]. Continuously increasing the load voltage to the second
quarter-wave voltage of 1.6V, the LCP and RCP channels respectively obtain a dark and bright
image of the Region | [Figure 8.7(f)]. It means that the Region | is transferred to be left-hand

chirality, and the Region Il is transferred to be right-hand chirality. As the chirality of the LCS is
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identified via an all-optics system, theoretically, the chirality identification speed can reach to

light speed based on the tri-channel microscope.

8.4 Conclusion

To furtherly demonstrate the merit of utilizing non-classical spin-multiplexing regime, a new SizN4
metalens is designed to simultaneously obtain achiral and chiral focal points on a same focal
plane. A metalens sample is fabricated to obtain diffraction-limited three focal points. A
simultaneously achiral and chiral microscope with a high magnification of 53 times and a
diffraction-limited resolution is demonstrated in experiment. The all-optics chirality identification
ability of the microscope is experimentally demonstrated by detecting a chemical sample’s
chirality. This work would boost the metalens’ imaging applications in biological and chemical
fields. In addition, by exploring the working mechanism in non-classical spin-multiplexing regime,
the CMOS-compatible SizsN, is adopted for the multi-functional metalens as well as imaging
system, this research would pave the way of utilizing low-contrast material for advanced imaging

system.
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Chapter 9 Hybrid calculation model and prototype of
LOMS

9.1 Hybrid calculation model

9.1.1 Introduction

Several numerical calculation methods, including the transfer matrix (T-matrix) method, the finite
difference in time-domain (FDTD) method, the discrete dipole approximation (DDA) method, the
finite element approach (FEM), and the Maxwell Stress Tensor (MST) method, have been adopted
to calculate the optical force and torques in previous studies [126-130]. Because each method
mentioned above has cons and pros, to take advantage of the complementary properties of
different techniques, hybrid approaches [131, 132] have also been developed to calculate optical
forces and torques on non-spherical particles. For example, a powerful dynamic simulation
modelis used to find plausible equilibrium orientation landscapes of micro-and nano-spheroids
of varying size and aspect ratios based on a hybrid DDA and T-matrix method [132]. But it is
difficult to calculate optical torques and forces via the hybrid method based on DDA and T-matrix
method, when a non-spherical particle is levitated by a metalens-based LOMS with tailored
trapping potential (e.g., a trapping potential with both SAM and OAM). Meanwhile, based on the
application requirement, levitating nano- or micro-particles by a metalens-based LOMS [133-
135] with tailored trapping potential has been a new research trend because of several
advantages. For example, the optical tweezer based on SAM and spanner based on OAM has
been integrated into one identical device by engineering a single layer metalens [39, 136].
Therefore, itis necessary to propose a new robust model to calculate the optical force and torque

in a metalens-based LOMS.

9.1.2 Hybrid FDTD and DDA method

To accurately calculate the optical torques exerted on an aspherical particle trapped by a

metalens-based LOMS, the FDTD method is adopted to calculate the electrical field distributions
(E) around the trapping centre based on the commercial Lumerical FDTD software. Then, the DDA
method is adopted for the calculation of the optical forces (17") and torques (7) on the particle

based on the E distribution.

In FDTD simulation, as shown in Figure 9.1, the incident optical beam is set as a forward

propagating (along Z-direction) plane wave with a circular polarisation (i.e., E} =E, +iE,)and has
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a wavelength of 1.550um. To build an LCP beam, | set an x-polarized plane wave source E, with a
phase of 0 degrees and a y-polarized plane wave source E,, with a phase of 90 degrees. In
addition, the amplitudes of both E,, and Ey are 1V/m. Then, the incident optical beam is focused
by a high NA metalens. To effectively trap the nanoparticle, the centre of the nanoparticle is
placed at the focal point. The origin O, is set at the focal point f (marked by a solid black dot on
the Z-axis) in Figure 9.1(a). The nanoparticle is surrounded by a vacuum with the refractive index
n, = 1. By taking the calculation time and accuracy into consideration, a cube area centred on
the focal point (i.e., the f point on the Z-axis) is meshed into 5nm in three dimensions (3D), and
other simulation areas are meshed into 155nm. Note that the particle should be fully covered by

the cube area.

(a) z (b)

E, X1

-

Figure 9.1 Schematic illustrating of a metalens-based LOMS.

An electrical field monitor is added to get the 3D field distribution in the cube area, that is, the

=

electrical field distributions (E) around and inside the nano-dumbbell. An index monitor is used

to get the 3D spatial distribution of the refraction index (n), which will be used to calculate optical

forces and torques based on the DDA method. It should be noted that the E and n distributions
are discrete databases in a 3D cubic array. According to Figure 9.1(a), for a given incident optical

beam, the geometric parameters and spatial orientation angles of the nanoparticle will influence
the E and further result in different opticaltorques. Therefore, the parameter sweep function can
be used to acquire the E and n distributions for different morphological parameters of the nano-

dumbbell. Then, they are imported into MATLAB for calculating the optical forces F and torques
7 based on the DDA method.

Based on the principle of the DDA method, the nano-dumbbell should be presented by a 3D cubic
array of N polarisable cells (i.e. the point dipoles) and the local electrical field Ej = (E,{, E}{, Ezj) (=

1,2, 3, ..., N)ateach cell should be calculated based on the self-consistent equation at first. The

nano-dumbbellis uniformly discretised by a mesh of 5nm used in FDTD calculation and the local

electrical field E} could be acquired from the E databases. It should be noted that, in the FDTD
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method, the influence of the multiple scattering effects from the adjacent polarisable cells is
contained for calculating each polarisable cell’s local electrical field E] Then, the dipole moment

ﬁj = ajﬁj of each cell could be calculated, where the a; is the polarizability of each cell, which

could be expressed as Eq. (9.1) [129].

acm,j

a = ———"—— 9.1
J 1_i§k3aCM,j ( )

Where k = 2m/A (A = 1.55 um) is the wavenumber of the incident optical beam, acy ; is the

Clausius-Mossotti polarizability of each cell and could be written as Eq. (9.2).

3d3(ej - 1)

4m(ej +2) (9-2)

Acm,j =

Where d = 5nm is the period of the discretisation lattice, ¢; = njz is the relative permittivity of each

cell of the nanorod and n; is the refraction index, which has been acquired during the FDTD

calculation.

Once the local electrical field E}- and dipole moment ﬁj are known, the time average of the optical

-

force F; = (ij, ij, sz) [Eq. (9.3)] and torque fj [Eq. (9.4)] exerting on each cell could be calculated

as,

1  9(ED)"
E] =2 Re(T3-1py =) (9.3)
- — = 1 - ﬁ] *
T =1 XF+ ERe[pjx(?Mj) ] (9.4)

Where u and v stand for either x, y, or z, symbol * denotes the complex conjugate, and ﬁ is the
position vector of the cell, as shown in Figure 9.1(b). The first term is usually called the extrinsic
part of the optical torque (OAM), while the second term represents the intrinsic part of the optical
torque (SAM). Here, it is necessary to clarify the difference between the OAM and SAM carried by
the nano-dumbbell and the discretised cells. If only the SAM carried by the incident beam is
transferred into the nanorod, the nanorod could spin around the Z-axis, as shown in Figure 9.1(b).
However, the angular momentum carried by the cells [e.g., the blue cell in Figure 9.1(b)] which
are not on the Z-axis is OAM expressed by the first term in Eq. (9.4), while that carried by the cells
[e.g., the green cellin Figure 9.1(b)] on the Z-axis still is SAM expressed by the second term in Eq.
(9.4). Therefore, both the SAM and OAM terms should be included in the calculation model[i.e.,
Eq. (9.4)] based on the DDA method.

Finally, total optical forces and torques applied on the nano-dumbbell could be obtained as the

sum over all the cells of the individual forces and torques [Eq. (9.5)][137].
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F=¥Y F,and =3\, 7 (9.5)

9.1.3 Accuracy validation
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Figure 9.2 Optical torques vs Im(gy) calculated by Mie-theory and the HFDM.

To validate the accuracy of the HFDM, this chapter first studied a particular case where an
absorbing sphere is directly illuminated by an LCP plane wave, as an analytical solution of the
optical torques on the absorbing sphere could be calculated by Mie-theory. The radius and real
part of the permittivity g; of the sphere are setas 350nm and 2.25, respectively, and the absorbing
property of the sphere is described by the imaginary part [Im(gg)] of the permittivity ;. Therefore,
then the dependence of optical torques on the Im(gg) is simulated. The simulation results are
shown by the blue dashed line in Figure 9.2, while the solid blue line indicates the analytical
values calculated by the Mie-theory [126]. The optical force and torque units are pN and pN-um,

respectively.

It could be seen that the optical torques calculated by the HFDM and Mie-theory show identical
dependency on the Im(gg), and the absolute values of the relative errors are below 10% [i.e., the
solid orange line, right y-axis in Figure 9.2]. In fact, an error below 10% is relatively small
comparing the reported experiment’s error of about 20%. For example, it is reported that an
optical torque is theoretically predicted to be 2.0 pN - ym based on T-matrix method and is
measured to be 2.4 pN - um in the experiment [138]. It indicates that the HFDM could be utilised

for the calculation of optical torques.

9.2 Invention of a metalens-based LOMS prototype

9.2.1 Introduction

Optical levitation of nanoparticles is a well-developed technique based on using force gradients

induced by optical fields; this is the so-called optical tweezer approach. It is known that optically
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levitated nanoparticles in vacuum can provide the basis for ultrasensitive sensors to measure
physical parameters such as force, acceleration, and torque. For the avoidance of ambiguity of
terminology between the field to be measured and the optical field used to trap a nanoparticle, in

the following, field to be measured is referred as a physical field.

It is predicted that the mechanical quality factor (Q factor) of an optically levitated nanoparticle
could be as high as 10'? and a Q factor of 10'° has been achieved experimentally [17], which is
much higher than the Q factor (~10°) achieved using microelectromechanical system (MEMS)
[139]. The extremely high Q factor and torque detection sensitivity make the precession motion
of an optically levitated nanoparticle be suitable for detecting the gravity acceleration with high

accuracy.

A drawback of known optical levitation systems is their bulk which makes them unsuitable for
many practical applications. In addition, the spin direction of known optical levitation systems
can’t not be customized which makes the precession motion cannot be well controlled and not

suitable for practical gravimeter.

In our invention, a metalens and its method of manufacture, the metalens being designed and
fabricated to transform a laser beam into a pre-defined arbitrary optical field carrying spin angular
momentum and/or orbital angular momentum in defined directions[140], which can be
transferred to nanoparticles trapped by levitation in the optical field of the laser beam that has
passed through the metalens [24], [137]. The metalens can be incorporated into an optical
levitation system in which a nanoparticle can be trapped in the arbitrary optical field. Light
intensity scattered from the trapped nanoparticle is then measured and used as a basis for

measuring a physical field value.

9.2.2 Details on the prototype

As shown in Figure 9.3, the LOMS based on a dry particle launching method is mechanically
constructed based on a vacuum chamber formed by the interior space inside a two-part housing
1, 2 comprising an upper part 1 and a lower part 2. (The labels upper and lower are arbitrary and
made for ease of reference.) The upper and lower parts 1, 2 of the housing are connected to each
other in a vacuum-tight manner by suitable clamping bolts 3 with the mating surfaces between
the upper and lower parts 1, 2 of the vacuum chamber housing being provided with a suitable
gasket or other sealing joint (not shown). Optical access to the vacuum chamber is provided by
an optical fibre feedthrough 4 in the upper vacuum chamber housing part 1. Electrical access to
the vacuum chamber is provided by an electrical feedthrough 5 in the lower vacuum chamber
housing part 2. A non-evaporative getter (NEG) 6 is provided in the lower vacuum chamber

housing part 2 to assist maintenance of the vacuum by removal of residual gas species from the
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vacuum space. In use, the vacuum pressure is preferably better than 1E-6 mbar, which can be
achieved by the NEG 6 which operates as a pump unit once the sensor is sealed. An external
vacuum pump (not shown) may also be provided. The optical fibre feedthrough 4 is provided with
a suitable collimator lens 7 for coupling into and/or out of an optical fibre (not shown) that may

be attached, e.g., by a suitable ferrule, to the optical feedthrough 4.

Figure 9.3 Prototype of the LOMS based on a dry particle launching method.
(a) and (b) are perspective views from below and above respectively, (c) is a side view, and (d) is

a cross-section along line A-A of (c) showing internal details of the gravimeter

After the collimator lens 7, a continuous-wave, linearly polarized Gaussian laser beam
(wavelength A=1550nm) from the fibre laser source 21 is shaped to a collimated beam. A
metalens 8 for manipulating the laser beam so that it functions to trap the nanoparticles is
supported within the vacuum chamber via suitable holder parts 9, 10 (e.g., plinth 9 and legs 10)
attached to an inside surface of the upper vacuum chamber housing part 1. A particle source 14,
15forthe nanoparticles to be optically levitated is arranged within the vacuum chamber mounted
on a piezoelectric actuator 11, e.g. made of lead-zirconate-titanate (PZT), which in turn is
supported by legs 13 (e.g. 4 of) that are secured by their distal ends to an interior surface of the
lower vacuum chamber housing part 2 and whose proximal ends support the piezoelectric

actuator 11. A typical particle source will contain of the order of 2000 x 2000 particles, with a
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single nanoparticle being trapped for any given measurement. The piezoelectric actuator 11 is
actuated with a suitable electrical control signal via an electrical wire connection 12 which is fed
from an external controller (not shown) into the vacuum chamber via the electrical feedthrough
5. The particle source 14, 15 comprises an agglomeration of source nanoparticles which are
embedded in a poly-fluoroethylene (PTFE) coated film 14 that acts as a substrate for holding the
source particles prior to their release into the vacuum chamber. Embedding the nanoparticles to
be levitated in the film 14 allows the nanoparticles to be directly loaded into the vacuum chamber
and then released when needed by ultrasonic vibration of the piezoelectric actuator 11 on which

the film 14 is mounted. The film 14 is inexpensive and easily replaceable.

Figure 9.4 External components of the LOMS.

Figure 9.4 shows the external components connected to the LOMS in Figure 9.3 via the optical
feedthrough 4. The output of a laser 21 is coupled to an optical fibre 24. The laser light is
waveguided through the optical fibre 24 via an optical circulator 23 to another optical fibre 25
connected the optical feedthrough 4, so that the laser light provides an optical tweezer for
trapping nanoparticles in the vacuum chamber. Light from the trapped nanoparticles is coupled
out of the vacuum chamber via the optical feedthrough 4 and into the optical fibre 24. The
coupled-out light is then routed via the optical circulator 23 to another optical fibre 26 and onto a
photodetector 22. The photodetector 22 outputs an electrical signal for display and analysis on

an oscilloscope 27.

Figure 9.5(a) is a perspective view of a LOMS according to an alternative embodiment based on
the Laser-Induced Acoustic Desorption (LIAD) loading method; and Figure 9.5(b) is a cross-
section showing internal details of the gravimeter. LIAD is a dry and vacuum compatible method
for loading particles into optical traps. In the LIAD method, a pulsed laser beam is focused onto

the back side of a substrate upon which particles are distributed. The pulse generates acoustic
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shockwaves through thermo-mechanical stress to locally eject particles from the substrate. The
particles are only ejected from the region of the laser focus. LIAD is suitable for launching
dielectric particles of size from around 100 nm up to several micrometres at pressures down to 1
mbar. The gravimeter is mechanically constructed based on a vacuum chamber formed by the
interior space inside a two-part housing 1, 2 comprising an upper part 1 and a lower part 2. (The
labels upper and lower are arbitrary and made for ease of reference.) The upper and lower parts
1, 2 of the housing are connected to each other in a vacuum-tight manner by suitable clamping
bolts 3 with the mating surfaces between the upper and lower parts 1, 2 of the vacuum chamber

housing being provided with a suitable gasket or other sealing joint (not shown).
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Figure 9.5 Prototype of the LOMS based on LIAD method.

Optical access to the vacuum chamber is provided by an optical fibre feedthrough 4 in the lower
vacuum chamber housing part 2. Electrical access to the vacuum chamber is provided by an
electrical feedthrough 5 in the lower vacuum chamber housing part 2. A non-evaporative getter
(NEG) 6 is provided in the lower vacuum chamber housing part 2 to assist maintenance of the
vacuum by removal of residual gas species from the vacuum space. In use, the vacuum pressure
is preferably better than 1E-6 mbar, which can be achieved by the NEG 6 which operates as a
pump unit once the sensor is sealed. An external vacuum pump (not shown) may also be
provided. The optical fibre feedthrough 4 is provided with a suitable collimator lens 7 for coupling
into and/or out of an optical fibre (not shown) that may be attached, e.g., by a suitable ferrule, to
the optical feedthrough 4. A metalens 8 for manipulating the laser beam so that it functions to
trap the nanoparticles is supported within the vacuum chamber via suitable holder parts 9, 10
(e.g., plinth 9 and legs 10) attached to an inside surface of the upper vacuum chamber housing
part 1. The lower vacuum chamber housing part 2 accommodates the nanoparticle source
components. A nanoparticle source chip 16 containing the nanoparticles is mounted on a linear

translator 17 which in turn is actuated by a piezoelectric actuator 11 which receives control
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signals from an external controller (not shown) via an electrical wire connection 12 that passes
through the electrical feedthrough 5. A typical particle source will contain of the order of 2000 x
2000 particles, with a single nanoparticle being trapped for any given measurement. The

piezoelectric actuator 11 may be made of lead-zirconate-titanate (PZT), for example.

A holder or mount 19 in the form of a spigot holds the PZT actuator 11 fixed in relation to the lower
vacuum chamber housing part 2. The particle source 16 holds source nanoparticles prior to their
release into the vacuum chamber. While the gravimeter of Figure 3 is based on the LIAD method,
this is not the standard LIAD method. In a standard LIAD method, to align the laser beam relative
to the nanoparticle source, the nanoparticle source chip 16 is mounted in a fixed position within
the vacuum and the laser beam is movable by arranging the laser on a translation stage. In the
gravimeter of Figure 3 on the other hand the nanoparticle source chip 16 is moved relative to a
static laser beam since the nanoparticle source chip 16 is in direct or indirect contact to the
piezoelectric element 11. The piezoelectric actuator 11 and linear translator 17 together form a
translation stage that provides for linear motion to allow lateral displacement of the particle
source 16 along a motion axis, optionally in two crossed motion axes for xy-motion. The
translation stage of piezoelectric actuator 11 acts to change the relative position between the

nanoparticle source chip 16 and the focal point of the static pulsed laser beam.

Target optical field Under circular polarization base
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Figure 9.6 Design flow of a metasurface for generating arbitrary optical field.

A design method of the metasurface which is a key component in the invented prototypes (Figure
9.3 and Figure 9.5) is invented as well to generate an arbitrary optical field for flexibly defining the
SAM direction of the trapping laser beam. As shown in Figure 9.6, both the complex amplitudes
of the X- and Y-components of the target optical field are decomposed into circular polarization
bases. As a result, the target optical field can be expressed by summing the complex amplitudes

of the LCP and RCP components. Then, the complex amplitudes of the LCP and RCP are
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reformulated as the sum of two phase terms. Finally, the target optical field is expressed by four
phase terms 6g, 8;, 9y, and 9. To encode the four phase terms into a single layer metasurface,
we propose using one of two modulation methods as described below with reference to Figure

9.7 and Figure 9.8 respectively.
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Figure 9.7 Space-multiplexing metasurface for generating arbitrary optical field.
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Figure 9.8 X-shaped meta-atoms for arbitrary optical field.

To simultaneously impose target phases on the LCP and RCP components, the meta-atoms used
in Figure 9.7 and Figure 9.8 should be designed in the classical spin-multiplexing regime.
Comparing the metasurface based on X-shape meta-atoms (Figure 9.8), a 4f filter system is
required to be placed behind the spatial-multiplexing metasurface in Figure 9.7 for generating the

target optical field.

9.2.3 Demonstration of generating arbitrary optical field

To verify the feasibility of the design method illustrated in Figure 9.6 and Figure 9.7, an a-Si
metasurface sample is designed, fabricated (Figure 3.4), and measured in experiment. As shown
in Figure 9.9(a), the metasurface sample targets at modulating laser intensity, as the phase and
polarization modulation ability of a metasurface has been verified in chapters 3 — 8. Specifically,
the metasurface sample aims at respectively generating the badge and logo of the University of
Southampton for X- and Y-polarized incoming light. The ongoing light field from the metasurface

is measured in the wavelength of 630nm and 520nm and demonstrated in Figure 9.9(b) and Figure

106



Chapter 9

9.9(c). From the pictures shown in Figure 9.9, the metasurface can successfully generate the

target optical field in a widely visible spectrum.

(a)

University
of
Southampton

Figure 9.9 Demonstration of generating arbitrary optical field.

(a) The ground truth, (b) ongoing optical field in the wavelength of 630nm, (c) ongoing optical

field in the wavelength of 520nm.

9.3 Conclusion

To accurately calculate the optical torques exerted on an aspherical particle levitated by a
complexing optical field (e.g., the VVBs in chapter 6), a hybrid calculation method is proposed by
combining the FDTD and DDA method. Then, to boost the commercialization of metalens-based
LOMS, two prototypes of a LOMS are invented in the second section where a metasurface design
method of generating arbitrary optical field is proposed by combining the classical spin-
multiplexing working mechanism and dual-phase holography. Based on the proposed method,
the logo and badge of the University of Southampton can be dynamically generated in a widely

visible spectrum.
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Chapter 10 Summary and outlook

10.1 Summary

Following a short introduction of metasurface’s research progress in chapter 1, the phase delay
principle and light beam modulation mechanism of a subwavelength meta-atom is explored in
chapter 2. Based on the phase difference between X-polarized and Y-polarized laser beam, the
working regime of a metasurface is classified into three types: (1) polarization-independent
regime where the phase difference equals to 0; (2) classical spin-multiplexing regime where the
phase difference equals to m and the meta-atom serves as a half waveplate; (3) non-classical
spin-multiplexing regime where the phase difference can be arbitrary value between 0 and «.
Therefore, the design requirement of a metasurface in non-classical spin-multiplexing regime is
lower than that of a metasurface in classical spin-multiplexing regime. However, itis theoretically
figured out that the non-classical spin-multiplexing metasurface can achieve three working
channels, while the polarization-independent and classical spin-multiplexing metasurface
respectively has one and two working channels. The low design requirement and three working
channels provide us with an opportunity of utilizing low-refraction-index material (e.g., SizNy) to
design multi-channel metasurface for achieving multi-functional imaging system. Stating from
chapter 3, one application of polarization-independent metalens, three applications of classical
spin-multiplexing metasurfaces, and two applications of non-classical spin-multiplexing

metalens are experimentally explored, respectively.

In polarization-independent working regime, a near infrared (NIR) metalens with a high NA of 0.91
is experimentally demonstrated to tightly focus a 1550nm laser beam and levitate nanoparticles
in a vacuum, because the optical levitated rotating particle has an ultrahigh quality factor which
indicates a super higher sensitivity and dynamic range. Based on customized nanorod, the SAM
carried by the circular polarized laser beam can be transferred to the levitated nanorod and led
to a fast rotation at a speed of Mega-Hertz. It is experimentally illustrated that both the
translational and rotational motions of the nanorod can be controlled by the laser beam’s

polarization and power, the rotational motion can be tuned by the vacuum pressure as well.

As the interaction between two optically coupled oscillators can provide a higher sensing
sensitivity than single oscillator-based sensor, itis meaningful to levitated two particles ataclose
distance. To construct an on-chip optically coupled dynamics system, a NIR dual foci metalens
is achieved in the classical spin-multiplexing working regime. Experiment results illustrate that
the metalens can provide two precisely controlled optical potential wells. It is experimentally

demonstrated that two nanoparticles can be stably levitated at a close distance. Theoretical
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calculation figures out that multiple coupling modes can be achieved via the metalens-based

optical traps system.

In classical spin-multiplexing working regime, two NIR metalens samples with polarization-
controlled focal field are obtained as well. The first one sample has a high NA of 0.89, and the
second sample has a NA of 0.25. Based on the high-NA sample, a dual-mode microscope is
experimentally demonstrated to achieve a large magnification of 58X and a high resolution of
(0.74). The imaging mode of the microscope can be tuned to spiral phase contrast mode with an
edge-enhancement effect from bright field mode via polarization control. Then, the high-NA
sample is replaced by a 0.25-NA sample in the microscope system, which results in a low
magnification of 7.8Xbut a large FOV of 600pm x 800um. The dual-mode imaging ability and edge-
enhancement effect is experimentally verified via USAF 1951 resolution target and an unstained
onion epidermal sample. At last, a singlet microscope with a magnification of 4.8X is built via the
0.25-NA metalens sample to show the all-optics edge detection ability. These results could open
new opportunities in applications of biological imaging, industrial machine vision, and

semiconductor inspection.

In the classical spin-multiplexing regime, a general design frame of single-layer dielectric
metasurface is proposed to generate arbitrary non-focused/focused vector vortex beams on a
HOPS/HyOPS. Based on linear polarization basis, the simultaneous modulation of local
polarization direction and phase is obtained for the first time to analyze the controlled generation
of the CVVBs on the HOPS/HyOPS’ equator. In proof-of-concept experiments working in the
wavelength of 1550nm, 4 metasurface samples experimentally obtained to generate arbitrary
beams on the 5" order HOPS (non-focused and tightly-focused), 0-2 order HyOPS, and 0-1 order
HyOPS. The tightly-focusing difference between 0-2 order and 0-1 order HyOPS beams are figured

out in experiment.

Benefiting from the low requirement on phase difference and more working channels of the non-
classical spin-multiplexing metasurface, two tri-channel metalens samples based on low-
refraction-index material (i.e., SisN4) are obtained for the world first. To design the tri-channel
metalens working in non-classical spin-multiplexing, the linear superposition property of

hyperbolic phase profiles is derived.

Based on the modulation mechanism of non-classical spin-multiplexing regime and the linear
superposition property of hyperbolic phase profiles, a longitudinal tri-foci SisNs metalens is
obtained in the visible spectrum. In experiment, a commercial Nikon microscope could realize
three magnifications without changing objective lens by introducing the longitudinal tri-foci SizsN4
metalens. The broadband imaging performance of the metalens sample is investigated, and the

chromatic aberration’s influence on imaging effect is analyzed. At last, by using the metalens
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sample as an objective lens, an infinity-corrected microscope with three high magnifications of
9.5X, 20X, and 29X is integrated to a centimeter-scale device. The integrated microscope can

achieve diffraction-limited resolution and large FOV at each magnification.

In addition, a lateral tri-foci SisN, metalens is obtained in the wavelength of 520nm as well. Two
off-axis focal points are corresponding to the LCP and RCP beams, which can be used for chiral
imaging. The on-axis focal point is polarization-independent, which can be used for achiral
imaging. Therefore, a singlet microscope with a large magnification of 53X and a diffraction-
limited resolution (NA = 0.1) of 3um is built up to realize simultaneously achiral and chiral
imaging. Based on a customized liquid crystal sample, fast identification of chemical and
biological sample’s chirality is experimentally demonstrated in an all-optics configuration and a

light speed.

In the 9" chapter, a hybrid calculation method is proposed to calculate the optical forces and
torques exerted on non-spherical particles levitated by a complexing optical field. Then, a
prototype of metalens-based LOMS sensor is invented of the world first. In the invention, a design
method is proposed to generate arbitrary optical field via a single-layer metasurface, which could

effectively expand the manipulation degree of freedom of the levitated particles.

10.2 Outlook

While the metasurface has demonstrated powerful manipulation capabilities on optical field and
some world-leading breakthrough applications have been experimentally achieved in this thesis,

there are still a lot of points need to be explored in future.

10.2.1 Working efficiency vs high NA and broadband achromatic

The working efficiency of a metasurface is determined by three factors: transmission of the meta-
atoms, the coupling efficiency [Eq. (2.8)], and the focusing efficiency. Both the transmission and
coupling efficiency can be usually optimized to be higher than 90% and close to 100% for a single
wavelength (i.e., monochromatic application). It indicates that the overall efficiency is general
limited by the focusing efficiency. While a larger NA is desirable for optical manipulation and
imaging applications, the focusing efficiency would inevitably go down with increasing the NA
value, because the refraction angle of the light ray at the metalens edge increases with the NA,
which requires a higher phase gradient in at the edge. To realize a higher phase gradient, the
phase sampling points in a 2m period should be reduced, and the phase error due to the non-

perfect periodical distribution and adjacent coupling will go up. Both the reduced sampling points

110



Chapter 10

and increased phase error can result in a lower diffraction efficiency at the edge as well as a

reduced focusing efficiency of the whole metalens.

It is believed that a higher refraction index and a higher aspect ratio of the meta-atoms benefit to
achieve high NA metalens with high working efficiency. Therefore, the fabrication capability of
nanostructures with high aspect ratio should be improved. In design phase, inverse design
methods which significant extends the design space can be adopted and optimized, which will

be discussed in next section.

In addition to the high NA, the achromatic metalens is in urgent demand for practical applications.
While the chromatic aberration of a metalens can be eliminated for several discrete wavelength
via spatial multiplexing method, the working efficiency of the metalens is general low because of
the reduced sampling point. Meanwhile, it is theoretically figured out that broadband achromatic
metalens is available by engineering the local dispersion relation. However, there are some
challenges to be overcome. Firstly, the low transmission problem of multi-resonances based
broadband achromatic metalens should be explored in physics and overcome in experiment;
Secondly, while non-resonance based metalens (i.e., the one researched in this thesis) can
achieve larger chromatic bandwidth, a broadband chromatic metalens requires a high aspect
ratio and high refractive index contrast. The requirement on high aspect ratio means the
fabrication capability should be improved, and the requirement on high refraction index contrast
means more materials platform with high refraction index and negligible absorption should be

explored.

There are three alternative ways could be explored as well. The first one is correcting the
chromatic aberration via cascading a multiple metalenses or hybrid a metalens and a
conventional lens. However, this method increases the complexity of a whole system and
reduces the working efficiency. The second way is using an inverse design method to optimize the
metalens structural parameters. However, the computer resource of inverse designing a
broadband achromatic and large diameter metalens would be a huge challenge. The third way is
to reconstruct the object from a chromatic image by using artificial intelligence algorithm, which

has been seen as a most effective way of achieving broadband achromatic imaging via a metalens.

10.2.2 Inverse design of metasurface

From last section, we can see the inversely design method can be adopted to achieve high NA
metalens with high focusing efficiency as well as to achieve broadband achromatic metalens with
high efficiency. However, the current inversely design algorithms are time consuming and
requires a huge computer memory. Therefore, innovative inverse design algorithms deserve to be

studied to reduce the design time and required computer memory.
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10.2.3 Large aperture metasurface

It is challenging to achieve large aperture metalens in both simulation and fabrication. As
mentioned above, the phase error arising from the non-perfect periodical distribution and the
adjacent coupling effect would be server at the edge of a metasurface. Therefore, it is necessary
to do a whole device simulation and optimization. However, simulation time and required
computer memory scales approximately as O (R**) for commonly adopted FDTD and FEM
methods. As a result, the numerically simulated metasurface generally has a micrometre-level
diameter, which is usually smaller than the experimental samples. However, in a lot of
applications, the metasurface’s performance highly depends on the diameter, like, the
broadband achromatic metalens. In addition, the whole device simulation is a key role in global
inverse design process. Therefore, the high-efficiency and low-memory simulation algorithm
should be developed to optimize large-diameter metasurfaces in millimetre and centimetre

scale.

The file size of the design layout is the main challenge in fabricating large aperture metasurface.
In general, the layout file needs be transformed to an acceptable format (e.g., the V30 file) for the
patterning tools (e.g., EBL tool) via a software (e.g., the Genlsys beamer). However, in my
experience, the layout file is almost 10Gb for a 4mm metalens with 100 million meta-atoms, and
the file size goes up exponentially with the metasurface’s radius square. Therefore, it is in an
urgent demand for minimizing the layout file. It should be figured out that the new realized
Genlsys beam software embedded with python programming ability provides us with an
alternative way of fabricating metasurface in centimetre scale. That is we can transfer our design

to the EBL tool via python programming code to avoid the restrictions on layout file’s size.

10.2.4 Mass production for commercialization

In past few years, the metasurface is mainly researched in lab and fabricated via EBL or FIB
process. In recently two years, the metasurface attracts many attentions from consumer
electronics field. However, the mass production ability of the metasurface heavily limits the
commercialization of metasurface devices, because the typical EBL and FIB process is time-
consuming and high costs to define high-resolution patterns in a large area. Up to now, the
stepper lithography and nanoimprinting lithography are demonstrated to realize mass
production. However, the patterning resolution of stepper lithography is limited to be above
100nm because the demonstrated stepper lithography works in the wavelength of 248nm, which
would limit the metasurface’s design space. In contrast, the nanoimprinting lithography can
transfer the designed pattern to resist via direct contacting, which is a low-cost, high-resolution,

and high-throughput patterning way. However, the nanoimprint lithography is not a mature
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fabrication process and suffers from some problems, like the contact defects and the template
wear. Therefore, the relationship between these lithography errors and metasurface performance
should be thoroughly studied. In addition, evaluation standards of massively producing

metasurface samples need to build up for guiding the industrial production.

10.2.5 Monolithic integration for structured illumination and manipulation

The monolithic integration of metasurface and light sources (e.g., vertical-external-cavity
surface-emitting Laser, VCSEL; light-emitting diode, LED) is a promising trend because the
structured illumination for super-resolution imaging and structured optical manipulation via on-

chip device are in demand. In fact, two integration methods are attempted in my research.

The first one is passive integration where the light source chip and metasurface sample are
separately fabricated and then manually bonded together by PMMA resist. Because the high
requirement on the uniformity of the PMMA resist and the alignment of metasurface and the light
source chip emission surface, a precisely bonding process and system should be developed.
While the flip chip bonding is a mature process in semiconductor field, the light source chip and
metasurface’s bonding is still challenging because the front surface of the metasurface is too

fragile to be damaged.

The second method is active integration where the metasurface is directly fabricated on the light
source chip. Therefore, the process compatibility must be carefully considered. For example, the
fabrication flow adopted in this thesis can not work for the active integration process, because
the Cr etchant is strong acid and will damage the electrodes of the light source chip. Therefore,

new fabrication flow should be developed to realize active integration.
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Appendix A Dielectric material selection

As discussed above, a high refraction index and a low absorption index of the material would be
beneficial to increase the metasurface design space for achieving high efficiency, high NA, and
broadband achromatic. Therefore, the SizN4, GaN, and TiO, are widely used in visible spectrum,
Siis commonly adopted for NIR and short wavelength mid-infrared applications, and Ge/Te can
be used for long wavelength mid-infrared spectrum. To avoid severe absorption in UV spectrum,
the dielectric material with a wide bandgap value (E; > 3.3eV) is preferred. Therefore, the SiO, (Eq
~ 9eV), HfO, (Es = 5.7eV), AIN (Egz = 6eV), SisN4 (Eg = 5eV), Nb,Os (Eg = 3.65eV) and GaN (E; =
3.4eV) can be used for UV metasurface in theory. However, limited by the low refraction index
(~1.48), the SiO; is usually used as substrate in UV, visible, and NIR spectrums. While the Nb,Os
(Eg = 3.65eV) and GaN (Eg = 3.4eV) metasurface can only high-efficiently work in near UV
spectrum, the HfO, (E; = 5.7eV), AIN (Eg = 6eV), and SisN, (E; = 5eV) metasurface can work in
deep UV spectrum with high efficiency. Recently, a new material platform Ta,Os with a Eg = 4eV

is explored for high-performance metasurface in UV and visible spectrums.
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Figure A1. Refraction (a, c) and extinction (b, d) index of widely used dielectric materials.

(a) and (b) share a same legend, and (c) and (d) share a same one.
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As shown in Figures A1(a) and A1(b), the Nb,Os has a higher refraction index and lower
absorption than TiO, and GaN in a wide spectrum ranging from 300nm to 800nm, which
indicates the Nb,Os is more suitable for near-UV and visible metasurfaces. However, it is
challenging to achieve high-aspect-ratio Nb,Os meta-atoms with small feature size and
smooth side wall, which limits the development of Nb,Os metasurfaces in visible spectrum.
Benefiting from the wide bandgap and high refraction index, the Nb,Os metasurface for near-
UV applications attracts increasing interests in recent years. Meanwhile, the AIN’s utilization
is also restricted by the etching process.

From Figure A1(a), comparing with the other materials, the SisN4 has a lowest refraction index
from 250nm to 800nm, which heavily limits its applications in multifunctional metasurface,
while the fabrication of SizN, devices is much easier and cheaper than fabricating than GaN
andTiO, devices following a conventional CMOS process. To overcome the refraction index’s
restriction, this thesis developed a non-classical spin-multiplexing design regime, and
experimentally demonstrated two tri-channel SisNs metalens samples for integrated
microscope as well as simultaneously achiral and chiral microscope.

The Ta,Os material can be used for high performance UV and visible metasurface because
its refraction index s high enough, itis transparent from 350nm to 800nm, and its fabrication
is totally CMOS-compatible.

Figures A1(c) and A1(d) respectively demonstrate the refraction index and extinction
coefficient of Ge, a-Si, and c-Si in visible and NIR spectrums ranging from 400nm to 2000nm.
It could be seen that the Ge will suffer from higher absorption than Siinvisible and NIR region,
while it has a higher refraction index. In addition, the cost of Ge material is much higher than
Si. Therefore, researchers are trying to achieve high performance Si metasurface working in
mid-infrared. In addition, we can see that the a-Si has a much larger extinction coefficient
and a slightly larger refraction index than the c-Si in visible spectrum ranging from 400nm to

800nm. Therefore, ¢-Si is more widely adopted for visible metasurfaces than a-Si.
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Appendix B Fabrication details and notes.

B.1 Temperature’s influence on PECVD a-Si

The meta-atoms in a-Si metalens have a height of 800nm. An 800nm-thick a-Si film needs to
be deposited on the cleaned SiO, wafer. Initially, the film is deposited at 200°C via the PECVD
(DP02), but it peels off from the substrate in 24 hours. To improve the adhesive force between
the a-Si and SiO, substrate, the deposition temperature is increased to 250°C, and the

deposition rate is measured to be 16nm/s.

B.2 Optical property of PECVD Si3N4

To achieve 800nm-thick SisN4 film on a SiO, substrate, the SiH4(12.5sccm), NH3(20sccm) and
N,(500sccm) gases are used in our PECVD tool (DP0O1). The deposition temperature, RF
power, and pressure are 350°C, 20W, and 750mTorr, respectively. A deposition rate of
25nm/min is achieved in experiment. The optical properties of the PECVD SizN, film are
shown in Figure 7.7(b) which indicates the absorption does not equal to zero anymore for the

wavelength shorter than 441nm.

B.3 RIE parameters for Si3N4

To try to obtain good side wall of the SisN4, meta-atoms using RIE tool (EP02), the etching
parameters are optimized to be 75W in RF power and 55mTor in pressure. The flows of
etching gas CHF; and O, are 18sccm and 2sccm, respectively. The fabricated SisN, meta-

atoms are shown below.
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Figure A2. SEM image of SisN, meta-atoms.
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B.4 E-spacer’sinfluence on EBL

As shown in Figures. A3(a), there is always a bubble on the metalens region when a large-
aperture metalens is patterned by EBL based on the free e-spacer (i.e., ESPACER 300Z from
Showa Denko company), and the EBL patterned metalens array has a poor uniformity [Figure.
A3(b)]. When a high-quality e-spacer is used as the conductive layer, the large aperture
metalens sample can be fabricated without any bubbles [Figure. A3(c)], and a good

uniformity can be achieved for the metalens array [Figure. A3(d)].

Figure A3. EBL pattern using (a)-(b) free e-spacer, and (c)-(d) charged e-spacer.



Appendix C
Appendix C Working mechanism in linear polarization

basis.

The Jones matrix [Eq. (2.5)] of metasurface is adopted as the starter [Eq. (A.1)] to derive the

working mechanism of a classical spin-multiplexing metasurface in linear polarization basis.

[giz] _ it [cos (20) sin (26) [gﬂ (A1)

sin (20) —cos (20)

E
x] = [COS 220 ), the ongoing

Ey | Isin (2y)

optical field can be obtained as Eq. (A.2), which is an linearly polarized light beam with a phase

When the incident light beam is linear polarization (LP) (i.e., [

profile of ¢, and a linearly polarized angle of 26 — 2y. It means that, a classical spin-multiplexing
meta-atom could simultaneously rotate the local polarization direction (from 2y to 26 — 2y) and

impose a phase of ¢, for an incident LP beam.

[E,?] _ [c05(29 - 2)()] (A.2)

Ep| sin (20 — 2y)
Based on Eq. (A.2), a simple explanation of the orders and topological charges of the CVBs
represented by HOPS/HyOPS’ equator could be given as below. Based on the Eq. (6.6) and Eq.
(6.7), the designed metasurface for generating arbitrary VVBs over a HOPS/HyOPS has a
propagation phase profile of Eq. (A.3), and the meta-atoms array of the metasurface has a

rotation distribution of Eq. (A.4).

2 (0, 9) = ©(p) + ()9 (A.3)

0(p, @) = (5 (A.4)

Substituting Eq. (A.3) and Eqg. (A.4) into the Eq. (A.2), the ongoing optical field from the
metasurface can be obtained as Eq. (A.5), which denotes a serial of CVVBs with a vector order of

(N — M)/2 and atopological charge of (M + N)/2 and can be tuned via the polarization angle 2y.

N-M
0 . e -2
[g] _ cloto(*)p) 02105 09 = 221 (A5)
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