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Abstract

University of Southampton
Faculty of Engineering and Physical Science

School of Electronics and Computer Science

Doctor of Philosophy

Near- and far-field wave shaping for optofluidic particle manipulation

by Shenggqi Yin

Optofluidic particle manipulation provides a powerful and versatile technological platform
for on-chip sensing. Embedded planar nanophotonic devices can shape electromagnetic fields
in fluidic channels, allowing for a high level of control over particles. This thesis reports my
research contribution to designing optofluidic nanostructures for several different kinds of on-
chip particle manipulation that are detailed as below.

I have numerically demonstrated plasmonic nanoparticle routers that can guide and route
nanospheres in a microfluidic channel. I have analyzed the power flow and the corresponding
optical force on the nanosphere, and have derived the Maxwell stress tensor utilized in the
finite element analysis solver. I also identified the relationship between the relative refractive
index of the nanospheres and the magnitude of the generated optical force. The results suggest

a new method for next-generation plasmo-fluidic sensing.

I have designed dielectric metalenses with phase profiles that can be coherently controlled.
The Mie scattering field from the meta-atoms of the metalens can be tailored dynamically, in
which the output Bessel beam sweeps in a range from —1.37° to 1.36°. I have further analyzed

particle routing in a continuous flow.

I have numerically demonstrated a metalens-based microfluidic microsphere sorter that en-
ables automatic sphere sorting based on fluorescent color. The sorting originates from the
metalens” ability to focus fluorescent light back onto the target sphere, creating self-induced
optical tweezers. Because the embedded metalens doublet eliminates the need for any addi-
tional sorting mechanism, the technique can be referred to as FEACS (Fluorescence-Enabled
Automatic Cell Sorting) to highlight its self-sorting capability.


http://www.southampton.ac.uk
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Chapter 1

Introduction to Thesis Structure

As aresearch and technology area, optofluidics is at the intersection of optics and microfluidics
regions. Optofluidics enables advanced applications in minimized lab-on-a-chip and biosens-
ing regions [1]. Based on the interaction between photons and fluidic medium at the nano- and
micro-scale, optofluidic devices can be classified into two groups that explore light-on-fluid
and fluid-on-light actions, respectively [2, 3]. The former enables optical sensing, marking,
and manipulation for performing automatic functions such as particle sorting and separation
in a microfluidic medium [4, 5]. This integration provides several unique characteristics that

can be leveraged for biological and chemical analysis.

Optical force can be exploited to transport particles between the laminar flows, allowing
for devices such as optofluidic switches, optofluidic microscope, optical-based droplet manip-
ulation and integrated optical tweezers [2, 6, 7]. This thesis shows how nanophotonic devices
can be integrated with microfluidic systems as a lab-on-a-chip routing and sorting system. Em-
bedded nanophotonic devices for guiding dielectric particles in the near-field and the far-field
[8, 9] could be helpful for biosensing in terms of controlling test samples. The contents of each

following chapter are summarized below.

e In Chapter 2, I provide a review of different interactions between light and fluid, optoflu-

idic applications, and optical tweezers used in a microfluidic channel.

e In Chapter 3, I numerically demonstrate novel plasmonic nanorails with a Y-branch junc-
tion for continuous near-field particle routing [8]. The evanescent field can be controlled
by adjusting the incident wavelength, and it can transport nanoparticles injected into the

microchannel toward a determinated terminal.

e In Chapter 4, I numerically demonstrate a new approach for long-range trapping of di-
electric spheres by using a coherent controllable metalens [9]. The output beam from a
phase gradient metamaterial surface can be tuned by using coherent control. This tuning

enables Rayleigh- / Mie-sized spheres guiding and routing in optofluidic systems.
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e In Chapter 5, | numerically demonstrate a metalens doublet for sorting fluorescent parti-
cles in microchannels. A pair of metasurfaces structured on the opposite sides of a silica
layer is analyzed. The doublet focuses fluorescent light back onto a source particle, which
may lead to automatic cell sorting. The doublet has wavelength selectivity, giving rise to

self-sorting of a different fluorescent microspheres.

e In Chapter 6, | summarize the main achievement of my PhD research and propose future

work that can be derived from this thesis.



Chapter 2
Introduction to Optofluidics

Optofluidics has emerged as a vibrant research topic in recent years [2, 10]. Fluid, a material
that continually deforms under an applied external force, shows flexibility and reconfigurabil-
ity. Fluidic replacement and modification result in tunable optical systems using the microflu-
idic framework to generate highly compact and integrated optics devices [1]. Microfluidic de-
vices can provide a controlled environment for photon-to-liquid interaction; simultaneously,
in sensing applications, they only require small volumes of analyzed samples and can enhance
detection efficiency. Following these concepts, various types of devices are adopted in minia-
turized lab-on-a-chip applications, such as optofluidic lasers [11, 12], adaptive optical lenses
[13, 14] and optofluidic microscopes [6]. In addition, optofluidics has demonstrated a wide va-
riety of achievements in biosensing and chemical analysis, such as optically actuated routers
[8, 9], optical cell manipulation [7, 15], and DNA analysis [16]. This chapter attends on the
interaction between photonics and microfluidics, especially tunable optical force in near-field
and far-field at visible and near-infrared [17-19], which is directly related to the research of this

thesis.

At present, optofluidic devices are often used to complete light ray control by modifying the
refractive index of liquid mediums or by changing droplets injected into the fluid environment
[10, 20]. By changing the parameters of solvents in the microfluidic channel, an optofluidic
system is capable of affecting the embedded optical system in interference and scattering. In
addition, light from photonic devices in a microfluidic system can excite, actuate, and analyze
the target particle (e.g. single cells, dielectric beads, and fluorescent spheres) suspended in
the microfluidic system. Based on these mechanisms of interaction between light and fluidic
medium, optofluidics can be classified into two categories: fluidic action on light and optical

action on fluid. In the latter, the term fluid also covers particles inside a fluid.
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2.1 Fluidic action on light

In conventional solid photonic structures (e.g. those made of metal, silicon, and fused silica),
in which the whole geometries are fixed after fabrication, optofluidic can exploit changeable
fluidic mediums to reconfigure optical parameters after embedding these photonic structures
into a microfluidic device. Therefore, microfluidics is not an afterthought to an optofluidic
device but an essential component. The synthesized photonic-microfluidic devices show mer-
its with advanced adaptivity, liquidity, and re-moldability. Furthermore, by manipulating the
fluid parameters in refractive indices or solvent types, optofluidics can develop light genera-
tion, light routing, and light discrimination [2]. The main aim is to generate a photonic device

whose function is mostly determined by a fluid.

The first example is an optical system for generating laser light from a pump source. Laser
(i.e. light amplification by stimulated emission of radiation) is usually exploited as an opti-
cal source due to its high temporal coherence, directivity, and monochromaticity, as compared
with LED sources and fluorescence sources. Three components are often considered to con-
stitute a laser source: incident pump light, a suitable amplification medium, and frequency-
selective feedback in an optical cavity. In the context of optofluidics, except for the external ex-
citation pump light, the rest two components can be compactly integrated into a lab-on-a-chip
system. It can incorporate novel frequency tuning mechanisms, like mechanical stretching [21]
and pneumatically actuation [22, 23], which depends on an elastic solid-type poly-dimethyl-
siloxane (PDMSY) air cell. Previous reports have introduced a wide variety of on-chip dye-laser
with controllable microfluidic systems [11, 23-28]. Microdroplet with a refractive index higher
than that of the surrounding liquid medium, can form an optical microcavity that results in
whispering gallery modes (WGMs) [11]. An array of nozzles, shown in Fig. 2.1 a, integrated in
a microfluidic channel injects oil droplets with a diameter ranging from 115 to 475 pm. These
droplets support high Q-factor (> 10°) WGMs with lasing thresholds as low as 0.63 1 /mm?
[26]. In Fig. 2.1 b, an on-chip tunable laser with a corrugated sidewall structure forms a dis-
tributed feedback (DFB) grating, which can be switched on and off using a pneumatic cell This
leads to an 8.84 dB attenuation of laser emission with a pressure of 50 psi on the pneumatic cell
[23]. In addition, optofluidic lasers have demonstrated a lower lasing threshold at 113 nJ /mm?
by using a high Q-factor Fabry-Pérot (FP) resonator [12, 27, 29], a microring resonator (shown
as Fig. 2.1 ¢) [27, 28, 30, 31], a hollow-core fiber (in Fig. 2.1 d) [25, 32] and forster resonance
energy transfer (FRET) [25, 29, 33]. These examples demonstrate that optofluidic dye lasers are
superior in low threshold and reconfigurable functionalities.

The second example is to route and shape the light beam guided into microfluidic systems.
In conventional optics, a solid-state integrated optical waveguide can be used to transport
light from one point to another. The principle is that light wave can be confined by the total
internal reflection (TIR) for mediums with different refractive indices. Simultaneously, struc-
tured waveguides have been used to achieve spatial multiplexing and demultiplexing. These
properties are highly relevant to optofluidic devices because liquid mediums in optofluidics



2.1.

Fluidic action on light

Fig. 2.1. On-chip dye-lasing. (a) Schematic diagram of a droplet laser array on a silicon chip.
The oil channel splits into 4 identical branches to route the oil into the 2 x 2 micro-nozzle,
shown in the perspective view, cross section view, and top view. The generated oil droplets as
microcavities are immersed in the surrounding water channel (not indicated in this panel). (b)
Schematic of a PDMS optofluidic DFB dye laser chip built with corrugated sidewalls. Ethy-
lene glycol and water, with dissolved rhodamine 6G as gain medium, is injected into the
microfluidic channel with a solid-core waveguide shown in the zoom-in view at the bottom
right. A pneumatic control over a segment of the DFB grating can operate the laser operation
by the tuning pneumatic pressure. The emission laser exits the microchannel via the waveg-
uide shown at the bottom left. (c) Three-dimensional schematic diagram of a hollow-core
microstructured optical fiber and its SEM photographs (bottom row). A liquid-core with gain
medium and 6 symmetric segments air-cores constitute this hollow-core fiber. (d) Schematic
and photo of the chip-scale hollow-core fibre array. A liquid-core fiber is located beneath 5
microfluidic channels with the test samples. The figures are reproduced (a) from [26]; (b) from
[23]; (c) from [31]; (d) from [25].
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can be dynamically reconfigurable and contain the sample to be tested. This allows optical
waveguides embedded into the liquid medium to achieve on-chip detection. Figs. 2.2 a-c
demonstrate three different optofluidic routers to guide light into chip-scale systems, all are
compatible with planar on-scale integration and have unique advantages. Fig. 2.2 a shows an
aerogel-based micro-photoreactor that confines both the aqueous core liquid and the guided
light [34]. Total internal reflection (TIR), enables this single liquid-filled channel to function as
an optofluidic waveguide. This phenomenon occurs due to the refractive index of the cladding
(Maeroger = 1.06) is smaller than that of the core liquid. Both liquid-liquid and liquid-air com-
binations have been used to put this principle into practice [35-37]. A second possibility is to
use a solid-core rib waveguide under a liquid-core waveguide, in which light is confined to
the guide modes of the solid core surrounded by a fluidic core [38]. This principle is illustrated
in Fig. 2.2 b, where a hollow waveguide, i.e. liquid-core waveguide, covers solid waveguides
[39, 40]. In this integrated hollow-core anti-resonant reflecting optical waveguides (ARROW),
the light from a 633 nm single mode laser is coupled to the rib solid-core waveguide. It is used
to detect fluorescent microbeads injected into the hollow-core waveguide, which has achieved
multiplexed routing and detection with an optical throughput of 9.1% and an average sig-
nal per bead of 15 counts/ms. The other possibility is to exploit a coupled cavity localized
near a waveguide to control the transmittance spectrum and the reflectivity in the waveguide
[41, 42]. A plasmonic metal-dielectric-metal slit waveguide-based tunable wavelength filter
with an optofluidics pump system is shown in Fig. 2.2 c. In this research, a surface plasmon
polaritons (SPPs) based waveguide achieves wavelength filter by coupling a side slit segment
with the fluidic channel. It is possible to control the liquid-air interface in the slit segment by
using an optofluidics pump system [43]. In addition, microlenses in an optofluidic system al-
low for very compact optical systems, that can focus light [11, 44]. Three typical optofluidic
lenses on different configurations are introduced in Fig. 2.2 d [14]. Firstly, a liquid-liquid or
liquid-air interface is established by using different materials, and this interface can be con-
trolled by electrowetting [45], the pneumatic actuator [46], and voltage [47]. In the research of
K. Mishra et al., an external voltage is exploited to reshape an oil-water interface from a spher-
ical profile to a perfect aspherical profile for eliminating longitudinal spherical aberration [44].
Unfortunately, gravity significantly affects the shape of the liquid-liquid (-air) interface, which
causes the incident light to diverge [48]. Secondly, a fluid-solid interface relies on elastic mem-
branes that can be manufactured into various lens types and are more resistant to external
inertial disturbance. The shape of elastomer-liquid lenses can be changed by pumping fluid
into the lens chamber [44], and by pneumatic actuating [49]. Thirdly, modulating the refractive
indices of the materials that make up optical fluidics is another way to achieve tunable refrac-
tive power. Liquid gradient refractive index lenses and adaptive liquid crystal lenses are two

example applications [50, 51].

The third example is to tune light beams for sensing via controllable medium-to-medium
interface, e.g. liquid-air, liquid-liquid and air-elastic solid interfaces [14]. Through a number
of methods, such control has been introduced to optofluidics, demonstrating the design flexi-

bility gained by integrating non-solid materials into solid-state photonic environments. In this
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Fig. 2.2. On-chip optofluidic router. (a) A schematic diagram shows an aerogel-based liquid-
core waveguide and its corresponding cross sectional view of light guiding in the liquid by
total internal reflection. (b) Illustration of an integrated solid-core and liquid-core waveguide
based on an antiresonance reflection optical waveguide. Light in the solid-core waveguide is
guided into the liquid-core hollow waveguide, where the sample is injected to be detected. (c)
A surface plasmon polariton-based waveguide with a side coupler that is filled with control-
lable fluid. (d) Three types of optofluidic microlenses, that is, two-phase interface lens (Type
I), membrane lens (Type II), and refractive index-based lens (Type III). Plane waves illuminate
these microlenses from the left and generate focusing beams on the right. The figures are re-
produced (a) from [34]; (b) from [39]; (c) from [43]; from [14].

context, three characteristic devices are shown in Figs. 2.3 a-c, which are beam splitter, beam
router, and beam switch, respectively. A polarization beam splitter based on an optofluidic ring
resonator is illustrated in Fig. 2.3 a. Its operation depends on the birefringence of light pass-
ing through. At the resonance wavelength, only one polarization can travel while the other
does not; hence the light with TE and TM polarizations will be extracted by the microfiber and
the fiber tip, respectively [52]. A tunable liquid-liquid (-air) interface is often chosen to real-
ize a controllable optofluidic switch [53-56]. In Fig. 2.3 b, a fluidic chamber containing three
different liquids can create routing and power distribution; an electrowetting dyed liquid can
distribute light to two outputs at any ratio between 0% and 100% [45]. With a voltage of 55V,
the dyed liquid spreads and covers the output lightpath to realize a “switch off”. In addition,
the low Young’s modulus of PDMS (759K Pa) [57] enables a much more straightforward tuning
method, that is, air (liquid)-elastomer controlling. By using a pneumatic actuator or a pumping
system, pressure applied to the fluid alters the contours of the elastic material to achieve TIR
or change the radius of microlens curvature [13, 37, 48, 58]. Fig. 2.3 ¢ demonstrates a pneumat-
ically tunable 2 x 2 optofluidic switch that is fabricated on a PDMS chip and controlled by air

pressure [46]. At the PDMS-air interface of the air-gap mirror, the two incident beams can be
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deflected entirely when the applied pressure reaches 1.2 bar.

Fig. 2.3. On-chip optofluidic beam controller. (a) A schematic illustration of a polarization
beam splitter based on an optofluidic ring resonator (top) and the illustration of enhanced bire-
fringence in the optofluidic ring resonator (bottom). (b) Schematic structure of a beam router
(top), controlling three different liquids in a fluidic chamber and electrowetting dyed liquid.
The bottom portion demonstrates the light route tuned at the liquid-1/ liquid-2 interface. Ad-
ditional external voltages applied on electrodes switch between the “on” and “off ” states. (c)
Top view of a 2 x 2 beam switch, which can tune “Bypass state” (top row) and “Crossover
state” (bottom row) by regulating the pressure applied on the fluid to bounce PDMS mem-
brane using a pneumatical controller. The figures are reproduced (a) from [52]; (b) from [45];
(c) from [46].

In conclusion, optofluidic devices bring unique tunability. Furthermore, the incorpora-
tion of fluidics assists the implementation of multiplexing into photonic devices. In multi-
plexed analysis, the advantage of lab-on-a-chip devices is the small sample volume and reagent
needed. More innovative optofluidic methods for shaping and imaging beams are currently
emerging. Examples include color-tunable pressure sensors by using nanostructured polymer
membranes [49], laser interferometry based on nanoporous membranes [59] and broadband

laser routers based on liquid-filled hollow-core photonic crystal fiber [60].

2.2 Optical action on fluid

Currently, analytical techniques based on microfluidics have become essential for chemical
and biological analysis. Novel applications and prospects in cell- and molecule-level detection
have emerged. Especially in cell study, high compatibility of microchannel dimensions and
cells, which is possible to simulate the cellular environment in vivo, can be achieved in vitro

[61, 62]. Simultaneously, optical detection has high sensitivity and is easily integrated with a
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microfluidic chip, making it more suitable for the real-time detection of live cells. Based on the
optical method, the optical detection technology used in microfluidics can be classified as an
off-chip detection system and an on-chip detection system. As compared with off-chip optical
systems, an on-chip optical system in microfluidics shows advanced properties in automa-
tion, portability, integration, and programmable tunability [3, 10]. By combining a compatible
photonic detector and a microchannel, optofluidics can expand the detection function of a mi-
crofluidic chip. Besides, it can more sensitively detect and analyze the experimental result in
the chip. Because it incorporates sample preparation and transport with the analytical process,
optofluidics is particularly well-suited for real-time biological/ chemical detection and analy-

sis in tiny detection volumes (femtoliters to nanoliters).

In past decades, optofluidic devices have substantially influenced biomedical and chemical
applications. A previous research paper has reviewed the applications of optofluidic devices
with different photonic components detecting cells, pathogens, protein biomarkers, and nu-
cleic acids [63]. Several optical characteristics, such as refractive index (RI), fluorescence, Ra-
man scattering, absorption, and polarization, can be used individually or in combination. The
detection can be grouped as follows: fluorescence detection, surface-enhanced Raman spec-
troscopy detection, RI detection, and surface plasmon resonance (SPR) detection. For example,
a multiplexing wide waveguide based on multimode interference (MMI) ARROW can confine
light into sample flow and output fluorescence signal, as shown in Fig. 2.4 a [64]. In addi-
tion, waveguide [65], fiber [66] is also commonly used as as optical device for fluorescence
detection based on optofluidics. It is used to establish a optofluidic point-of-care testing plat-
form [67] and a lab-in-a-fiber system [68]. As compared with fluorescence detection, optoflu-
idic detection based on Raman spectroscopy shows higher reproducibility [66, 69]. In recent
studies, a number of SERS-active components, such as silver nanoparticles colloid [70], nano-
metric gold layer [71], and gold nanorods [72, 73], are used to further improve the sensitivity
of Raman spectra via surface resonance enhancement. By including extra plasmonic com-
ponents, surface-enhanced Raman spectroscopy (SERS), a highly sensitive molecular analysis
technique, may achieve non-destructive detection of molecular bond by “fingerprint” recogni-
tion, allowing the identification of the analyte’s constituent component. As Fig. 2.4 b shows,
an on-chip parallel detector is available to inject a two-phase segmented flow for transporting
target analyte and flower-shaped gold nanoparticles to the detection region [74]. Simultane-
ously, plasmonic materials are also used to create a surface plasmon resonance (SPR) detector
with an integrated microfluidic channel [75]. Unlabeled real-time monitoring of biomolecular
interactions at the interface is the key property of SPR detection, and signals of biomolecular
interactions may be acquired by monitoring dynamic changes in SPR while biological reactions
take place [76-78]. As shown in Fig. 2.4 ¢, localized SPR-based gold nanorods as plasmonic gel
films can detect the enzymatic reaction [79]. Unlike the previous detection method, the intro-
duced refractive index detection can deal with non-fluorescent, no-absorption, and dielectric
analytes [80, 81]. In the research of Barshilia ef al. [82], a glass planar waveguide (as Fig. 2.4
d shown) is exploited as a portable RI detection system to detect the microchannel above the

waveguide. In addition, polymer bent ridge waveguides [83], cascade-microlens [84], Bragg
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microcavities [85], and photonic crystal fibers [75, 78] are used in microfluidic channels to cre-

ate rapid, high-throughput, low-cost sensors based on RI detection.

Fig. 2.4. Detection technologies based on optofluidics. (a) Schematic diagram of an MMI-
ARROW device, in which light is confined by a solid-core MMI waveguide. Analyte with
biomarkers are transported in an ARROW liquid-core waveguide and output fluorescence sig-
nals are extracted by a perpendicular collection waveguide. (b) Illustration of a parallel SERS
detector that mixes flower-patterned gold nanoparticles and gradient samples for detection.
(c) Schematics of gold gel films based on gold nanorods and the corresponding spectrum of
peak shifting before (black straight curve) and after (red dot) adding H,O; solution. (d) A
wide waveguide-based refractive index detector shows the incident light transport beneath
the microfluidic channel, and the transmitted light through the waveguide is used for real-
time analysis. The figures are reproduced (a) from [64]; (b) from [74]; (c) from [79]; (d) from
[82].

Sample analysis requires diversified operations, such as preconcentration, sorting, and
trapping. When compatible photonic components are integrated inside microchannels, it is
possible to efficiently manipulate a group of cells or a single cell by using external optical
force. At typical flowrates in microfluidic systems is often laminar because the viscous force of
the fluid in a microchannel is often significantly stronger than the inertia force. By utilizing the
geometric regularity of laminar flow, ordered arrangement of cells in a microchannel may be
achieved [10]. The laminar flow occurs when a fluid flow in a channel, its mass point moves
in a smooth straight line parallel to the channel axis, as shown in Fig. 2.5 a [86]. By control-
ling injected velocities of the fluid into a microchannel, the laminar flow effect can effectively
limit the trajectory of the analyte and selectively transport and trap the analyte to the specified
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detector through embedded photonic elements. As Fig. 2.5 b shows, an optofluidic platform
can demonstrate a series of single-cell analysis processes, which includes manipulation, treat-
ment, and detection [4]. In this approach, microfluidic platforms provide stable transport,
while photonic devices perform a range of tasks by applying additional forces on a single cell.
Furthermore, integrated photonic devices make it possible to realize multi-cellular manipula-
tion simultaneously [80, 87]. In Fig. 2.5 ¢, a planar waveguide embedded under a microfluidic
channel shows the possibility to transport particles perpendicular to the flow direction as a
conveyor belt [88]. Particles can be collected and transported along the excited waveguides
while altering the energy coupled to the waveguide can switch its capture and release states
[88, 89]. The interaction between light and particles provides the possibility of particle sorting
by exploiting on-chip photonic devices. A mechanism for enhancing the size-based particle
sorting technique is shown in Fig. 2.5 d, which separates polystyrene microspheres with three
different diameters of 2, 5, and 10 um [5]. At present, existing particle separators are able to

achieve separation purity greater than 95% [90, 91], even reaching 100% [92].

Fig. 2.5. Optofluidic platforms for optical manipulation. (a) An illustration of the laminar
flow phenomenon shows a three-input microfluidic channel, in which the two outer chan-
nels contain fluorescent dyes rhodamine and fluorescein, for visualization. (b) A schematic
diagram of an optofluidic platform for the single-cell analysis process. It consists of manipu-
lation, treatment, and detection functions. (c) The schematic diagram of a planar waveguide-
based optofluidic router can manipulate the trajectories of trapped particles. The particles are
transported by liquid flow where the flow direction is perpendicular to the waveguide. (d) Il-
lustration of an optofluidic enhanced sorting system with two inputs containing particles and
sheath. Laser light pushes the particle along the beam propagation direction. The figures are
reproduced (a) from [86]; (b) from [4]; (c) from [88]; (d) from [5].
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This section reviews the benefits of incorporating photonic devices into microfluidics de-
vices in detecting and manipulating analytes. In general, the advantages of photonic deceives
and microfluidic devices are complementary to each other in optofluidics. In the following
three sections, optical manipulation of small particles is discussed in detail, as it directly re-
lates to my PhD work.

2.3 Optical manipulation

Since the pioneering work of Ashkin et al. on optical trapping [93], a wide range of optical ma-
nipulation methods have been developed. Single beam gradient force trapping, known as op-
tical tweezers uses a highly focused laser beam to trap and manipulate micro- and submicron-
scale objects using a highly focused laser beam. The principle of optical tweezers is that the
light field will push a transparent object in a highly focused light field to the location with the
maximum light intensity [86, 94]. It combines gradient force and radiation pressure, as shown
in Fig. 2.6 a. Gradient force is precise the polarization of an object in an electric field that
draws the object to where the electric field is the greatest. Simultaneously, scattering induces
radiation pressure because photons have momentum and push objects along the direction of
light. Stable optical capture is achieved when the gradient force is balanced with the radiation
pressure. The optical force can penetrate transparent and semi-transparent objects to identify
the structure’s liquid content and mechanical properties [95, 96]. Since the experiment can be
carried out without physical contact, tissue damage can be avoided. Optical tweezers possess
a wide range of applications in biological systems, from manipulating luminous nanoscale ob-
jects to pathogens such as cells, and bacteria [15]. The optical trapping potential of a single
laser is determined by the relation between the incident light’s wavelength and the particle’s
size, the refractive index of the particle, and several parameters (e.g. densities, refractive in-
dices, and viscosities) of the surrounding medium [97]. When the particles size is considerably
larger than the laser wavelength, the geometric optical model can be used to predict the optical
gradient force, and the relation between refractive index and momentum transfer can also be
explored, as shown in Fig. 2.6 b [1, 98]. In contrast, if the particle’s size is substantially smaller
than the laser wavelength, it is considered a dipole in an inhomogeneous electromagnetic field

and can be analyzed using the Rayleigh scattering theory [99, 100].

Moreover, many optical tweezers controlled objects are in biological tissue in liquid media.
The viscosity and Brownian force of the liquid can be used to estimate optical trap force and
optical trap properties. Fig. 2.6 c illustrates the Brownian motion of an optically trapped parti-
cle [1]. An optical trap produced by two orthogonally polarized beams propagating opposite
to each other traps a 3 pm particle. A 3-dimensional map shows the optical potential energy,
and the particle position under the Brownian motion is recorded. Under this condition, the
mean square displacement curve tends to be stable after 1 ms, while the maximum value of the

displacement is less than 107!> m2. As mentioned above, particles in the optical trap will be
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exposed to both gradient force and radiation force, and particle manipulation may be accom-
plished by balancing the two. A gradient force larger than the radiation pressure is required to
attract particles, especially under the influence of Brownian motion in an optofluidic device.
This is possible with a high numerical aperture (NA) objective lens, which can highly focus the
laser beam to form a diffraction-limited focal point, enhancing the gradient of the field ampli-
tude. Because the gradient force is proportional to the gradient of the field amplitude, it can
produce a force of several hundred pico-newton force [15, 101].

Fig. 2.6. Schematic diagrams of the confinement of optical tweezers. (a) Intensity gradients
in the converging beam can push a colloidal particle towards the focal waist. Meanwhile, the
radiation pressure of the laser beam pushes the particle along the positive optical axis. (b)
Ilustration showing how a particle gains momentum as a photon refracts inside it, shown
in the top row. The bottom row shows the ray optics model for symmetric and asymmetric
beams and corresponding gradient forces F. (c) The confinement of an optically trapped par-
ticle moves under Brownian motion, where the particle trajectory is shown as the black line.
The bottom row shows the mean square displacement of a particle in optical tweezers. In the
inset, the Brownian motion of a trapped micro-scale particle is depicted, with shading corre-
sponding to the sample point. (d) Schematic diagram showing various forces on particles in a
laminar flow. The grey parabolic curve represents the flow profile of the laminar flow in a mi-
crochannel, and the solid grey arrows represent corresponding flow velocities U. The dashed
arrows show the direction of movement. When the particle moves close to optical tweezers,
only the forces induced by the laser beam are shown for clarity. The forces acting on the parti-
cles are: wall-induced lift force Fyy, shear gradient lift force Fsg, gravity force Fg, viscous force
Fy, scattering force (i.e. radiation pressure) Fs., optical gradient force Fg,, and optical-induced
thermophoretic force Fr. The figures are reproduced (a) from [86]; (b) and (c) from [1].
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Forces that can act on the particles in an optofluidic platform are shown in Fig. 2.6 d. For a
particle far away for the focus of optical tweezers, gravity force will push the particles toward
the bottom. The wall-induced lift force pushes the particles away from the wall, while the shear
gradient lift force drives the particles away from the center of the flow [102].Under these forces,
the particles transfer laterally to an equilibrium position where the net force is zero [102]. The
viscous force appears in the opposite direction of the particle movement while the particle
is at equilibrium position. In addition, due to the thermal convection generated by the laser
beam, thermophoretic force tends to drive the particle away from the heat source. Based on
the force analysis above, the effect of fluidic force on optical manipulation can be eliminated by
placing the photonics devices below the equilibrium position of the microchannel. In previous
research, the trapping stiffness increases linearly with the increase of laser power, which means
that the enhancement of gradient force is sufficient to overcome the increase of thermophoretic
force when the incident energy increases [103]. In later chapters, only the contribution of light

forces acting on particles is considered.

Optical tweezers are minuscule “tweezers” that manipulate particle movement and rota-
tion. As the first example, optical tweezers-based tractors [95, 104], shown as Figs. 2.7 a-b,
can move particles without using high NA lenses. Based on the principle of optical force, the
motion of a particle in an unfocused beam follows the forward scattering of light because only
radiation pressure existed. However, the optical tractor could indeed transport the particle
in reverse. Fig. 2.7 a illustrates a tunable angle-based optical tractor, which is can pull and
push particles of a 410 nm radius by adjusting the angle of wave vectors between two incident
beams. The pulling force exists while the angle is between 152° and 180° [105]. An optical
tractor also depends on the polarization of the tractor beam, as shown in Fig. 2.7 b. More
specifically, a gold-coated glass sphere shows forward motion in a radially polarized beam,
while it moves backward in an azimuthally polarized beam [106]. Radial polarization can be
generated in several methods. A common method is to use g-plates [107] or liquid crystals
[108] to convert a light beam from circular polarization to radial polarization. As the second
example, optical tweezers created using vortex light can provide angular momentum to induce
orbit rotation and spin in trapped particles [109-111]. Fig. 2.7 ¢ shows the coefficients of spin
angular momentum (SAM) and orbital angular momentum (OAM) on a sphere with a radius
of 250 nm [112]. Both radial and circular polarized vortex beam can exert OAM and SAM on
the trapped particle, causing it to spin while orbiting the optical axis. Such structured beams
show the possibility of optical tweezers performing complex and multiplex manipulations on
microscopic objects, such as confinement, conveyance, and rotation.
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Fig. 2.7. Optical manipulation with structured light. (a) Illustration of two plane waves with
tunable wave vectors. A particle located in the two beams is dragged in reverse along the
resultant vector of the two wave vectors. (b) Schematic diagrams of polarization-based optical
tractors demonstrating the forward and backward movement of semitransparent spheres. The
green arrow represents light propagation, and the black arrows represent motion tendency. (c)
A schematic diagram of spin and orbital torque vectors on a particle in the focusing fields of
a vortex beam with topological charges of m = —5. The white arrows represent the orbiting
motion, the black circles around the particle with arrows represent the directions of spinning
motion, and the black arrows represent the spin torque vectors. The figures are reproduced (a)
from [105]; (b) from [106]; (c) from [112].

2.4 Optical manipulation in the near-field

Methods of using optofluidics for trapping single cells or even molecules, cell transport, and
sorting cells of various sizes have all become novel research subjects [7, 20]. Conventional
optical-based tweezers [86, 113] trap and manipulate micron-scale objects by concentrating a
laser beam and using the optical force at the focal spot. Although optical tweezers can manipu-
late sub-micron-scale samples, they require significant optical power because of the diffraction
limit of laser focusing. Optical tweezers require a large numerical aperture to provide a strong
gradient force against radiation pressure to achieve stable trapping. Thermal effects, such as
heating from the laser beam and thermal convection [114] in liquid, may affect the trapping
efficiency. Furthermore, conventional optical tweezers often need large equipment and are
often difficulty for batch operation. It is thus worth considering novel near-field optical ma-
nipulation technology for sub-micron target samples. Recently, advanced near-field optical

manipulation has been used, which employs waveguides [88], optical resonators [115], and
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plasmonic tweezers [116]. These near-field optical tweezers are often extremely small, allow-
ing for large-scale integration on a single optofluidic chip. In this section, several tweezers
based on surface plasmon resonance (SPR) are reviewed.

Fig. 2.8. The development of optical tweezers for trapping. (a) Schematic diagrams show
conventional optical tweezers (left) and plasmonic-based optical tweezers (center, right). El-
lipses represent lenses, green circles represent trapped particles, black arrows denote particle
motions, and yellow triangles and rectangles represent structured plasmonic materials. (b)
An illustration of optical tweezers and plasmon-assisted tweezers with a nanostructured sub-
strate. A light beam focuses on the substrate through an objective lens immersed in oil. In the
bottom row, green and red spots record the trajectories of a particle trapped by conventional
optical tweezers and plasmon-assisted optical tweezers, respectively. Two black curves repre-
sent the number of particles at different positions under relevant conditions. (c) Perspective
view of plasmonic trapping and generated forces on a 1-diameter particle. A schematic of a
beam focused on the glass-gold film (left figure) generates an SPP. The electric field intensity
is shown in the background, while the white circles and white lines represent the particles and
gold films, respectively. Three white arrows represent the resultant forces of the total, gradi-
ent, and scattering (green arrows). The figures are reproduced (a) from [101]; (b) from [117];
(c) from [118].

Conventional far-field optical tweezers show a crucial restriction known as the diffraction
limit [119]. The trapping potential is restricted by the focal spot size. As the left segment in
Fig. 2.8 a shows, optical tweezers stably trap and manipulate particles of a size similar to the
beam wavelength. In contrast, plasmon-assisted and plasmon-based optical tweezers (POTs)
demonstrate the potential to overcome the diffraction limit, shown as the central and right
segments in Fig. 2.8 a, respectively. Grigorenko et al. published an article in 2008 on using
a nanostructured substrate to enhance the tapping of conventional optical tweezers [117]. In
this research, the trapped particles are immersed in o0il. Due to the Brownian motion, they
are free to move randomly within a range. By adding an array of nanodots on the glass sub-
strate, as shown in Fig. 2.8 b, the displacement of trapped particles with a 200 nm diameter
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in plasmonic-assisted optical tweezers is ten times smaller than in conventional optical tweez-
ers. It is because, light illuminating the nanodots can activate the localized surface plasmonic
resonance (LSPR) [120, 121] at the nanodots, and the LSPR can enhance the electric field in-
tensity to increase the trapping potential. According to the lightning rod effect [122], the en-
hanced electric field tends to concentrate in the gap of such nanocavities [116, 123], which is
referred to as a “hotspot”. Trapped particles prefer to concentrate at these spots. In addition to
plasmon-assisted optical tweezers, plasmonic tweezers based on surface plasmon-polaritons
(SPPs) and localized surface plasmon (LSP) can manipulate subwavelength particles as well.
In Fig. 2.8 ¢, an SPP virtual probe is generated on a gold film under the illumination light from
an object lens, and the interaction between the virtual probe and a nano-scale gold particle
moves the particle [118]. It is worth noticing that the scattering force and gradient force show
different distributions in the trapping. Whereas the scattering force pushes the gold particle
up and toward the light axis, the gradient force drives the particle moves toward the posi-
tion illuminated by the focusing beam. A POT based on a thin gold layer [118, 124] has been
used to trap and manipulate gold particles with a diameter ranging from 0.5 - 2.2 ym when
the surface plasmon is excited by a radially polarized cylindrical vector beam. Min et al. has
observed that when a high numerical aperture objective lens is used, the SPP wavefront can
propagate toward the center of the focus [118]. Overcoming the diffraction limit of traditional
optics has been a breakthrough for plasmonic tweezers [125], and the measured optical force
enhancement can be larger by up to 40 times at resonance when compared to non-resonance

conditions [124]. Therefore, POTs are promising for applications of in-vitro cell detection [126].

Many different plasmonic nanostructures have been used to manipulate subwavelength
particles. These POTs can realize intense energy trapping with a dramatic optical gradient at
the dielectric-to-plasmonic interface, promising novel applications in switching [127], sensing
[128], scattering microscopy [129], and trapping [116, 120, 125, 130]. Although homogeneous
plasmonic films can trap subwavelength-scale particles, stable trapping requires a strong stiff-
ness and a strong trapping potential. This can be achieved by creating plasmonic nanostruc-

tures on a substrates. Several POTs with nanostructures are shown in Figs. 2.9 a-c as examples.

A stiff trap, which can be constructed using a metal pattern, is required for trapping par-
ticles stably at specific locations on the metal surface. Righimi et al. have designed a gold
micro-disk on a glass substrate to achieve surface plasmonic tweezers [131]. In their study, a
4.88-um-diameter PS bead can be trapped on a gold micro-disk by a linearly polarized laser
at 710 nm. The incident laser intensity is more than two orders of magnitude lower than the
minimum intensity used in conventional OTs to confine similar beads [126]. Subsequently,
two-dimensional square lattices of gold nanostructures consisting of four-nanodisks arrays,
shown in Fig. 2.9 a, have realized trapping and guiding nanoparticles with 100 - 500 nm di-
ameters [131]. Chen et al. have used nanodisks for achieving particle trapping of multiple
nanospheres, all with a diameter of 500 nm. Under 4.75 mW illumination, the particles were
stacked to form a closely packed structure. The illumination lasted 34 s and was then turned
off, and the structure dispersed and the particles escaped the trap.
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Fig. 2.9. Plasmon-based optical tweezers utilizing different metallic geometries. (a) A Gaus-
sian beam illuminates a two-dimensional square lattice of gold nanostructures on an ITO-
coated cover glass. Each cell of the nanostructure consists of four nanodisks. (b) An illustration
of a gold nanoantenna developed on a gold-copper-silicon layer with a linearly polarized beam
from the top. Distributions of field intensity in the xz-plane and xy-plane shown on the right
column demonstrate the intensity enhancement surrounding the excited nanoantenna. (c) Ex-
periment setup and double nanoantenna design. Double dipole antennas are created on a sub-
strate, and a white light illuminates from the bottom. The inset figure is an SEM image of the
nanofabricated antennas with a 10-nm gap. (d) A perspective view of a bowtie nanostructure
array with trapped single particles and stacked multiple particles. (e) A schematic diagram of
the evanescent field on pyramids for trapping A-DNAs. The figures are reproduced (a) from
[131]; (b) from [132]; (c) from [133]; (d) from [134]; (e) from [135].

Metallic nanoantennas are among the most intriguing plasmonic geometries, because they
can confine light to a localized "hotspot”. As compared to nanodisks, nanoantennas are often
more suitable for trapping objects orders of magnitude smaller. In Wang et al.’s research, a
structured layer consisting of gold nanopillars with a diameter of 280 nm and a height of 130
nm is analyzed [132]. In this experiment, the LSPR-based POTs concentrate the electromagnetic
field on two sides of the nanopillar along the polarized direction of the incident beam. The
maximum enhancement of the electromagnetic field intensity reaches 490 times of that of the
incident beam, as Fig. 2.9 b shows. This enhanced electric field can trap PS beads with a
diameter of 110 nm [132]. In addition, this nanoantenna also demonstrates the possibility
of rotating trapped PS beads by manually rotating the linear polarized beam or exploiting a

circularly polarized illumination.

Simultaneously, nanoantennas can achieve real-time detection of such small particles based
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on resonance shift, because the field enhancement caused by LSPR can lead to surface-
enhanced Raman scattering enhancement [136]. Zhang et al. have reported using novel plas-
monic dipole antennas to trap and detect gold nanoparticles with diameters as small as 10 nm.
As shown in Fig. 2.9 ¢, two rectangular nanoantennas with a 10-nm-gap demonstrate the pos-
sibility of trapping a 20-nm-diameter gold particle under white light illumination. At the same
time, the Rayleigh scattering spectra appear to have a 50-nm red shift when such a particle is
trapped [133]. Such duel nanoantennas can further confine electromagnetic field into the gap
where it can realize stable trapping [117, 133, 137]. Bowtie nanostructure, composed of two
symmetric triangular structures facing each other but separated by a gap, has attracted signif-
icant interest in nanophotonics [134]. This geometry appears to have higher sensitivity than a
pair of nanoantennas [138], while it can confine light in a single spot inside the gap. Although
the bowtie nanostructures can not concentrate the energy of the electromagnetic field as much
as the nanoantenna [132, 139], the former can generate multiple potential wells at the external
edges of the triangles [140]. By exploiting the advantages of bowtie nanostructures, Roxworthy
et al. have excogitated bowtie arrays of two equilateral triangles, each with a 120 nm tip-to-
base height and separated by a 20 nm gap for optical trapping, stacking, and sorting [134].
In their experiments, gold bowtie arrays can achieve single micro- and nano-particle trapping
at an input power of approximately 100 uW, as well as multiple particle stacking at an input
power of less than 1 mW, as shown in Fig. 2.9 d. In the same year, this research group also
utilized a femtosecond input source to realize both Rayleigh and Mie particle trapping in gold
bowtie nanoantenna arrays. 300-nm-diameter fluorescent PS spheres and 80-nm-diameter sil-
ver spheres can be trapped and manipulated using a 50 uW input power [139, 141].

Another nanostructured worth mentioning is the pyramidal nanostructure. It provides
optical trapping at nano-valleys between adjacent pyramids, allowing for photo-luminescence
quenching and enhancement based on the LSPR and SERS effect [142]. Nano-pyramids (shown
in Fig. 2.9 e) can create stable trapping of quantum dots [142], polymer chains [143], and A-
DNA [135]. In 2017, Yan et al. fabricated graphene-gold nanopyramids to achieve self-aligned
trapping of molecules, in which evanescent fields were generated on the two sides of the
nanopyramids and a strong attraction force (> 10'! N/m?%) was detected [144]. In nanofab-
rication, it is impossible to obtain the ideal sharp edges. Although the sharpness of edges
edge can affect field distribution, the influence is not normally considered in numerical simu-
lation [131-135]. The experimental results are usually consistent with modeling based on sharp
edges.

Instead of using protruding structures in a metal film, trapping can also be achieved by
etching apertures in the metallic film [116]. As early as 1928, an aperture in a metallic plate
was proposed to realize high spatial resolution beyond the diffraction limit [145]. Plasmonic
nanoapertures have been confirmed to confine electromagnetic fields into subwavelength vol-
umes. The enhanced local field intensity and strong trapping potential can lead to nanoscale
manipulation with low input power. Juan et al. have fabricated a self-induced back-action
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cylindrical nanoaperture with a diameter of 310 nm to trap a single 100-nm-diameter PS par-
ticle in water using 1 mW incident power, as shown in Fig. 2.10 a. This power requirement is
one-twelfth of that used to trap PS particles with a diameter of 109 nm [94]. This experiment in-
dicates that a real-time sensor could be accomplished by utilizing the substantial influences of
dielectric loading on the nanoaperture transmission [120, 146-148]. In 2018, a gold plasmonic
nanohole array was demonstrated to be able to trap 30-nm-diameter PS particles by integrat-
ing a nano-slot with the nanoholes [149]. A co-axial nanoaperture has also been employed
to achieve optical trapping due to enhanced transmission efficiency [150]. A silver plasmonic
co-axial aperture with a 25-nm-width silica ring can trap a 10-nm-diameter dielectric particle
with a refractive index n = 2 using a 20 mW linearly polarized plane wave [151]. As Fig.2.10 b
demonstrates, Yoo et al. has used an optical trapping array with resonant coaxial nanoapertures
to realize stable trapping of 30-nm-diameter PS particles and streptavidin molecules with laser
power as low as 4.7 mW [152]. In addition, a grating structure can concentrate the incident
light energy and transfer it in a specified direction [153]. Based on these properties of gratings,
a fiber-based coaxial nanoaperture with flanked gratings, namely Bull’s eye, can decrease the
input power of stable optical trapping from 1 W (without gratings) to 100 mW (with grating)
[154]. In the experiment, a fiber with silver or gold tips, as Fig. 2.10 ¢ shows, is equipped to
trap 10-nm-diameter PS beads under illumination at wavelengths of 695 nm or 770 nm [154],

respectively.

Most plasmon-based optical tweezers exhibit rotational symmetry. Nevertheless, a
nanoaperture structure with non-rotational symmetric, for example the C-shape aperture, pos-
sesses unique characteristics in trapping, guiding, and sorting of nanoscale dielectric particles
[155-157]. In 2003, Shi et al. demonstrated a novel nanoaperture with a C-shape pattern, as
shown in Fig. 2.11 a, which could generate 3 orders of magnitude more power in throughput
than a conventional square aperture. They claim that a C-shape nanoaperture can achieve a
high spatial resolution of 0.1 A as well as a high power throughput (> 1) at 6 GHz [158]. It is
worth mentioning that the power throughput, which shows the net power capturing capability
(not transmission efficiency), can be defined as the ratio of the power transmission cross section
and the aperture area [159]. For subwavelength apertures at resonance, the power transmis-
sion cross section can be larger than the aperture area giving a power throughput larger than
unity.

The following year, the same research group explained the principle of designing a C-shape
aperture and its resonant-transmission properties while demonstrating the possibility of scal-
ing to other wavelengths [159]. In the same year, Matteo et al. showed that C-shape apertures
could enhance transmission by 13-22 times in the visible regime as compared to square aper-
tures of the same volume [160]. Based on these benefits, a nano-optical conveyor belt has been
fabricated to achieve stable trapping of PS particles with a diameter of 200 nm, by using a
plane wave with an intensity of 1 mW/um? [161]. Simultaneously, C-shape apertures appear
to have high wavelength sensitivity because they are LSPR-based structures. Hansen et al. used
the asymmetric light scattering force of a C-shape aperture to limit the escape direction of the
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Fig. 2.10. Optical trapping using nanoapertures. (a) Illustration of trapping using a 310-nm-
diameter cylindrical aperture in a 100-nm-thick gold film. (b) Cross sectional schematic of an
optical trap array with co-axial nanoapertures on an 80-nm-thick gold film.(c) A schematic dia-
gram of the fiber-based plasmonic tweezers. The nanoaperture is fabricated on a metal-coated
fiber tip, while the flanked gratings of the nanoaperture are integrated at the metal/fiber inter-
face. A green sphere represents the trapped dielectric particle. The figures are reproduced (a)
from [146]; (b) from [152]; (c) from [154].

particles, producing a conveyor belt consisting of C-shape apertures with two different charac-
teristic scales to transfer and sort PS particles with diameters of 200 nm and 400 nm along the
guidance trajectory, as shown in Fig. 2.11 b [161]. Furthermore, the researchers demonstrated
a switching operation for handing-off 400-nm-diameter particles between adjacent C-shaped
apertures by utilizing the influence of an incident laser’s polarization angle on the scattering
field distribution of the aperture, as shown in Fig. 2.11 ¢ [162]. Due to the advantages of C-
shape apertures, it can realize label-free nanoparticles guiding and sorting via the plasmonic
near-field trap and asymmetric field distribution. In addition, it is possible to overcome the
range restriction of conventional plasmonic traps by employing electrophoresis force to attract
nanoparticles to the area of the plasmonic trap [163]. This approach combines far-field manip-

ulation and near-field manipulation.

Plasmon-based optical tweezers (POTs) can manipulate a wide range of nanoscale particles
[164, 165], including dielectric particles, biomolecules [123], and living cells. As compared to
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Fig. 2.11. Design principle of a C-shape aperture and its applications. (a) A design of a
C-shape aperture with a characteristic size «. (b) Illustration of a two-dimensional conveyor
belt using two scaled aperture with &« = 40 nm (blue patterns) and « = 60 nm (red patterns).
By, By, Rx, and Ry represents four illuminate conditions, that is, 979 nm x-polarized beam,
979 nm y-polarized beam, 1181 nm x-polarized beam, and 1181 nm y-polarized beam, re-
spectively. Three trajectory protocols with grey arrows represent the particle motions. (c)
Schematic diagrams of a polarization-controlled conveyor belt and corresponding potential
wells (right column). Red arrows on the left column represent polarized directions, and green
semi-transparent beads in the middle column represent 400-nm-diameter particles. The fig-
ures are reproduced (a) from [159]; (b) from [161]; (c) from [162].

conventional optical tweezers, POTs technology combines low power consumption and the
concept of nano-optics, which can be useful for biological, biochemistry, and nanoscience re-
search [157, 166].

2.5 Optical manipulation in the far-field

Although plasmonic tweezers demonstrate exceptional properties in deep subwavelength-
scale manipulation due to their ability to overcome the diffraction limit, they face challenges
in provide trapping dynamically and with a high degree of freedom. Another issue is the ef-
ficiency. Because the enhanced evanescent field of plasmonic structures has a limited range,
often just a few dozens of nanometers [125, 132], only particles adjacent to the plasmonic struc-
ture can be affected. Although far-field optical tweezers are restricted by the diffraction limit,
OTs often provide a high degree of freedom for optical manipulation in optofluidics [10]. At
present, a technology named Liquid Crystal Silicon Spatial Light Modulator (LCOS-SLM) can
be used to achieve far-field optical trapping. It can be utilzed for beam steering, splitting, and
focusing. It can also convert a Gaussian beam into many “advanced tweezers”, e.g. vortex
beam with orbital angular momentum to drive particles spin up, and Bessel beam with no
diffraction [167, 168]. LCOS-SLM can also generate multiple three-dimensional optical traps.
In 2018, Smalley et al. showed that, the OTs can trap fluorescent particles as holographic image
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pixels and manipulate the trapped particles to display 3D images [169]. Observers can see a
true 3D image from any angle as shown in Fig. 2.12 a. Accordingly, simultaneously trapping
and manipulating multiple particles in three dimensions is possible by utilizing light in the far
field. An emerging method is to use metalens [170-172], which for example can generate mul-
tiple foci in latitudinal (Fig. 2.12 b) [173, 174] and longitudinal (Fig. 2.12 ¢) [175, 176] directions
at the same time.

Fig. 2.12. Illustration of holographic trapping and multi-foci. (a) An experiment setup where
a low-visibility light-trapped particle is used to scan a volume. Close-up of the projected image
is shown on the right. (b) Illustration of a metalens consisting of nanoslit with two foci under
the illumination of circularly polarized light. (c) Schematic diagram of a designed bifocal met-
alens that produces two different focal points. The figures are reproduced (a) from [169]; (b)
from [174]; (c) from [176].

A metalens, or two-dimensional metamaterial surface, is an optics device that uses artificial
subwavelength meta-atoms to modify polarization, phase, and amplitude of output light. As
compared to conventional optics lenses, which require bulk equipment to correct chromatic
aberration, a well-designed metalens can focus the entire visible spectrum, from 470 nm to 670
nm in wavelength, by a planar structure [177]. In the context of optofluidics, metalenses retain
the far-field particle manipulation capabilities of conventional optical tweezers (i.e. optical
tweezers that rely on the used microscope objectives with a high numerical aperture). At the
same time, it leverages the nanoscale light-shaping capabilities provided by nanophotonics
devices.
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Fig. 2.13. Three categories of metamaterial surface, based on different approaches to gen-
erate optical phase modulation. (a) Perspective view and mechanism of a metasurface. A
unit-cell (inset) of the designed metamaterial surface consists of a continuous gold film and
a gold rectangular nanoantenna separated by a MgF, layer. A super-cell is composed of 10
unit cells. Red arrows indicate the incident and reflected light, and red lines indicate retai-
lored wavefronts. (b) SEM image of a geometric phase metasurface with fixed-size, varying
angles, and periodic distribution of nanofins. (c) Illustration of a propagation phase metasur-
face consisting of TiO; square nanopillars with a 600-nm height on a substrate. The phase can
be controlled by modifying the side length of the nanopillar cross section. The light illumi-
nates from the top (not indicated) and the reflected beam focuses in free space. The figures are
reproduced (a) from [178]; (b) from [179]; (c) from [180].

A two-dimensional planar metalens, acting as a diffractive optical lens, utilizes light scat-
tered by nanostructures to imitate the phase front generated by a conventional refractive lens.
Based on the approach of optical phase modulation, metamaterial surfaces can be divided
into three categories, that is, resonance phase metasurface [178], geometric phase metasurface
[179, 181, 182], and propagation phase metasurface [180, 183, 184], as shown in Fig. 2.13 a-c.
The first category, the resonant phase-modulated metasurface, is often made of metal com-
ponents, and its phase delay is caused by structural resonance, resulting in a restricted opera-
tional bandwidth [178, 180]. Such resonance-based metasurface often has high light absorption
and low efficiency. Geometric phase modulation can achieve phase control by utilizing nanos-

tructures with a changeable rotation angle.

The last category, i.e. the propagation phase category, the optical path difference formed
during the propagation of electromagnetic waves is employed to create the output phase. The
output phase of a nanostructure can be modulated using several methods: by varying the
height of nanostructures and by spatially varying the equivalent refractive index [185]. For
a planar metasurface with a fixed thickness, the cross sectional dimension in each unit cell
of the metasurface can be adjusted, hence changing the relative refractive index. Based on
this principle, metalenses can employ phase-matched subwavelength structures to apply a
designated phase delay against the incident plane wave, achieving the effect of focusing the
light field.

Once the nanostructures of a metamaterial surface are fabricated, it is often difficult to
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change their geometry or dimension, rendering it challenging to tune their focusing perfor-
mance in real-time. Nevertheless, through the real-time modulation of metasurface using me-
chanical [186], thermal [187, 188], electrical [189], and optical [190] controls, tunable metasur-
face lenses have been developed. Here I highlight optical control of metalenses [191]. As an
example shown in Fig. 2.14, a structured gold nanofilm works as a metalens and can tune fo-
cused SPP beam toward four different directions under 632 nm, 670 nm, 710 nm, and 750 nm
incident wavelength. Simultaneously, the polarization of the incident light can also modify the

direction of the focusing SPP.

Fig. 2.14. Wavelength-based tunable metalenses. (a) Illustration of the experiment setup. A
patterned gold film with a 50 nm thickness is deposited on a glass substrate, and a linearly
polarized beam illuminates it from the bottom. A metal-coated, tapered optical fiber inter-
acts with the SPP and is used to collect light. (b) and (c) Experimental and simulated results
demonstrate field distribution with the polarization of light indicated by white arrows. Four
wavelengths of the incident light are analyzed. The figure is reproduced from [191].

Geometric and propagation phase metalenses can exhibit sensitivity to the polarization of
incident light. For the geometric phase approach, metalenses consisting of well-designed ro-
tated nanofins can demonstrate focus shift. Badloe et al. presented a two-layer system with a
top metasurface lens and a bottom liquid crystals layer. Collimated light illuminates from the
bottom of the system [192]. Controlling the bias voltage on the liquid crystals affects the ori-
entation of the liquid crystals, which changes the polarization of the light transmitted through
the liquid crystals. As a result, the light from the metalenses layer will focus on two different
preset locations following the polarized condition, as shown in Fig. 2.15 a [192]. The essence of
optical modulation here is to control the rotation direction of the incident circular polarization
light to shift the focus point of the metalenses.

As another example, a metalens composed of three concentric circles can generate three fo-
cal points with different longitudinal distances, as shown in Fig. 2.15 b [170]. The first and the
third focal points correspond to the RCP incident light, while the second focus corresponds to
the LCP incident light. These three focal points exist simultaneously under a linearly polarized
light, because the linearly polarized beam can be decomposed into LCP and RCP, which pro-
vides an opportunity to control the generated foci by adjusting the weight of the LCP and RCP
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component. Fig. 2.15 ¢ shows another example, where a geometric phase metalens exhibits
unique spin-decoupled characteristics [193]. Two RCP foci are generated under the illumina-
tion of LCP waves, while two LCP focal points can be observed for the incident RCP waves.
In addition, the intensity between two RCP foci and two LCP foci can be modulated by con-
trolling different weights of LCP and RCP waves [193]. This phenomenon allows for dynamic
particle trapping and manipulation by modulating the convergence of the metalenses, which
is achieved by changing the polarization condition of the incident light. In the fourth example,
a planar silicon metalens can generate two foci at different longitudinal positions under two
different linearly polarized states, i.e. x-polarized and y-polarized, for trapping the particles in
the vicinity of the focal points [194]. Trapped particles can be transferred between the two foci

by switching between two polarization conditions, as shown in Fig. 2.15 d.

Coherent control is an alternative approach which uses optical modulation in Chapter 4.
It allows for efficient control of two incident electromagnetic waves by utilizing a single-layer
metamaterial surface. In the coherent control, an optical standing wave is created via the in-
terference of two input light waves. For a metasurface in the standing wave, phase retardation
caused by the film thickness may be omitted when the metasurface is seen as a vanishingly thin
film to the standing wave field [197]. Each meta-atom can be seen as exposed under the same
electromagnetic field. As shown in Fig. 2.16 a, the metasurface can switch between the electric
field node (i.e. magnetic field antinode) and electric field antinode (i.e. magnetic field node)
of the standing wave [198]. The coherent control approach can actively tune the metasurface
absorption efficiency from 0% to 100% (Fig. 2.16 a) [199]. It can also modulate transmission,

reflection, and polarization.

A number of research teams [196, 200] have demonstrated light-with-light control on a
metallic metamaterial surface for realizing logical operations. For example, Papaioannou et
al. have conducted an experiment with two incident beams shaped by marks and their rela-
tive phase modulated by a phase modulator. They utilized a CCD camera to observe output
light, as Figs. 2.16 b,c show. The relative phase of the two counter-propagation beams can be
tuned to establish interference in the area where images overlap (see Fig. 2.16 c), giving rise to
various logical operations. It is worth noting that the optical modulation is a linear optical phe-
nomenon. Although the metasurface in Fig. 2.16 exhibits complex logical operations, the input

and output are still linear superpositions of the two coherent, counter-propagating waves.

Our research team has recently designed a coherently controlled dielectric metasurface for
LIDAR and machine vision systems [190]. As Fig. 2.17 a shows, a gradient metasurface is il-
luminated by two coherent, counter-propagating electromagnetic waves. All the six coherent
conditions can be easily specified by the field ratio between the magnetic fields of the incident
light from the glass (Bs) and the free space (By), which leads to tuned field distribution shown
in Fig. 2.17 a. By changing the standing wave condition from the electric field node to the antin-
ode, this design shows continuous output beam steering across an angular range of around 9
degrees. After two years, my group presented another metalens design, which achieved the
tunable focusing of a dielectric metalens by coherent control, i.e., modulating localized electric
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Fig. 2.15. Polarization-based tunable metalenses. (a) Illustration of the bifocal metalens. A
metasurface lens array is fabricated on the upper layer, while the liquid crystal cells are placed
on the lower layer. The orientation of the liquid crystals generates a shift in RCP and LCP light,
resulting in a change of focal length from f; = 7.5 mm to f, = 3.7 mm. (b) Schematic diagram
of the metasurface lens and its focusing performance under three different illuminations. Three
focal points are highlighted by f1, f2, and f3, respectively. A perspective view of three different
polarized conditions, linear polarization, left circular polarization, and right circular polariza-
tion, shown on the top row. (c) Schematic illustration of the spin-decoupled metalens and the
corresponding tunable multiple foci. Different foci are generated under LCP, RCP, LP, and two
incident beams with different weights of LCP and RCP incidence. (d) Schematic views of the
multiple focal points of a metalens. (Left) Polarization of the electric field is along the y axis
and metalens generates a lower focal point. (Right) The orthogonal polarization generates a
higher focal point. The figures are reproduced (a) from [192]; (b) from [170]; (c) from [193]; (c)
from [194].

fields in a planar metalens, without adjusting the physical and geometric conditions of nanos-
tructures and surrounded media [201]. Coherent switching metalens achieves longitudinal
focus shift in both spherical and axicon lens, as shown in Fig. 2.17 b. Simultaneously, the met-
alens can switch between spherical and axicon types [201]. Other examples include coherent
spin-orbit angular momentum conversion [202], dual band coherent absorption [203], coherent

wavefront manipulation [199], and coherent large angle diffraction grating [204].
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Fig. 2.16. Coherent control on structured films. (a) Light-to-light interaction on a nanoscale
structured film. Two coherent counter-propagating beams, A and B, illuminate a sub-
wavelength-thick film, a lossy plasmonic metasurface array. By tuning the relative phase be-
tween the two incident beams, the beams at the metasurface interact destructively or construc-
tively. (b) Illustration of an experimental setup with two coherent beams, A and B, in which
masks enable two-dimensional spatial modulation and a phase modulator provides temporal
modulation. The output field is observed by a CCD camera. Insets exhibit reflection, trans-
mission, and absorption of the well-designed gold metasurface, scanning electron microscopy
of the metasurface, and mask profiles for spatial modulating two incident beams, respectively.
(c) Images of metasurface illuminated by only beam A, only beam B, and three other logical
operations of beams A and B, respectively. The figures are reproduced (a) from [195]; (b) and
(c) from [196].
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Fig. 2.17. Applications of coherent controlling. (a) Schematic diagrams of a metalens ar-
ray consisting of Si nanopillars on a glass substrate illuminated by two coherent, counter-
propagating waves (not indicated). The electric field distribution of the output light from the
metalens array is shown under six different coherent conditions. (b) Illustration of a metalens
under two coherent light waves. Inset demonstrates the coherent conditions with polarization
direction (red arrows) and propagation directions of two incident waves (black arrows) speci-
fied. The figures are reproduced (a) from [190]; (b) from [201].

In summary, this section has analyzed the advantages of imaging (e.g. tunable focus-
ing) and trapping (e.g. holographic multiple trapping) in the far field by employing a two-
dimensional planar metamaterial surface. Metasurface with a sub-wavelength thickness al-
lows for a high degree of control, which shows tunability via wavelength, polarization, and
coherent modulation. These benefits provide an opportunity to utilize metasurface lenses in a

microfluidic system to achieve, portability and minimization.

2.6 Multi-functional metasurface lens

Metasurfaces provide a high level of control over light propagation by applying localized,
space-variable phase modulation to an incident electromagnetic field. Nevertheless, it also
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faces challenges (for example, suppressing spherical, coma and chromatic aberration in met-
alenses) that are difficult to overcome. One of the solutions is interleaving multiple distinct
optical elements on a singlet metasurface, known as interleaved metalens or segmented met-
alens, with different elements corresponding to distinct functions within a single shared aper-
ture. Such metasurface lenses can achieve multiple functions within a shared surface area. For
instance, Lin ef al. have demonstrated multi-tasking interleaved Si-based metalens to achieve
focusing light of different wavelengths on the same focal plane, as shown in Fig. 2.18 a [205].
The metalens array is divided into approximately 100 pieces, with the segments spread over
the metalens’ shared area. There are three sub-metalenses that can focus light into three fo-
cal points (see Fig. 2.18 b) along the longitudinal axis when illuminated with wavelengths at
480, 550, and 620 nm, respectively [205]. All these three wavelengths of light can be observed
at a pre-set focal plane. Multi-wavelength imaging systems and hologram imaging may both
benefit from such interleaved metalenses [205-208]. In 2017, Chen et al. showed segmented
metalens for pixel-level focusing and routing. The researchers designed metasurfaces consist-
ing of GaN-based nanofin arrays that could operate on-axial and off-axial, focusing indepen-
dently at three incident wavelengths at 430, 530, and 633 nm [209]. The three metasurfaces are
interleaved into a singlet metalens, as shown in Fig. 2.18 c. Fig. 2.18 d illustrates how the three
wavelengths of light are focused in four independent directions while routing each color onto

the same focal plane for full-color routers [209].

Another solution is to use laminated metamaterial surfaces, namely cascaded metasurfaces.
In accordance with conventional optical systems design principles, the image lenses consist of
two components: a focusing lens and a correcting lens placed in front to suppress coma and
astigmatism. A cascaded metalens with two co-axial metasurface layers, known as metalens
doublet, can mimic this optical system with a meticulously designed double-layer metasurface.
In 2016, Arbabi et al. designed a doublet metalens (see Fig. 2.19) with a wide-angle aberration
correction [210]. The doublet metalens has a low f-number (i.e., focus length/ diameter of the
effective aperture) of 0.9 while achieving a field of view larger than 60°. As shown in Fig. 2.19
a, each metasurface layer is comprised of amorphous silicon nanopillars with a 600 nm height
on a fused silica substrate [210]. The metasurface doublet lens comprises two metasurfaces
on two sides of a silica substrate with a 1 mm thickness. Depending on the incidence angle,
the focusing efficiency of this metalens doublet varies from 45% to 70%. In addition, the re-
searchers compared the performance of the metalens doublet and a single focusing metalens
(see Fig. 2.19 b) [210]. It could be found that the modulation transfer function (MTF) of the met-
alens singlet considerably deviates from the diffraction limit under a slightly oblique incidence
(i.e., 2.5°). However, the spatial resolution of the metalens doublet stays close to the diffraction
limit under a large angle illumination (i.e., 20°). Similarly, one year later, Groever et al. fabri-
cated a metalens doublet in the visible region, which developed functions of diffraction-limited
monochromatic imaging at a wavelength of 532 nm [211]. In their research, the metalens dou-
blet comprises focusing and aperture metalens, and the two metasurface lenses are patterned
on two sides of a 500 um glass substrate. Each patterned metasurface consists of geometric

phase modulated TiO; nanofins, as shown in Fig. 2.19 c. The metalens doublet can function
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Fig. 2.18. Perspective views and focal spots of interleaved metalenses. (a) Illustration of
three metalenses designed to focus light of different wavelengths at the same focal plane. (b)
On the transmission side of the interleaved metalens, field intensity distribution along the
propagation plane under the illumination of 480, 550, and 620 nm wavelengths, respectively.
(c) Schematic diagram of multiplex unit cell composed of nanofins functioning under three
wavelengths. (d) Imaging of focal spots on the same plane. When the interleaved metalens
is illuminated with various wavelengths, the focus moves laterally in the focal plane. Four
focal spots appear on the focal plane when three wavelengths are present. The figures are
reproduced (a, b) from [205]; (c, d) from [209].

under LCP and RCP illumination and has a field of view of 50°. Ray diagrams (see Fig. 2.19
d) show the principle of aberration correction, which exhibit the aberration of utilizing a hy-
perbolic metalens only, a hyperbolic metalens with an aperture metalens, and a correction
of hyperbolic metalens with an aperture metalens, respectively [211]. By combining the two
metasurfaces, the metalens doublet can perfectly exhibit diffraction-limited imaging at an in-
cident angle of up to 25° [211].

As a work that inspired my work in Chapter 5, Arbabi et al. presented a unique design
of cascade metalens that acts as a retroreflector, as shown in Fig. 2.20 a [212]. It consists of
an upper transmitted metasurface (i.e. metasurface I) and a bottom reflected metasurface (i.e.
metasurface II). In this design, the incident wave passes through metasurface I, reflects on
metasurface I1, and is modulated again by metasurface I. Each unit-cell (see Fig. 2.20 a) of
the metalens doublet consists of an amorphous cylindrical nanopillar on a silica substrate,
following hexagonal lattice distribution. An additional gold layer exists on the unit cell of
the bottom metasurface. In Fig. 2.20 b, metasurface I focuses the incident plane wave onto
metasurface I1, which imposes momentum corrections on the reflected light to return the light



32

Chapter 2. Introduction to Optofluidics

Fig. 2.19. Metalens doublet for coma and astigmatism correction. (a) Schematic diagrams of
metalens doublet and its unit cell. Each unit cell consists of an amorphous silicon nanopillar
allocated in a hexagonal lattice. (b) Imaging with the metalens doublet and singlet under three
oblique incidents. The modulation transfer function (MTF) of the metalens doublet and singlet,
respectively. Solid curves represent the MTF in the tangential plane, and dash curves depict
the sagittal plane. (c) The schematic and geometric diagram of the metalens doublet consist-
ing of TiO, nanofins in a hexagonal lattice on two sides of a SiO; substrate. Phase profiles
of the aperture metasurface and focusing metasurface with the comparison of the hyperbolic
metasurface. (d) Ray diagrams of a hyperbolic metasurface only, a focusing metasurface only,
and a focusing metasurface with a combined aperture metasurface, respectively. Oblique il-
lumination with a different angle is demonstrated by green, blue, and red lines, respectively.
Regarding spherical aberration correction, the functioning of the metalens doublet is identical
to that of a Schmidt plate paired with a spherical lens. The figures are reproduced (a, b) from
[210]; (¢, d) from [211].
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to its original path. This retroreflector metalens doublet reflects light in the direction it comes
from with an incident efficiency of 78% and achieves a 60° half-power field of view [212].

Fig. 2.20. Schematic of a planar metasurface retroreflector. Illustration of of the transmissive
metasurface, metasurface I, and the reflective metasurface, metasurface II. They are com-
prised of amorphous silicon nanopillars allocated in a hexagonal lattice. A gold layer is em-
ployed on the reflective metasurface. (b) Rays diagram of the retroreflector metasurface under
oblique incidence, in which black arrows represent incident waves, and red arrows represent
output waves. A 500-pum thick glass substrate separates the two metasurface layers. (c) Field
distribution of the reflectance profile of the retroreflector under 6 different incident angles. The
figures are reproduced (a-c) from [212].

In summary, multifunctional metamaterial surface provides a higher degree of freedom to
design a metalens. Desired correction of wavefront to incident wave can be achieved by utiliz-
ing complex, multiplexed metasurface geometries, whether cascaded or interleaved. As com-
pared with conventional singlet metasurface, a novel metasurface doublet can realize wide-
angle, achromatic imaging while capable of complex wavefront control, which has applica-
tions in optical free-space communication, dynamic optical tags, color filters, and holography.

2.7 Conclusions to Chapter 2

In this chapter, I have introduce the principle of optofluidics systems, which can be categorized

as optics-to-fluidics and fluidics-to-optics interaction. I have also discussed the applications of
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optofluidics in lasing, waveguiding, and optical modulation. By utilizing microfluidic control
in photonics systems, a high degree of freedom for imaging, detection, and manipulation of
small objects can be achieved. Moreover, the compatibility of fluidic and photonic devices
makes optical and photonic devices useful in optofluidics.

In addition, I have discussed optical tweezers, which apply optical gradient force and ra-
diation pressure to trap sub-wavelength scale objects. As compared to conventional optical
tweezers, plasmon-based optical tweezers demonstrate significant advantages in near-field
particle manipulation at the deep sub-wavelength scales. Via structured metallic film, e.g.
disks, antennas, and apertures, plasmonic optical tweezers can generate an enhanced evanes-
cent field for trapping, routing, and sorting. In contrast, far-field manipulation is possible to
achieve multiple foci in free space, which exhibits a prospect for the development of far-field
manipulation, i.e., holographic imaging. Furthermore, I have introduced metamaterial sur-
face. Metalenses with a high numerical aperture can establish a strong gradient force at the
focus for trapping. The focus can be modulated using different methods (e.g. coherent con-
trol). Multifunctional metasurface is discussed which can impose wavefront modulation on

the propagation wave to achieve efficient focusing and complex tasks.
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Chapter 3

Nanoparticle trapping and routing on
plasmonic nanorails in a microfluidic

channel

Plasmonic nanostructures hold great promise for enabling advanced optical manipulation of
nanoparticles in microfluidic channels, resulting from the generation of strong and controllable
light focal points at the nanoscale. However, a primary challenge in the current integration of
plasmonics and microfluidics is transporting trapped nanoparticles along designated routes.
By using numerical simulation, a plasmonic nanoparticle router demonstrates its capability of
trapping and routing a nanoparticle in a microfluidic channel with a continuous fluidic flow.
The nanoparticle router contains a series of gold nanostrips on top of a continuous gold film.
The nanostrips support both localized and propagating surface plasmons under light illumi-
nation, which underpins the trapping and routing functionalities. The nanoparticle guiding
at a Y-branch junction is enabled by a small change of 50 nm in the wavelength of incident
light. Most results in this chapter are presented in the journal publication: S. Yin, F. He, N. G.
Green, and X. Fang, "Nanoparticle trapping and routing on plasmonic nanorails in a microflu-
idic channel,” Opt Express 28 (2), 1357-1368 (2020).

3.1 Introduction to Chapter 3

Introducing nanophotonic components into microfluidic channels to achieve novel nanopar-
ticle manipulation is an active, current research area [165]. As compared to traditional op-
tical tweezers, which rely on the use of microscope objectives with a high numerical aper-
ture, nanophotonics-based approaches have many advantages for optofluidic applications in
aspects including device miniaturization and detection throughout [213]. These benefits re-
sult from the near-field focusing made possible by utilizing nanophotonic components, which
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is most often accomplished without concentrating the incident light beam. Lens-free near-
field focusing overcomes the diffraction limit imposed on far-field focusing, which establishes
nanoscale focal spots of enhanced field intensity. This characteristic is advantageous for vari-
ous applications, in particular biological applications requiring effective nanoparticle trapping
at relatively low laser intensity [214, 215].

Recently, near-field particle manipulation has been demonstrated in a wide range of vari-
ous nanophotonic devices that generate evanescent optical fields, which include waveguides
[216-218], microring resonators [219], whispering gallery mode resonators [220], photonic
crystals [221-223], all-dielectric nanoantennas [224] and plasmonic resonators [225-227]. The
employment of surface plasmons, a hybridized oscillation of free electrons and light at the
surface of a metal, has recently received considerable interest from the research community.
Surface plasmons, including localized surface plasmons, have two key characteristics: strong
light focusing capability (light focusing down to volumes of less than 1 nm> has been con-
tirmed with low loss [228]) and their precise tunability, which can be achieved by manipulat-
ing various properties of the incident light (e.g. the wavelength, the polarization, the orbital
angular momentum [229], and the relative phase and polarization of multiple coherent beams
[230, 231]). While surface plasmons have been widely investigated for application outside of
optofluidics, exploiting them for microfluidics is relatively recent, which has led to the emer-

gence of a new research field, so-called plasmonfluidics [225-227].

Plasmonic trapping, i.e. trapping of deep sub-wavelength particles in plasmonic near-field
excited by incident light, has been demonstrated using well-designed metallic nanostructures
[131, 134, 152, 232-235]. A key remaining challenge in plasmonics-microfluidics integration is
to transport a trapped nanoparticle in a fluidic flow-through microfluidic channel. A number
of different approaches have been explored to achieve this higher level of plasmonic nanopar-
ticle manipulation, which rely on continuously changing the location of plasmon-based focal
spots by adjusting the properties (e.g. the wavelength, the polarization, and the wavefront)
of the incident light [161, 162, 236-240]. As the particle traces the trajectory of the activated
focal spots, it moves in the microchannel while remaining trapped and under a controlled sit-
uation. Such plasmonic optical tweezers depend only on the plasmonic-induced optical force
(i.e. gradient force) for the nanoparticle transport, which often leads to limited efficiency in
nanoparticle delivery. Combining the plasmonic force with other forces can increase the effi-
ciency, however requires precise control over multiple fields (e.g. electromagnetic, electric and
thermal fields) simultaneously at the nanoscale [241, 242].

This chapter presents the concept that nanoparticle transport can be achieved by employ-
ing the plasmonic force to guide and route nanoparticles along the predefined paths in a
continuous-flow microchannel. The method preserves the simplicity of all-optical nanoparti-
cle trapping and manipulation while motivating nanoparticle delivery’s effectiveness by using
fluidic flow. Numerical simulation is used to exhibit a structure through which a nanoparti-

cle can travel along either one of two predefined paths, with the path selection enabled by a
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small shift of 50 nm in the incident wavelength. As most lab-on-a-chip devices require con-
tinuous flow microchannels, this plasmon-guided nanoparticle transport mechanism has the
potential for various applications involving bio-sensing, nanoparticle drug delivery, single-

molecule biophysics, and nano-assembly [1, 20, 134, 135].

3.2 Structure and functionality of the plasmonic nanoparticle router

A perspective view of the plasmonic nanoparticle router is shown in Fig. 3.1. The plasmonic
router comprises several sets of gold nanorails and gratings on a gold film at the bottom of a
microfluidic channel. Each set of nanorails is a pair of identical strips separated by a constant
gap, while each set of grating has seven similar, evenly spaced strips. Except for the Y-branch
junction, where the Entrance Route splits into Route 1 and Route 2, all the strips are along the
y direction. At the junction, both gratings follow the associated route in their planar curvature,
keeping the grating-rail distance constant. This distance is the only difference between the di-
mensions of the two routes, and it is a critical parameter in producing controllable nanoparticle

routing.

Fig. 3.1. Schematic diagram of the plasmonic nanoparticle router. The router is a nanostruc-
tured, continuous gold thin film on top of a glass substrate. The entrance to the router consists
of a pair of nanorails, which then diverges into two routes (Route 1 and Route 2) via a Y-branch
junction. Two gratings, each consisting of seven nanostrips, are aligned with the outer bound-
aries of Route 1 and Route 2. The whole router is at the bottom of a microfluidic channel, and
it is illuminated by a collimated beam of light at normal incidence from above (along the -z
direction). A nanoparticle (the white sphere), which moves relatively slowly along the y direc-
tion with the fluidic above the router, will be confined to the vicinity of the nanorails due to
the plasmonic near-field (highlighted in red and green). The interaction is that the particle will
follow either Route 1 or Route 2, depending on the incident wavelength.

It is necessary to have a functional, multiplexing router for continuous-flow microchannels
in order to confine a nanoparticle in a preset route, with the nanoparticle being forced forward
by the flow of the liquid that is around it, while also providing for a selection from several
routes. The wavelength-controlled router that is provided here satisfies both of these condi-
tions. The routes are realized using the plasmonic focusing described in this chapter, and a
slight shift in wavelength is utilized to choose the route. The plasmonic system is optimized

to operate at two near-infrared wavelengths (i.e. 1224 nm and 1274 nm), selected based on the



38 Chapter 3. Nanoparticle trapping and routing on plasmonic nanorails

availability of laser sources for future research [243] and the low absorption of water used as
the carrier fluid. In the absence of illumination, the nanoparticle in the microfluidic channel
follows the laminar flow rather than the two output routes. It will pass over the plasmonic
sorter as if it was not there. With the incident light switched on, the trapped particle can be
guided and manipulated along a designed trajectory (i.e., from the Entrance to Route 1, or from
the Entrance to Route 2).

In order to determine the performance of the plasmonic router consisting of novel metallic
structures for dielectric nanoparticle trapping and routing, the electromagnetic properties, i.e.
plasmon-induced near-field enhancement was simulated by using a 3D-finite-element solver
(COMSOL Multiphysics). The permittivity of gold [244] is —69.9 + 5.9i and —76.4 + 6.2i at
1224 nm and 1274 nm, respectively. The liquid defined in the microfluidic channel is pure
water with a refractive index of 1.33 at both wavelengths. The whole plasmonic structures are
established on a silicon dioxide substrate. As the incident light cannot penetrate the gold film,
the optical properties of the substrate do not affect the numerical simulation. The planar gold
film above the glass substrate has a thickness of 300 nm as a buffer layer that separates the
structured plasmonic geometries and the substrate. Moreover, the relatively thick gold film
enables quick heat dissipation, suppressing thermal convection influences for trapping. This
is due to the high thermal conductivity of gold (317 W/K - m) as compared to silicon dioxide
(~ 1W/K-m) [132]. The nanostructures can also be fabricated on silicon substrates. However,
gold does not adhere very well to silicon. Therefore, an adhesion layer [245] (e.g. chromium

or titanium) is required as an adhesive layer between the silicon and gold thin layers.

The performance of the plasmonic router is evaluated using polycarbonate (PC) nano-scale
spheres with a diameter of 220 nm and a refractive index of 1.58 under both incident wave-
lengths. The incident light is defined as a plane wave illuminating the router from above at a
normal incident, with both linear and circular polarization investigated. The exhibited near-
tield electric field distributions in Sections 3.3 - 3.5 are simulated without the nanospheres. This
is because the particle-water interface will affect the distribution of the near field, complicating
the characterization of near-field enhancement. After performing the enhancement analysis
without any particle, the nanosphere is put back into the microchannel. Optical force is then
calculated by integrating the Maxwell stress tensor (MST) at the surface of the nanosphere.
The electric field distributions surrounding the nanospheres are obtained and shown in Ap-
pendix A. At each position, the trapping potential is the line integral of the calculated optical
force along a straight line, starting at a point where there is no near-field enhancement that
can be seen. In the numerical simulation, the beginning positions correspond to the center of
the nanosphere being 300 nm above the top of the nanorails. This is due to the fact that the
observable near-field enhancement (i.e. the evanescent field) is mostly confined within 200 nm
above the top of nanorails. The cross sections of the Entrance route, Route 1 and Route 2 are
simulated in a two-dimensional model, perpendicular to the direction of fluidic flow (y direc-
tion as shown in Fig. 3.1) for a better analysis of the routing system far from the Y-branched
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junction. Subsequently, the full three-dimensional Y-branched junction is simulated for visual-
izing wavelength dependence and the detailed analysis of the performance of the router. The
numerical calculation can provide a rough estimate of the maximum velocity of the nanopar-

ticles allowed for maintaining effective guiding, and this is discussed in detail in Section 3.5.

3.3 Nanoparticle trapping at the Entrance Route

Fig. 3.2 shows, the geometric design of the Entrance route and its optical response under the
two wavelengths are exhibit, respectively. Fig. 3.2 a illustrates the cross sectional structure
of the Entrance nanorails in the xz plane, which consist of a pair of identical gold nanostrips
with dimensions of 440 nm in width, 110 nm in height, and separated by a 150 nm gap. The
whole gold structure is on a 300-nm-thick gold thin film. Figs. 3.2 b and ¢ demonstrate the
numerically simulated near-field distribution of electric field intensity with the incident wave-
length at 1224 nm and 1274 nm, respectively. For the Entrance route, only x-polarized incident
light is considered, since y-polarized incident light can not induce any visualized near-field
enhancement at the two wavelengths. It is due to the fact that, the nanorails at the Entrance
being much longer than the incident wavelengths in the y direction and cannot excite localized
surface plasmon resonances to generate enhanced near-field. Both figures show considerable
tield enhancement, known as hot spots, between the two nanorails that resemble a pair of plas-
monic tweezers. A dielectric nanospheres suspended in aqueous solution above the nanorails
will be trapped between the two nanorails. The similarity between the two figures suggests
that the trapping performance at these two wavelengths is comparable.

Simultaneously, Figs. 3.2 d and e show the optical potential energy and the optical force (Fy)
on a PC nanosphere with a diameter of 220 nm along the x axis following the dashed line from
one side of the nanorails, across the optical trapping region, to the other side. The center of the
gap between the two nanorails (x = 0) is the stable position for both incident wavelengths, in
which the potential energy is lowest, and no horizontal force exists (Fy = 0) at this position.
The depth of the trap, as calculated by the difference between the lowest position at x = 0 and
the highest position x = 4325 nm, is 6.51 kg - T/ (mW - um~2) and 7.66 kg - T/ (mW - um~2))
for 1224 nm and 1274 nm illumination, respectively. Here, kg is the Boltzmann constant, and
T is 297.15 K. Besides, Fig. 3.2 d exhibits two shallow potential wells at x ~ £600 nm, which
correspond to the near-field enhancement at the outer edges of the nanorails in Figs. 3.2 b and
c. Both the potential and the force curves (Figs. 3.2 d and e, as well as in several other following
tfigures) show small fluctuations, which can be attributed to numerical error. In this research,
the trapped nanosphere is assumed to maintain at a height of 10 nm above the nanorails top,
based on several previous research [118, 161]. It is a reasonable value, considering that forces
such as: heat convection, wall-induced force, and light-induced gradient force, can all affect

the particle’s position.
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Fig. 3.2. Nanoparticle trapping characteristics of the entrance nanorails. (a) Schematic of the
cross section of the Entrance Route, consisting of two gold nanorails on a thick gold file and a
nanoparticle suspended in water above the nanorails. The incident light is polarized along the
x axis, i.e. orthogonal to the nanorails. The bottom of the nanoparticles is 10 nm above the top
of the nanorails, as indicated by the dashed circles. The solid, purple circle indicates the stable
position. (b) An enhancement factor of the electric field density at 1224 nm as normalized
against the incident field, with the upper limit of the color scale set at 40 for visualization. (c)
Corresponding distribution at 1274 nm using the same color scale. (d) Dependence of trapping
potential on the x position of the nanoparticle under the illumination of light at 1224 nm (green
line) or 1274 nm (red line). (e) Corresponding optical force along the x axis, Fy, at these two
wavelengths.
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Fig. 3.3. Field enhancement for nanorails with rounded edge. Enhancement factors of the
electric field density normalized against the incident field, with (a) 5 nm, (b) 10 nm, (c) 20 nm,
and 40 nm radius of rounded edges, respectively. The color scale set at 40 for visualization.
The wavelength is 1224 nm.

It is worth noting that an ideal sharp edge is impossible to achieve in standard nanofabrica-
tion (e.g. evaporating and lift-off). In Fig. 3.3, two nanorails with rounded edges demonstrate
the influence of rounded edge, where the top rectangular edges are arcs of radius r. Under
the illumination of 1224 nm, there is no significant difference in the enhanced near-field distri-
bution as compared with the field shown in Fig. 3.2 b, when the arcs’ radii are 5, 10, and 20
nm. When the radius is increased to 40 nm, the near-field distribution changes noticeably, but
it still meets the design requirement (i.e. a symmetric localized field enhancement appears in
the middle of two nanorails). Nevertheless, although the sharpness of the edge has relatively
small influence on the near-field distribution, it can affect the near-field enhancement magni-

tude of the nanorails, resulting in a lower device efficiency in experiment.

3.4 Nanoparticle trapping at Route 1 and Route 2

The previous section has confirmed that this design can trap nanoparticles between the two
nanorails. The next step is to select one of the two paths for the nanoparticles, while maintain-
ing a stable trap. The simulation result in Fig. 3.4 demonstrates that of similarity between the
two wavelengths of interest depicted in Fig. 3.2 changes, when a grating is established on the
side of the nanorails. The grating structure is comprised of seven gold nanostrips with a peri-
odicity, a width, and a height of 400 nm, 200 nm, and 70 nm, respectively, while the grating-
rail distance is a free parameter. Since plasmonic trapping significantly relies on near-field

enhancement, the distribution of the trapping potential power corresponds to the distribution
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of the electric field, and this effect can be analyzed by evaluating the electric field at the center
point (see Fig. 3.4 a) between the two nanorails, as shown in Fig. 3.4 b. At both wavelengths,
the enhancement factor oscillates with the grating-rail distance. Here, the enhancement factor
is calculated by comparing the electric field at the test point in Fig. 3.4, against the field at the
same point with the grating removed. This oscillation is caused by the interference between
the localized surface plasmons generated by the nanorails and the propagating surface plas-
mon polaritons (SPPs) created by the grating. The grating acts as a plasmonic antenna, which
can convert incident light into surface plasmons that propagate over the grating-rail distance
to the central test point. The interference at the test point changes by adjusting the grating-
rail distance. The interference between localized and propagating surface plasmons has been
investigated in the context of extraordinary optical transmission, primarily in a slit-groove ge-
ometry [153]. This work provides a similar rail-grating setup intended to utilize the near-field
enhancement. Following previous research [153, 154], the height of the grating is adjusted to
optimize device performance. To trap particles, the grating height should be lower than the

height of the nanorails to ensure that the maximum field enhancement appears at the nanorails.

The contrast between the two working wavelengths is critical to the functionality of the
plasmonic router. Although both wavelengths exhibit an oscillatory dependency on the
grating-rail distance, the oscillation is distinct in both phase and amplitude. This is due to
the fact that there are several sources contributing to the oscillation, involving the dispersion
of both types of surface plasmons. Fig. 3.4 b shows the ratio of the field enhancement that is
used to emphasize the contrast between these two wavelengths. Over the investigated range
of grating-rail distance, the ratio oscillates between 1.47 and 0.70, which underpins the routing

functionality.

Due to the influence of the additional grating, Route 1 and Route 2 can operate at different
wavelengths. Route 1 is optimized to well-operate at 1274 nm wavelength. The grating-rail
distance is consequently chosen to be 2736 nm (see Fig. 3.5 a). Figs. 3.5 b-c demonstrates that
the field enhancement is more significant at 1274 nm than at 1224 nm across the whole gap
between the two nanorails, which is in accordance with those results based on an analysis of
the electric field at the single test point. The potential energy in Fig. 3.5 f shows that the bottom
of the potential well at 1274 nm is deeper than twice of that at 1224 nm. With a comparison to
the results on the nanorails without the flanked grating, the trapping depth decreases by ~ 35%
to 4.25 kg - T/ (mW - um~2) at 1224 nm and increases by ~ 22% to 9.35 kg - T/(mW - um~2) at
1274 nm. This result correlates with the constructive and destructive interference shown in
Fig. 3.4. In addition, as a result of the grating structure, the stable point F, = 0, which was
previously located in the middle of the two nanorails, shifts to the side of the grating with a
deviation of approximately 50 nm from the central points (x = 0) (see Fig. 3.5 g).

By exploiting a variable grating-rail distance, the trapping strength of nanoparticles be-
tween the two wavelengths can be reversed. In Fig. 3.6, the grating-rail distance is changed
to 2468 nm. This is a condition for Route 2 under the 1224 nm illumination. As shown in

Fig. 3.4, this value of grating-rail distance generates constructive and destructive interference



3.4. Nanoparticle trapping at Route 1 and Route 2 43

Fig. 3.4. Route 1 and Route 2 adopt a side grating to affect the nanoparticle trapping. (a)
Schematic diagram of the pair of nanorails and the side gratings. The grating consists of seven
nanostrips that are slightly smaller in height than the rails. (b) At both wavelengths of 1224 nm
(green dotted line) and 1274 nm (red dash line), the electric field at the test point (in the middle
between the two rails and 10 nm above their tops) oscillates with d, the distance between
the nanorail and the gratings. The field is normalized against the incident light, which is x-
polarized. The ratio of the normalized electric field at these two wavelengths is drawn as the
black line, on which the values of the distance d in Routes 1 and 2 are specified using the two
black dots.

at the center of the two nanorails at wavelengths of 1224 nm and 1274 nm, respectively. The
constructive interference at 1224 nm leads to a significant local field enhancement between
the two nanorails and an increased potential energy of 10.57 kg - T/ (mW - um~?2), as shown in
Figs. 3.6 b, d, and f. In contrast, the near-field enhancement decrease considerably under the
illumination of 1274 nm (see Figs. 3.6 c and e). The trapping depth is 5.55 kg - T/ (mW - um~2),
roughly half of the depth at the condition of 1224 nm. Furthermore, due to the breaking of mir-
ror symmetry, the stable position deviates to x ~ 60 nm from the center of the two nanorails,
as shown in Fig. 3.6 g. The entire nanorail with the flanked grating as shown in Figs. 3.7 covers
an area of 70 um?. Therefore, the laser power required to achieve the above trapping potential
is 70 mW.

It is worth to pointing out that, this work utilizes a dielectric, non-resonant particle to nu-
merically demonstrate trapping. As the particle has little influence on the plasmonic field
shown in Figs. 3.2, 3.5 and 3.6, the optical force can be directly predicted from the plasmonic
tield. To support this view, the nanosphere’s electric field distribution is depicted in Ap-

pendix A.
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Fig. 3.5. Schematic diagram and trapping characteristics of Route 1. (a) Schematic diagram
of the nanostructure. The rail-to-grating distance d is 2736 nm. (b) An enhancement factor of
the electric field density at 1224 nm as normalized against the incident field. The upper limit
of the color scale is set to 40 for visualization. The incident light is polarized along the x axis.
(c) Corresponding distributions at 1274 nm. (d) A zoom-in view of panel b. (e) A zoom-in
view of panel c. (f) Dependence of trapping potential energy on the central position of the
nanoparticle. (g) Corresponding force F;.



3.4. Nanoparticle trapping at Route 1 and Route 2

45

Fig. 3.6. Schematic diagram and trapping characteristics of Route 2. The route has a rail-
grating distance d of 2468 nm. The panels (b—g) are plotted following the same specifications
as Fig. 3.5.
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3.5 Nanoparticle routing at the Y-branch junction

Fig. 3.7. Planar dimensions of the gold nanostrips at the Y-branch junction. The gold strips
are on top of a plain gold thin film and consist of both curved and straight segments. The
whole set of nanorails, including the Entrance Route, Route 1, and Route 2, possess mirror
symmetry concerning its central axis. The tip of the Y-junction has a radius of 40 nm. The two
side gratings have a route-dependent rail-grating distance, which is 2736 nm for Route 1 and
2468 nm for Route 2.

In Sections 3.3 and 3.4, all the plasmonic nanorails and the grating are treated as infinitely
long in the two-dimensional simulation, The wavelength sensitivity in the optical force can
approximate locations on the plasmonic router that are not close to the Y-junction. It is nec-
essary to provide similar wavelength sensitivity at the Y-junction, so that the nanoparticle can
be guided in the proper direction, that is, Route 1 at 1274 nm and Route 2 at 1224 nm. In
order to achieve this functionality, it is possible to combine the nanorails and the grating by
utilizing flanked grating on both sides of the nanorails, as shown in Fig. 3.7. As compared
to straight segments (i.e. Entrance, Route 1 and Route 2), the Y-junction has a more complex
geometry. Two gratings start at the line of —1.5 pum from the tip of the Y-junction as (x, y) = (0,
0), which overlaps with the bottom boundary of the Figs. 3.8 a and ¢. More details of the whole
plasmonic router design are exhibited in Fig. 3.7. Considering nanofabrication capabilities of
future experiments, the tip of the Y-junction is set to be a 40-nm-radius semi-circle. In this
Y-junction design, the deflection angle of the junction is designed to be 30°. The polarization
of the incident light is changed from linear polarization for the straight nanostrips to circular

polarization, owing to the planar curvature of the nanorails and gratings at the Y-junction.

The evanescent field distribution of the electric field intensity at the xy-plane 10 nm above
the top of the nanorails, with the incident light at 1274 nm, is shown in Fig. 3.8 a. Similar to
the simulation results shown in Figs. 3.2, 3.5, and 3.6 for straight nanorails, strong localized
surface plasmonic resonance (LSPR) is observed at the edges of the nanorails, especially at the
inner edges of the rails. The curve of strong field enhancement traces the curvature of the
Y-junction. Simultaneously, differences in the field distribution between the two arms of the
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Fig. 3.8. Routing of the nanoparticle at the Y-branch junction. (a) Enhancement factor of
electric field density at the xy plane is 10 nm above the top surface of the nanorails. The
electric field is normalized against the field of incident light. The upper and lower limit of the
color scale is set at 40 and 10, respectively, for visualization. The incident light is circularly
polarized, and the wavelength A = 1274 nm. The start line of the two side gratings overlaps
with the bottom edge of the figure. (b) Optical force along the x axis, Fy, with the nanoparticle
(the black circle) at six evenly spaced, representative locations along the center of the Y-branch
junction. The scale is 0.02 pN/(mW - pm~2). (c, d) Corresponding field distribution and force
Fy at 1224 nm, The largest force at the six simulated locations is 0.11 pN/ (mW - pm’Z) at both
wavelengths.

Y-junction can be observed as well. The left arm is brighter than the right arm under the 1274
nm illumination. Strong contrast can be observed near the tip of the Y-junction, where the end
of the Entrance route and divergence of the two arms begin. This contrast between the two
arms indicates that the left arm traps the nanoparticle at 1274 nm more effectively. The same
tendency can be seen in the force maps (see Fig. 3.8 b). A trapped nanosphere can travel along
the center of the Entrance route and bias toward the left side when close to the junction, until
being guided to the left arm (i.e. Route 1) by the asymmetric plasmonic near-field. In contrast,
Figs. 3.8 b and d show the other condition, that is, the near-field enhancement on the right arm
(i.e. Route 2) of the Y-junction is stronger than the left arm under the illumination at 1224 nm
wavelength. A nanoparticle allocated at the same location can experience an optical force that
guides it to the right arm.
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The modification to circular polarization was made to emphasize the impact of surface
plasmons on nanoparticle capture. In fact, neither localized nor propagating surface plasmons
can be excited by a y-polarized incoming wave at these wavelengths for straight nanostrips.
The trapping potential and force, which have the normalized units of kgT/(mW - pm~2) and
pN/(mW - um~2), fall by 50% when the incident light polarization is adjusted to circulation
polarization. As stable trapping needs a minimum potential depth (the recommendation value
ranges [120, 146] between 1 kgT and 10 kgT, depending on the time-frame of the trapping), cir-
cularly polarized light is less power efficient for straight nanorails. It is worth noting, however
that the contrast in the trapping efficiency at the two wavelengths does not change and the
whole nanoparticle pathway is still functional under the illumination of circularly polarized
light. In Appendix A, I list the key equations used to calculate the Maxwell stress tensor, based
on which the optical force and potential are derived.

To ensure that a particle will be correctly guided to the desired outlet, the speed of the
particle has to be below a threshold value. This maximum speed can be numerically calculated
by using the Stokes’ law as shown in Eq. 3.1

Pd — 67T‘I/£wgterrv (3.1)

where F; is the fractional force (i.e. the force of viscosity on a nanoparticle moving through
a viscous fluid), p is the dynamic viscosity of water (i.e. ~ 1 mPa -s), r is the radius of the
nanoparticle (i.e. 110 nm), and v is the flow velocity relative to the nanoparticle.

By substituting the force on the nanoparticle when it enters the Y-junction (i.e. the lowest of
the six position simulated in Fig. 3.8) into Eq. 3.1, the terminal velocity is calculated to be 53.1
um/s under an illumination with a unit power of 1 mW/ um?. In this case, the viscosity force is
the same as the optical gradient force, which is 0.11 pN. The nanoparticle weighs 6.72 x 10~2!
kg, giving a gravity force of 6.59 x 10~29 N, which is much smaller than the optical force. The
velocity that the nanoparticle can reach under the optical force as calculated by using Newton’s
second law (v = 1.5 m/s) is far greater than the terminal velocity calculated by using Eq. 3.1.
Therefore, only the terminal velocity is considered.

Assuming that when a nanoparticle enters any branch, it is located in the middle of the two
nanostrips, which is considered to be effectively guided. That is, for a particle to move 900
nm in the y direction (i.e. distance of the Entrance to the tip of Y-junction), it has to move 75
nm in the x direction (i.e. semi-width of the gap between two nanorails). The time it takes to
move along the x axis is 1.41 ms, from which the maximum velocity in the y direction can be

calculated as 0.64 mm/s.
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Fig. 3.9. Dependence of the optical force F, on the refractive index of the nanoparticle. (b)
The nanoparticle is at the lowest of the six positions simulated in Fig. 3.8. The sign of the force
indicates the direction, and a positive force directs the nanoparticle along the +x direction (i.e.
to Route 2). The two black symbols correspond to a refractive index of 1.58 which is used in
the previous sections. The (a) top and (c) bottom panels demonstrate the time-average energy
density on the bottom surface of the nanoparticle with a refractive index at 1.4, 1.58, and 2.4,
(a) is for 1224 nm and (b) is for 1274 nm. The red and green arrows represent the Maxwell
stress tensor.

3.6 The dependence on the refractive index of the optical force

Finally, the light force on a nanosphere with different refractive indices at the Y-junction is
analyzed. The simulation condition is the same as in Fig. 3.8. The energy density on the outer
surface of the nanosphere is calculated using the near fields in Figs. 3.8 a and 3.8 c, respectively.
To analyze the influence of the refractive index contrast, nanospheres with a refractive index
(Msphere) Tanging from 1.4 to 2.4 are used. Their refractive index is always greater than that of
the media (1,41, = 1.33). At both wavelengths, the force scales linearly with the refractive
index contrast between the nanoparticle and the liquid, and the sensitivity is ~ 0.45 pN/ (mW -
um=2) per unit change of the refractive index. As the contrast between 7ppere and Myegivm

diminishes, so does the optical force exerted on the nanosphere. When the refractive index of
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the nanosphere reaches 2.4, the force is about four times of that on the nanosphere simulated in
previous sections, which has a refractive index of 1.58. It can be deduced that when the size of
the sphere is close to the incident wavelength, a larger refractive index contrast gives a greater
trapping stiffness.

3.7 Conclusions to Chapter 3

In conclusion, a plasmonic nanoparticle router/switch activated by the wavelength of incom-
ing light has been analyzed using numerical modeling. The router is comprised of a sequence
of gold nanostrips on a thin coating of gold. It can enable trapping, directing, and routing
of nanoparticles in a continuous-flow microfluidic channel illuminated by unfocused light at
normal incidence. With a 50 nm shift in the input light’s wavelength, a nanoparticle may be
directed towards either one of the two specific paths. These functions are accomplished by
utilizing the interference between localized and propagating surface plasmons produced on

gold nanostrips.

The concept is straightforward and has the potential to allow the integration of a cascaded,
multi-route nanoparticle transport network with lab-on-a-chip devices. Simply by adjusting
the size of the plasmonic nanostructures, it can operate at a variety of wavelengths throughout
a large spectrum. Combining plasmonic force with the continuous liquid flow to produce con-
trolled nanoparticle transport is a defining characteristic of the nanoparticle router. Compared
to pure plasmonic manipulation, this strategy might increase the efficiency of manipulating
nanoparticles. In addition, it meets increasing needs in advanced plasmonic nanoparticle ma-
nipulation that moves from controlling the location to controlling the motion of a nanoparticle.
With the capacity to both trap and transport nanoparticles, this novel control approach opens
up new possibilities for plasmonic nanoparticle manipulation, which may be beneficial for a
variety of on-chip optofluidic applications.
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Chapter 4

Coherently tunable metalens tweezers
for optofluidic particle routing

In the previous chapter, I have numerical demonstrated plasmonic trapping and guiding of
a nano-scale dielectric particle on a structured plasmonic surface, which is a near-field phe-
nomenon. Introducing metalens in microfluidics research provides the new capability of using
nanophotonic devices for far-field optical manipulation. In this chapter, I demonstrate, via
numerical simulation, the first tunable metalens-based optical tweezers that function under
dual-beam illumination. The structured surface is a dielectric metasurface comprising Si nano-
pillars on a PDMS-covered glass substrate. The phase profile of the metalens can be modulated
by controlling the relative strength and phase of two coherent incident light beams. As a re-
sult, the microchannel is sensitive to changes in light illumination conditions. This produces
a controllable and reconfigurable path for particle transport. Particle routing in a Y-branch
junction, for both nano- and micro-particles, is evaluated as an example functionality for the
tunable metalens tweezers. This chapter shows that tunable far-field particle manipulation can
be achieved by utilizing near-field nano-engineering and coherent control, opening a new ap-
proach for the integration of nanophotonics and microfluidics. Most results in this chapter are
presented in the journal publication: S. Yin, F. He, W. Kubo, Q. Wang, J. Frame, N. G. Green,
and X. Fang, “"Coherently tuneable metalens tweezers for optofluidic particle routing,” Opt
Express 28 (26), 38949-38959 (2020).

4.1 Introduction to Chapter 4

Nanophotonic devices provide an unprecedented level of control over light waves via engi-
neering light-matter interactions at the nanoscale. The integration of such nanophotonic de-
vices with microfluidic systems enables advanced particle manipulation beyond the scope
of conventional optical tweezers for trapping, guiding, rotating, and propelling [165, 213].

This promise has motivated researchers to investigate a wide variety of various nanophotonic
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devices involving waveguides [246], microring [247], whispering gallery mode resonators
[220, 248], photonic crystals [223], all-dielectric nanoantennas [224], and plasmonic resonators
[8, 235]. All of these previous approaches, including the research exhibited in the previous
chapter, achieve particle manipulation by exploiting electromagnetic near-field effects. Indeed,
nanophotonics in the context of microfluidic applications is widely considered equivalent to
“near-field photonics” [214]. By comparison, utilizing metasurface-based optical trapping
[110, 194, 249, 250] develops a new research direction, i.e. nanophotonic particle manipulation
in optical far-field. A metalens is a proposed-designed metamaterial surface, known as a two-
dimensional metamaterial surface, that retailors the output light wavefront for functionality
characteristics, mostly focuses light in the far-field like a conventional glass lens, but achieves
the required light bending with a subwavelength thickness [251]. Metalens, in the context of
optofluidics, creates the nanoscale light shaping capabilities provided by the nanophotonic de-
vice while retaining the far-field particle manipulation capabilities of traditional optical tweez-
ers (i.e. optical tweezers that rely on the use of microscope objectives with a high numeri-
cal aperture). Besides, all-dielectric metalens is supported by the aqueous properties (higher
refractive index than air) to establish a higher numerical aperture. This combination offers
unique opportunities for advanced particle manipulation in lab-on-a-chip systems, which mu-

tually improve photonics and microfluidics.

In this chapter, I present the first study of tunable, metalens-based optical tweezers that
function under dual-beam illumination. As opposed to the most common configuration of op-
tical tweezers, where a single incident light beam is utilized, dual-beam illumination employs
two counter-propagating light beams. The combined optical force provided by two incident
beams has been exploited to trap macro-sized particles [252], stretch biological cells [253, 254],
translate trapped particles along the beam axis [217, 236, 255], and even control their orienta-
tion in an optical trap [256]. Further exploration of the coherence between the two beams has
enabled more advanced control, such as particle translation with nanometer accuracy [218] and
transferring optical angular momentum to trapped particles [257, 258]. In these previous re-
search, two counter-propagating light beams interact with the trapped particle directly. In con-
trast, this chapter demonstrates a fundamentally different use of two incident beams, that is,
controlling the electromagnetic response of ultra-thin metalens. Two counter-propagating inci-
dent light beams with the same wavelength and controlled phase and power contrast, known
as coherent control, provide a continuously tunable illumination condition. The coherent inter-
action between two incident beams and the metalens enables control over the phase profile of
the metalens, which results in a steerable focus and consequently translation of trapped parti-
cles. The designed metalens shown in this chapter is the first research that introduces coherent
control of metasurfaces, a research area that has recently emerged from the development of
tunable metamaterials [259], into the realm of microfluidics.
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4.2 System design: metalens particle router

As a proof-of-principle demonstration, this chapter analyses a tunable metalens-based particle
router that can route fluid-borne particles in a Y-branch junction on demand, a functionality
that resembles tunable optical tweezers (see Fig. 4.1). The photonic component of the tunable
metalens tweezers is an array of silicon nanopillars supported by a glass substrate, as shown
in Figs. 4.1 a and b. The unit cell (i.e. the smallest periodic unit of the metalens) is a row of 25
silicon nanopillars along the x axis (see Fig. 4.1 ¢), and the whole array is created by replicating
this unit cell along the y direction at a periodicity of 900 nm. For all the nanopillars, also named
meta-atoms, the center-to-center distance is 900 nm, the height of 500 nm, and the cross section
is elliptical. The width of the elliptical cross section is defined in the x direction, while the
length of the elliptical cross section is defined in the y axis. As shown in Fig. 4.1 ¢ and listed
in Table 4.1, both the shape and dimensions of the cross section vary with the x position of the

nanopillar, which is a key design feature of the tunable metalens.

The tunable metalens is covered by a layer of polydimethylsiloxane (PDMS) and located
beneath a microfluidic channel as the fluidic component, as shown in Fig. 4.1 b. The mi-
crochannel has a width of 22.5 um (in the x direction, matched to that of the metalens) and
a base 130 um above the metalens arrays (in the z direction, defined from the middle height
of the nanopillars). Water inside the microchannel moves slowly forward in the 4y direction
along the entrance section and predictably divided into two branches, with the left and right
half of the fluid moving towards Exit 1 and 2, respectively. Dielectric particles of interest, which
are injected into the entrance section, pass above the metalens towards the branch point of the
Y-junction. The tunable metalens tweezers are designed to optically trap particles of interest
in a controlled position in the xz cross sectional plane while leaving them free to move in the y
direction. Particles trapped in the left and right half of the entrance section are guided towards
Exit 1 and 2, respectively, via a laminar flow enabling the intended functionality of all-optical
particle routing.

Laminar flow occurs when the flow rate is extremely low, and the fluid moves in layers
without mixing. This phenomenon is quantified by using the ratio of inertial force and viscous
force, which is the Reynolds number. When the Reynolds number is low, viscous forces have
a large impact on the flow field than inertial force, while the flow velocity disturbances in the
flow field will be suppressed owing to viscous force. The fluid flow is thus stable and laminar.
For the most common case where the flow is through a pipe, the Reynolds number (Re) is

defined as
_ pvDy

i
Here, p is the density of the fluid, v is the average speed of the fluid, Dy is the hydraulic

Re (4.1)

diameter of the pipe, and p is the dynamic viscosity of the fluid. Typically, a Reynolds number

Re < 2100 corresponds to a laminar flow [260]. In this work, the fluid in the microfluidic
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channel is assumed to be laminar flow, which only provides the function of transferring the

particle forward in the y direction.

Table 4.1. Cross sectional dimensions of the 25 constituent nanopillars in nanometers. All
the nanopillars have an elliptical cross section with the principal axes along x and y.

No. X axis y axis ‘ No. X axis Y axis ‘ No. X axis Y axis
1 120 250 10,11 170 170 17,18 380 235
2,3 130 350 12 350 253 19,20 380 230
4,5 130 310 13 380 245 21,22 380 220
6,7 140 270 14 380 242 23,24 380 210
8,9 160 190 15,16 380 240 25 400 130

The particle trapping and routing are achieved by employing coherent control in my work.
In the context of metamaterial and metasurface modulation, coherent control utilizes two co-
herent, counter-propagating light beams with controllable relative phase and intensity as il-
lumination [259]. A crucial feature of coherent control is the creation of local electromagnetic
tield configurations that are inaccessible to conventional plane waves [231]. The most typical
configurations are the E-antinode (electric field antinode or magnetic field node) and the B-
antinode (electric field node or magnetic field antinode), where the local magnetic and electric
field is always zero (i.e. a wave node), respectively. As compared with conventional single-
beam illumination with finite magnitudes of electric and magnetic fields, these different field
configurations can induce varying electromagnetic responses in a metasurface [198, 230]. In
this case, the dual-beam illumination is employed to generate a tunable focus, with the E-
antinode focus and the B-antinode focus guiding suspended particles towards different exits.

The light focusing and particle manipulation properties of the tunable metalens are numer-
ical simulated by using a commercial finite element solver (COMSOL Multiphysics). For all
illumination conditions utilized in this chapter, the incident waves are linearly polarized along
the x axis. The incident wavelength employed in the metalens is 1550 nm, a telecommunica-
tions wavelength also frequently used in optofluidic experiments due to the low absorption
of water at that wavelength [10]. At that wavelength, the refractive indices of water, glass,
PDMS and silicon is set at 1.33 (nyater), 1.50 (11G1ass), 1.40 (nppms), and 3.48 (ng;), respectively
[261, 262]. The metalens array is considered to be infinite long in the y direction, approximat-
ing an entrance channel far away from the two exit branches. Following my previous research
[8, 10] that is discussed in Chapter 3, all the illumination conditions are determined using the
incident magnetic field at the middle height of the metalens, in which Bgy,ss and Bpps are for
the incident light from the glass side (bottom side) and the PDMS side (top side), respectively.
Under the E-antinode illumination condition, the field ratio Bgjuss/Bppms = —NGlass/ MPDMS 1S
equal to —1.50/1.40 (the negative sign implied that the two fields are 7t out of phase), while
the B-antinode condition corresponded to Bgj,ss/Bppms = 1 (the two fields are in phase). Two
polystyrene spheres (refractive index = 1.56) [263], a nanosphere with a diameter of 100 nm and

a microsphere with a diameter of 1 pm, are employed to determine typical particle response
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Fig. 4.1. Schematic diagram of tunable metalens tweezers and the application as an optoflu-
idic particle router. (a) Schematic of the metalens, which is an array of Si nanopillars (in yellow
color) on top of a glass substrate. The array has 25 nanopillars (only five are depicted here due
to space constraints) in each row along the x axis, and rows are identical along the y axis. The
metalens lies beneath a microfluidic channel defined by a layer of PDMS (not depicted). The
boundaries of the microchannel have the shape of a Y-branch junction, consisting of one en-
trance and two exits. The intended functionality of the metalens tweezers is to define the x
position of suspended particles in the entrance section, enabling routing towards either of the
two exits. (b) Cross section of the device through the entrance channel. Under the illumina-
tion of two coherent, x-polarized, counter-propagating light beams at normal incidence (not
depicted), constructive interference of light scattered by the nanopillars (red arrows) forms a
focus inside the microchannel and the intermediate PDMS layer. The xz cross section of the
focus approximates a Bessel beam. Several dimensions are annotated, and the device is not
drawn to scale. (c) Schematic of a single unit cell of the metalens, which consists of a row of
25 nanopillars. The figure is drawn to scale. (d) By using the technique of coherent control,
the focus can be steered in the xz plane. The shape and the steering of the focus suggest that
the tunable metalens behaves like a conventional cylindrical axicon lens that rotates in the xz
plane.
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to the illumination. Initially, the optical force is derived by integrating the Maxwell stress ten-
sor at the surface of the particles utilizing the electromagnetic field simulation. As detailed in
Section 4.7, the trapping potential was then calculated by integrating the force along a straight
line. Furthermore, a Lorentz force formula based on the momentum of a dipole is used to fig-
ure out the optical potential on the nanosphere of the metalens tweezers which can be found
in Section 4.8.

4.3 Formula derivation: Standing wave at PDMS/Glass interface

In this section, the coherent illumination at the PDMS/Glass interface is considered. Two co-
herent, counter-propagating waves, one from the PDMS side along the —z direction and the
other from the glass substrate side along the +z direction, illuminate the interface at normal
incidence. The two waves have the same wavelength and are collinearly polarized. To create
a standing wave at the PDMS/Glass interface, the relative phase and amplitude of the inci-
dent fields should be controlled at the interface. Here, the analysis begins with the Fresnel
equations [264], which dictate the transmitted and reflected fields of an incident wave at an
interface. I begin the derivation by defining the components of the light field propagating in
the two mediums (i.e. glass and PDMS). Eél s’ Eél s and E¢; o represent the incident, trans-
mitted, and reflected electric fields at the interface from the glass substrate, respectively, while
B

respective field component of a light wave from the PDMS side can be defined in the same way,

BL,,.- and B, represent the corresponding magnetic field components. Similarly, the

ie. E5parss Espars: Ebpmss Bopums: Bopams, and Bhpys- The equations below can be obtained
directly for the fields in the PDMS:

Ebpums = Eoei(]frfm)
Epips = r2Eoe 1) (4.2)

E%DMS — t12EOei(kr7wt)

i _ Mppms i(kr—wt
Bppms = =& Eoe ( )
n i (kr—

B;DMS = —r1» P[;MS Eoel(kr wt) (4.3)

t _ n i(kr—uwt
BPDMS = t15 PleS Eoez( r—wt)

where E is the amplitude of the incident field, i is the imaginary unit, k is the wave vector, r is
the position vector, w is the angular frequency, and f is time. rq; is the reflective coefficient from
the glass back to PDMS, and t1, is the transmission coefficient from PDMS to glass. nppus,

NGlass are the refractive indices of the PDMS layer and glass substrate, respectively.

Based on the Maxwell equations that guide the behavior of electromagnetic fields, the tan-
gential components of the electric and magnetic fields are continuous on both sides of the in-

terface between the two mediums. Hence, the tangential electric/magnetic field components
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at the interface can be described by
Ebpms + Ebpms = Ebpus (4.4)

Bbpws + Bpoums = Bbpus (4.5)

By substituting Eq. 4.2 and Eq. 4.3 into Eq. 4.4 and Eq. 4.5, respectively, the continuous electric
field and magnetic field at the interface are obtained

1+rp=tp (4.6)

ny +ripny = tiony (4.7)
which are easily solved for 1, and ¢, yielding

nppms — 1
o = Glass (4.8)
nppms + NGlass

2
f, — _ ZI'PDMS (4.9)
nppms + NGlass
Hence, the transmitted and reflected waves in the PDMS layer can be described by
NnppmMs — NGlass Ei

r _ i _
Eppms = r2Eppms = ———————Eppuis (4.10)
nppms + NGlass

' 2nppms '

Ebpms = t2Eppus = Eppums (4.11)
nppMs + NGlass

The same approach can apply to the analysis of the magnetic field at the interface from the

PDMS side, which can be described by

NnppMs — NGlass pi
B~ = ——2 =g 4.12
POMS = ippms + MGlass | PMS (412)
2nppms ;
Bbpms = Bppms (4.13)

nppMs + NGlass
Similar to the waves in the PDMS side, the reflective and transmission coefficients of the waves
in the glass substrate are derived to be:

_ NGlass — NPDMS 1 (4.14)

’
Glass — Glass
“ nppMs + NGlass

21’1(;1 :
., — _ “MGlass  pi (4.15)
Class =y ppms + NGlass O

NGlass — NPDMS pi
r. - lGlass ” IPDMS pi (4.16)
Gl Gl :
P Nppms + NGlass

21’1@1 :
B, — _ <'Glas  pi 4.17)
Class = yppms + NGlass O
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By combination Eqgs. 4.10 -4.13 and Eqs. 4.14 -4.17, the total electric amplitude and magnetic
amplitude at the PDMS/Glass interface, are described by

Eppms + Eppms + EGlass = EGlass + EGlass T Eppims (4.18)

' t ' t
Bppms + Bppms + Beiass = BGiass + BGlass + Broms (4.19)
By substituting reflective and transmission coefficients into Eq. 4.18, the total instantaneous
electric field E is obtained as

2nppms ; 21Glass i

= ppMs T+ EGlass (4'20)
nppms + NGlass nppms + NGlass

Similar, by substituting reflective and transmission coefficients into Eq. 4.19, the total instanta-

neous magnetic field B is obtained

21 Glass ; 2nppms '
_ 1 1
- BPDMS + Glass (4'21)
nppms + NGlass nppms + NGlass

From Egs. 4.20 and 4.21, it is straightforward to determine the unique solutions required to
satisfy the E-antinode (or magnetic field node) and the B-antinode (or electric field node) con-
ditions. Hence, the relative magnetic field amplitude Bg,ss/ Bppums at the E-antinode is given
by

BGiass/ BppMs = —MNGlass/PDMS (4.22)

Meanwhile, the relative magnetic field amplitude at the B-antinode is obtain as

BGlass = Bppms (4-23)

In addition, the relative incident power can also be derived [265], which is expressed as

_ cnep

I
2

|E|? (4.24)
where 7 is the refractive index of the medium, c is the speed of light in vacuum, and ¢y is the
vacuum permittivity. E is the complex amplitude of the electric field. The net power P through
a closed surface A is described by

p= / I-dA (4.25)

By substituting the two media of interest at the interface, the relative incident power can be

obtained as ) )
PGiass _ nGlass‘EGlass| _ nPDMS|BGIass| (4 26)

Pepms  1ppms|Eppms? MGiass| Broms|?

where E and B are the electric and magnetic amplitudes in the corresponding medium, respec-
tively. The value is 1.07 for the E-antinode condition and 0.93 for the B-antinode condition,

these values were utilized in the subsequent simulations.
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4.4 Meta-atom design: Optical response of nanopillar arrays

The metasurface lens forms a focal point as a result of the constructive interference of light scat-
tered by the nanopillars, a process in which the phase of the scattered light is critical. Fig. 4.2
uses cylindrical nanopillars, where the cross section is a circle, to demonstrate coherent control
over the output phase. To simplify the phase extraction [178, 266], a uniform array of same-
sized nanopillars is simulated for this initial study. The nanopillars are periodic along both
the x- and y-axes. Both the glass substrate and the PDMS layer are treated as infinitely thick.
The microfluidic channel is not considered at this stage, which is a good approximation due to
the similarity between water and PDMS in their refractive indices, 1.33 for water and 1.40 for
PDMS. The spacing of the nanopillars is set to be the same value of 900 nm as in the metalens
surface (see Fig. 4.2 a). The array is illuminated by light at normal incidence, either from both
the PDMS and the glass side or from only the PDMS side. The array scatters incident light
both upwards (into the PDMS layer) and downwards (into the glass substrate), whereas only
the former is analyzed here due to its relevance to particle manipulation. The radius of the
nanopillar, shown in Fig. 4.2 a, changes from 100 nm to 400 nm with a 10 nm step (Fig. 4.2 b).

The output scattering phase dispersion is modifiable with coherent illumination. In com-
parison to the single-beam illumination, the slope of the phase dispersion at the E-antinode
condition is steeper within the radius range between 200 nm and 300 nm. In contrast, the phase
dispersion at the B-antinode condition is pronounced in the 150 — 200 nm and 350 — 400 nm
regions. This difference underpins the rotaion of the V-shaped phase profile, which is shown

later in the chapter.

I further calculated elliptical nanopillars, which can provide a better phase match to the tar-
get wavefront as compared with circular nanopillars. In Fig. 4.3, nanopillars with 961 different
cross sections are simulated, with the dimensions along the x and y axis adjusted indepen-
dently from each other from 100 to 400 nm at a step of 10 nm. Both the amplitude and phase
maps exhibit variant optical response of the nanopillar array. The phase curves in Fig. 4.2 b
can now be considered as special situations that correspond to the diagonal of the phase maps
in Fig. 4.3. By adjusting the length of the nanopillar, elliptic nanopillars show more abun-
dant variant in phase. When compared to the single-beam illumination condition, the phase
variation/coverage at the E-antinode condition is smaller when the nanopillar semi-width is
less than 160 nm, but bigger when the nanopillar semi-width is more than 350 nm. In con-
trast, under the illumination condition of the B-antinode, the change demonstrates an oppos-
ing tendency. In Fig. 4.2 ¢, a pair of counter-propagating, coherent light beams are employed to
demonstrate the coherent control of two beams from different materials [198]. The two beams
with the same wavelength and polarization condition have different phase and amplitude. At
the air/substrate interface, only an electric field or magnetic field exists in the E- or B-antinode
condition, respectively. In the coherently tunable metalens tweezers, the two beams superim-
pose at the plane, which is located at the middle height of the silicon nanopillars [9, 190, 201].
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Fig. 4.2. Phase response in the output light of a cylindrical nanopillar. (a) A schematic
diagram of a nanopillar has a cylindrical cross section. To determine the phase, a uniform
array of the nanopillar with a periodicity of 900 nm in both the x and y directions is simulated.
The incident light propagates along the £z directions. The height of the cylindrical nanopillar
is 500 nm. (b) Phase shifts of a varying nanopillar, which radius changes from 100 nm to 400
nm, under three illumination conditions of interest, i.e. the E-antinode (blue), single-beam
(olive), and the B-antinode (red), respectively. (c) Coherent illumination of a substrate surface
plane using two counter-propagating light beams. Electric and magnetic field distributions for
standing waves in which the surface of the substrate is at the E-antinode (middle subpanel)
and the B-antinode (right subpanel). Panel (c) is reproduced from [198].

Fig. 4.4 employs a specific nanopillar, nanopillar #1 (with a semi-width of 120 nm and semi-
length of 250 nm) in Fig. 4.1 ¢ and Table 4.1, as an example to demonstrate coherent control
over the output phase. As discussed above the nanopillars form a bi-periodic array for phase
extraction (see Fig. 4.4 a). The array is illuminated by light from both the PDMS and the glass
sides (Figs. 4.4 c and e) or from the PDMS side only (Fig. 4.4 d). All the field maps show a plane
wave propagating along the +z direction, as only the zeroth-order diffraction is allowed for an
effective wavelength (1107 nm in the PDMS) larger than the periodicity (900 nm). The output
wave maintains the x polarization of the incident wave, as polarization rotation is forbidden

by the planar symmetry.

As demonstrated previously [190], two coherent, counter-propagating light waves illumi-
nating an interface at the normal incident can form a standing wave, even if the media on the
two sides of the interface have different refractive indices. If the interface is at the E-antinode
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Fig. 4.3. The simulated output field amplitude and phase of elliptical nanopillars with vary-
ing dimensions at the designed wavelength of 1550 nm under three illuminate conditions,
the E-antinode, single-beam, and the B-antinode. The nanopillar has an elliptical cross sec-
tion with a semi-width (along the x axis) and a semi-length (along the y axis) varying from 100
nm to 400 nm.The phase map in the left column shows the modulated phase of output light,
which is extracted 2 um above the arrays of nanopillar. All three maps of field amplitude in
the right column are normalized against the maximum value in each individual map.
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Fig. 4.4. Phase and strength of the output light from an example nanopillar. (a) Illustration
of the nanopillar, which has an elliptical cross section with a semi-width of 120 nm and a semi-
length of 250 nm. An array with a periodicity of 900 nm in both the x- and y-axes is used to
extract the phase. The z axis is the propagation axis for the incident waves. (b) Optical response
on the example nanopillar with a varying field ratio, Bgj,ss / Bppms, from —1.5/1.4 (E-antinode
condition) to 1 (B-antinode condition) as discussed in Section 4.2, which demonstrates phase
shift (black line) and output efficiency (red line). The output efficiency is normalized against
the total input power from both PDMS and glass sides. (c-e) Output electric field inside the
PDMS, with the array (c) at the E-antinode of a standing wave formed by two incident light
beams, (d) under the illumination of a single beam from the PDMS sides, and (e) at the B-
antinode of a standing wave. All three maps exhibit the same area of 900 nm x 3 um in the
xz plane (2 um to 5 pm above the array of nanopillars). The field is normalized against the
maximum value in each individual map.

(equivalently the B-node) of the standing wave (i.e. the illumination condition of Fig. 4.4 c),
the local electromagnetic field is purely electric. In contrast, if the interface is at the B-antinode
(equivalently the E-node, the illumination condition of Fig. 4.4 e), the local field is purely mag-
netic. A gradual transition from the E-antinode to the B-antinode can be achieved by maintain-
ing one incident wave unchanged, while adjusting the phase and strength of the other incident
wave. In this work, the incident light from the PDMS side is selected as the invariant wave,
and Fig. 4.4 ¢ corresponds to a specific case in the gradual transition where the other wave (i.e.

the wave from the glass substrate side) is switched off.

To obtain tunable metalens tweezers, the variation of scattering properties between the
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limiting cases of the E-antinode and the B-antinode is considered. Fig. 4.4 b demonstrates the
phase shift and scattering efficiency of the example nanopillar with the gradual transition of
illumination condition. The tuning range is represented by the magnetic field ratio of the inci-
dent waves from the glass side (Bgj,ss) and the PDMS side (Bpps). The sign of Bgass/ Brpms
indicates the relative phase of the two incident waves, while the amplitude represents their
relative strength. A phase tuning range from —65° to 109.5° is observed for the nanopillar,
with an approximately parabolic variation of output efficiency of 55% (at the E-antinode) and
47% (at the B-antinode), as shown in Fig. 4.4 b.

Figs. 4.4 c-e highlight the change in phase of the output light at the three specific illumi-
nation conditions. The difference is 66.5° between the E-antinode and the single-beam, and it
can reach 174.5°, almost a total phase reverse of 77, between the E-antinode and the B-antinode.
The simulated phase shift is only about half of the ideal maximum shift (i.e. 277). This limits the
dimensions of the metalens tweezers in the x direction. The phase shift clearly reveals that the
optical properties of the Si nanopillar can be modulated through coherent control. Such mod-
ulation originates from the fact that the nanopillar possesses multiple Mie resonances at this
wavelength, where the electric dipole and magnetic dipole resonances are selectively domi-
nant under the E-antinode and the B-antinode conditions, respectively (see next section for
near-field analysis). Due to the fact that various resonances impart different phase shifts in
light scattering, the nanopillar shows a scattering phase that is exclusively controlled by inci-
dent light.

A light-focusing metalens requires its constituent units (in this case, the nanopillars) to ex-
hibit a tailored phase profile across the whole metalens, and a tunable metalens further requires
this phase profile to be modified in a designated fashion. In this work, both requirements are
satisfied by adjusting the cross section of the nanopillars across the metalens. Suitable nanopil-
lars are identified based on the phase shift (as the dominant factor) and the strength (as the
secondary factor) in light scattering. As a result, the 25 nanopillars in a metalens unit cell
adopt 15 different cross sections (see Table 4.1). Reducing the dimension step from 10 nm to
an even smaller value will increase the number of nanopillars available for selection, albeit also

increasing the difficulty for the nanofabrication of the device.

4.5 Meta-atom characteristics: near-field tuning by coherent control

Previous sections have analyzed electromagnetic responses at the far field (i.e. about two
wavelengths away from the middle height of the nanopillar array) under the E-antinode, the
single-beam, and the B-antinode illumination conditions. Near-field properties can provide
complementary information for metalens design, and they are analyzed in this section. Fig. 4.5
demonstrates the electric and magnetic field distribution at the middle xy plane of the nanopil-
lar under three illumination conditions. The simulation result indicates that the illumination

condition changes the near-field, particularly its magnitude. As shown in Fig. 4.5, the electric
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tield magnitude at the E-antinode condition decreases when changing to the single-beam con-
dition, and the B-antinode condition. In comparison, the magnetic field is the strongest at the

B-antinode.

Fig. 4.5. Electric and magnetic field distributions of the nanopillar #1 (see Fig. 4.4 a) under
three different illumination conditions. The field distributions are extracted at the middle
xy plane of the example nanopillar. The directions of the incident electric and magnetic fields
are depicted in the top right panel. The incident wavelength is 1550 nm. All six fields are
normalized against the incident light from the PDMS side, which is invariant with illumination
conditions.

Fig. 4.6 depicts the electric and magnetic field distributions in the same xz plane, the cross
section at the center of the nanopillar together with the displacement current. At each illumi-
nation condition, the black arrows indicate the local direction and strength of the displacement
current, while it should be noticed that the field strength is not normalized across panels. Both
the electric field and the current clearly depend on the illumination condition, supporting the
interpretation in previous sections that the optical response of the nanopillars depends on the
illumination condition. As shown in Fig. 4.6 a, at the E-antinode condition, the displacement
current is almost straight in the center along the x axis. In contrast, at the B-antinode condition
(see Fig. 4.6 b), a circulating displacement current is observed, which correlates with the mag-

netic field distribution shown in Figs. 4.5 and 4.7.
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Fig. 4.6. The electric field distribution (color maps) and the displacement current (arrows)
for nanopillar #1 under three different illumination conditions. The field distributions are
extracted at the middle xz plane of the example nanopillar. The electric field of all the maps
is normalized against the same value, that is, the electric field of the incident light from the
PDMS side. Meanwhile, the displacement current is not normalized across the three maps.

Elliptical nanopillars have an additional variable that can be adjusted when compared to
cylindrical nanopillars (i.e. different values of the width and length along the x- and y axis).
According to the phase diagram shown in Fig. 4.3, the width-to-length aspect ratio has a sub-
stantial impact on the optical response under all illumination conditions of interest. Based on
this observation, nanopillar #1 (see Fig. 4.7), which has the smallest width-to-length aspect ra-
tio (120/250), and nanopillar #25 (see Fig. 4.8), which has the largest width-to-length aspect
ratio (400/130) are chosen as examples for analysis. All of the electric and magnetic field dis-
tributions are normalized against the respective field of the incident light from the PDMS side,
which is invariant with the illumination condition. It is worth highlighting that, no obvious
near-field cross-talk can be observed in the simulation, even in nanopillar #25 that has a small
pillar-to-pillar gap of 200 nm. In both nanopillars, a strong dependence on illumination condi-
tion is observed.

Near-field crosstalk has been investigated in subwavelength-periodically patterned thin-
film structures [267]. Two adjacent polarized structures can show near field coupling once
the two structures are too close to each other [268]. This coupling will reduce efficiency and
generate wavefront distortion in metasurfaces [269]. In Figs. 4.7 and 4.8, the localized field
concentrates on the sidewalls of the nanopillar array rather than on the boundaries of the meta-
atoms (i.e. panel edges). This feature indicates that the cross talking is very weak. Based on
this observation, these nanopillars can be used to assemble the metalens tweezers with the

designed Bessel-beam wavefront.
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Fig. 4.7. Electric and magnetic field of nanopillar #1 (semi-width is 120 nm and semi-length
is 250 nm) under different illumination conditions of interest at the wavelength of 1550 nm.
The field distributions are extracted at the middle (a) xz and (b) yz plane of the nanopillar. The
directions of the incident electric and magnetic fields are specified in the top right panel of
Figs. 4.7 a and b, respectively. The two type fields are normalized against the respective field
of the incident light from the PDMS side, which is invariant with illumination condition.
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Fig. 4.8. Electric and magnetic field of the nanopillar #25 (semi-width is 400 nm and semi-
length is 130 nm) under different illumination conditions of interest at the wavelength of
1550 nm. The field distributions are extracted at the middle (a) xz and (b) yz plane of the
nanopillar. The directions of the incident electric and magnetic fields are specified in the top
right panel of Figs. 4.8 a and b, respectively. The two type fields are normalized against the
respective field of the incident light from the PDMS side, which is invariant with illumination
condition.
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4.6 All nanopillars used in the metalens

Figs. 4.9 a-c show the output electric field of all the 25 nanopillars under three illumination
conditions. In each figure, the 25 nanopillars are allocated in the order that they appear in
the metalens unit cell. Figs. 4.4 c-e, which are extracted amplitude shifts for nanopillar #1,
match with the first panel in Figs. 4.9 a-c. These results are obtained from uniform arrays of
same-sized nanopillars, which provide a useful initial step in designing the function of the
metalens [190, 270]. All the 75 panels, i.e. 25 pillars under 3 different illumination conditions,
of Figs. 4.9 a-c demonstrate a plane wave propagating upwards away from the nanopillars.
The vertical phase shift of the wave among these panels demonstrates that the phase of output
scattering light depends on both the geometry (dimension and size) of the nanopillar and the
illumination condition. For visualization, all 75 panels are normalized against the maximum

value of the respective field amplitude in the corresponding panels.

Fig. 4.9. Field distribution and phase shift of output field from uniform arrays of nanopillar
#1 to #25. (a-c) Output electric field for different illuminations of interest. The panels are
arranged as the nanopillar allocates in the metalens super-cell. Each single panel (dimension
highlighted for the first panel in each row with a black box) corresponds to the same area of
900nm x 1.8 um in the xz plane. The field is normalized against the maximum value in the
respective panel. (d-f) Values of phase (dots) extracted from corresponding field maps, with
the dashed lines as a guide for the eye.

Figs. 4.9 d, e, and f show the phase obtained from Figs. 4.9 a, b, and ¢, respectively. The
phase is extracted at the same height above the 25 nanopillars, i.e. two wavelengths incidence.
In each figure, the phase variant across the 25 nanopillars has roughly a V shape, with two
straight lines intersecting at the center (i.e. at nanopillar #13). As the illumination condition
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changes from the E-antinode (Fig. 4.9 d) to the B-antinode (Fig. 4.9 f), the V shape wavefront
rotates in the clockwise direction. This rotation results from the different illumination-induced
phase shifts among the nanopillars with two features: the outer nanopillars (i.e. those closest
to #1 and #25) have larger shifts than the inner nanopillars (i.e. those closest to #13) and the
nanopillars on the left and on the right shift in opposite directions.

Fig. 4.10. The output electric field amplitude from all 25 nanopillars in the metalens super-
cell, obtained using the same methods for Figs. 4.4 and 4.9. Only the E-antinode and B-
antinode conditions are analyzed. All the values are normalized to the electric field of the
incident light from the PDMS side, which is constant for all cases.

As mentioned previously, the other key factor of nanopillar selection is the output strength
of the scattering light from the nanopillar towards the PDMS side. Output amplitudes of the
scattering light from the 25 nanopillars under the E-antinode and the B-antinode condition are
analyzed in Fig. 4.10. All 50 output strengths are extracted from the same xy plane above the 25
nanopillars under the two illumination conditions. The results here show that the Si metalens
slightly deviates (within £20% of unit value) from the perfect metalens, which would require
all the nanopillars to have a constant output magnitude under either illumination condition.

4.7 Tuneable metalens: Coherently controlled light focusing and

particle routing

As long as the near-field coupling between adjacent nanopillars is sufficiently weak and all the
nanopillars have similar scattering strength (see Fig. 4.7 for details) [270], the light shaping per-
formance of the metalens can be reasonably predicted based on the results in Fig. 4.9. This pre-
diction is confirmed in Fig. 4.11, which shows the output of the metalens tweezers illustrated
in Fig. 4.1. To better characterize the modulation in the output, in addition to the three illumi-
nation conditions discussed above, that is, the E-antinode, the single-beam, and the B-antinode
conditions, Fig. 4.11 also includes two intermediate conditions. All five conditions can be eas-
ily specified by the field ratio Bgjsss/Bppms, which is —1.5/1.4, (1/2) x (—=1.5/1.4), 0, 1/2,
and 1 for Figs. 4.11 a, b, ¢, d, and e, respectively (note that 1.5/1.4 comes from 1,55/ ppus as
discussed previously). All the conditions can be achieved by keeping the input beam from the
PDMS side unchanged, while controlling the strength and phase of the beam from the glass
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side. Note that, the same as Figs. 4.4 and 4.9, the field distribution shown here is purely the
output field and contains no input field. Different from those two previous figures, the PDMS
layer above the nanopillars is no longer treated as infinitely thick due to the inclusion of the

microchannel in the simulation.

Fig. 4.11. Light focusing and steering situation of the metalens under five different coherent
conditions, with the field ratio B,/ Bppyms equals (a) —1.5/1.4, (b) —1.5/2.8, (c) 0, (d) 0.5
and (e) 1. The field in all the maps is normalized to the electric field of the incident light from
the PDMS side, which is constant for all cases.

The top row of Fig. 4.11 demonstrates the output field distribution in the xz plane (i.e. the
cross section of the microchannel). Each map is 22.5 pm in width (the width of the metalens)
and 168 um in height (from 40 um above the microchannel base to ~ 2 pm above the met-
alens). A long, narrow focus flanked by weak sidebands is observed. The focus is steered
continuously, moving across the middle line of the microchannel from Fig. 4.11 a to Fig. 4.11 e.
The angle between the central axis of the focus and the z axis is —1.37° and 1.36° in Figs. 4.11
a and e, respectively, representing a steering angle of approximately 2.7°. The conversion effi-
ciency, which is defined as the energy ratio of the main focus lobe and the total input, is 16.4%
and 10.4% for the E-antinode focus and the B-antinode focus, respectively.

The elongated focus and its sidebands in the xz plane (see Fig. 4.11), together with the V-
shaped phase profile (see Fig. 4.9), resemble a Bessel-beam focus as shown in Fig. 4.12. Bessel
beams are produced traditionally employing a glass axicon lens and, more recently, utilizing

a variety of metasurface lenses (hence the terminology of axicon metalens and meta-axicon)
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[271-273]. They possess unique properties such as no-diffracting (i.e. capable of maintaining
its transversal intensity profile in propagation) and self-healing (i.e. capable of recovering its
original beam profile even if it is obstructed by a finite-sized object), which are ideal for high-
throughput particle manipulation [274, 275]. The results in Figs. 4.9 and 4.11 demonstrate
that the metalens functions like a steerable, cylindrical (referring to the invariant focus shape
along the y direction) glass axicon lens that can be used as variable-position optical traps and

tweezers.

Fig. 4.12 demonstrates the output field profile extracted from the numerical simulation,
matched with the conventional Bessel function of

Jo(x) = % /Oncos(x -sinf —n - 0)d6 (4.27)

where x is the coordinates orthogonal to the optical axis, and # is the integer order. In this case,
only the first kind of Bessel beam is considered with zeroth integer order; hence Eq. 4.27 can
be simplified to
Jo(x) = i/on cos(x - sin6)do (4.28)
By mutiplying, the Bessel function with a field amplitude Ay, the intensity profile of a Bessel
beam is obtained as
I'=1A*J3 (429)

Fig. 4.12. Comparing the focus to an ideal Bessel beam. Output light intensity at a height
of 10 um above the microchannel base, overlaid with a zeroth-order Bessel function of the
first kind for (a) the E-antinode focus and (b) the B-antinode focus. The center of the Bessel
function is at (a) x = —3.1um and (b) x = 3.4 um. Deviation from the ideal Bessel beam is
attributed to the imperfect phase profile (see Fig. 4.9) and the output strength variation among
the nanopillars (see Fig. 4.10).

Based on the output field in Fig. 4.11, trapping potential is calculated for two exampled
polystyrene (PS) particles, a microsphere with a diameter of 1 um (see Fig. 4.13 a) and a
nanosphere with a diameter of 100 nm (see Fig. 4.13 b), in the microchannel. In the calcu-
lation, both particles are swept from the left to the right boundary of the microchannel at a
height of 10 um above the channel base. The trapping potential along this straight line is then
calculated with respect to the starting point. As seen in Fig. 4.13, for both particles, the bottom
of the potential well appears in the left half of the channel (at x ~ —2.5 um) for the E-antinode
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focus, while it moves to the right half (at x ~ 2.5 um) for the B-antinode focus. This hori-
zontal shift of the potential well clearly shows that coherent control enables particle routing.
The depth of the potential well is roughly 100 and 0.1 kg - T/ (mW - um~2) for the microsphere
and nanosphere, respectively, where kg is the Boltzmann constant, and T is 297.15 K. It scales
with the particle volume, as commonly observed in conventional optical traps (e.g. those gen-
erated by focusing a single input beam using a microscope objective). As the trapping strength
is sensitive to particle size, the routing functionality demonstrated here may be adopted for
size-based sorting in the future, potentially by judicially balancing the optical trapping with
microfluidic forces.

Fig. 4.13. Potential energy for trapping a single particle in the microchannel under three
different illumination conditions. The particle diameter is (a) 1 pum and (b) 100 nm. In both
cases, the center of the particle is fixed at 10 um above the microchannel base. The vertical
dashed lines indicate the middle of the microchannel. The potential is normalized against the
total incident power, and it is set as zero at the left end of all curves.

In Table 4.2, three relevant forces on the particles are utilized to estimate the trajectories
of the particles under the illumination conditions. The radiation pressure (i.e. the scattering
force) pushes the particle along the +z direction as calculated by using Eq. 4.36. The radiation
pressures are strong enough to overcome gravities under all these three illuminations. The
mean viscous force, which is equal to the average optically induced gradient force, is the av-
erage Stoke’s drag, as the particles move across the viscous flow. As discussed in Chapter 3,
when the particle weight is much smaller than the optical gradient force, only the effect of the
viscosity force on the terminal velocity is considered. Based on the potential wells shown in
Fig. 4.13, effective guiding requires manipulating the particles 2.5 um horizontally (i.e. x axis).
By using Eq. 3.1, the terminal velocities of the micro- and nano-sphere are calculated to be 2.38
um/s and 33.23 nm/s, respectively. The time requirements to travel across 2.5 um are 1.05 s
and 75 s, respectively. Assuming that the length of the guiding channel is 1 cm, the maximum
water velocities that can be used for the particle sorting are 9.52 and 0.13 mm /s, respectively.
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Table 4.2. Relevant forces on the micro- and nano-particle in the microchannel under the
E-antinode, the B-antinode, and the single beam conditions. All the values are force in the
unit of N/mW - um 2.

Radjiation pressure Mean viscosity force
E B S E B S

1 um 5.1e-18 | 1.7e-14 1.5e-14 1.7e-14 | 2.4e-14 2.0e-14 1.9e-14
100nm | 5.1e-21 | 1.6e-16 1.5e-16 1.7e-16 | 2.2e-17 1.9e-17 2.0e-17

Diameter | Gravity

4.8 Optical force on Rayleigh and Mie particles

In this section, more details on the optical force analysis are discussed. Both the microsphere
and nanosphere are simulated at 10 um above the microfluidic base and located in 5 different
locations along the x axis. By referring to the potential map (see Fig. 4.13), these locations are
selected at x = —6 pm, —3 um, 0, 3 um, and 6 pum, respectively (Figs. 4.14 and 4.15). Where
—3 um and 3 um are approximately the stable trapping position under the E-antinode and
the B-antinode illumination condition, while the maximum trapping depth at the single-beam
illumination is approximately at the middle of the microchannel (i.e. x = 0). For visualization,
each sphere is segmented into 50 equivalent pieces, with respective optical forces analyzed
on each of them as shown by using the arrows. All optical forces are calculated by using
the Maxwell stress tensor (see Eq. A.25, in Appendix A), which is extracted from COMSOL

numerical simulation.

Fig. 4.14 shows force maps (shown by arrows) and power outflow (in the color map) on
the surface of the trapped microsphere at the five different locations. The microsphere has a
refractive index of 1.46 and a diameter of 1 um. Three illumination conditions are considered,
which are the E-antinode (left column), the single beam (middle column), and the B-antinode
(right column). At the E-antinode, the force is the strongest when the microsphere is located
at x = —3 pm, while the arrow distribution is almost symmetric with respect to the z axis.
A similar feature is observed in the power outflow on the sphere with x = —3 um showing
the strongest response. When x = —6 pm and 0 the field distribution on the left hemisphere
is different from that on the right hemisphere, and the arrows have an asymmetric size dis-
tribution as well. The arrows on the right half are slightly smaller than that on the left half
when the microsphere is located at x = —6 um. In contrast, when the microsphere is located
at x = 0, the arrows on the left are larger. At the other two positions (i.e. x = 3 and 6 um), the
distribution of optical force and energy outflow on the sphere is hard to observe and can be
ignored. Such force and power distribution support the result in Figs. 4.11 a, 4.12 a, and 4.13
a, which show the output field distribution, the light intensity distribution, and the potential
distribution, respectively.

Similar responses are observed at the B-antinode condition. The left-half arrows are rela-
tively smaller or larger than the right-half arrows when the microsphere is located at x = 0

or 6 um, respectively. The optical force is hard to observe, when the of the microsphere is at
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x = —6 um and x = —3 pum; The relatively larger arrows on the microsphere at x = —6 um
correspond to the flanked sideband of the focus (see Fig. 4.11 e). The focus has a larger x span
in the single-beam condition (Fig. 4.11). Arrows (i.e. optical force) of considerable size can still
be observed on the microsphere far from the focus, that is, at x = 46 um, at the single-beam
condition. The optical force is approximately balanced when the microsphere is in the middle
of the channel. Meanwhile, the light force on the right hemisphere is stronger for the micro-

sphere positioned in the left half of the channel (i.e. x = —6 and —3 pm) and vice versa.

As regard to the power density, it is always more pronounced on the upper edge of the
microsphere than on the lower in all panels. This phenomenon originates from Mie scattering
[276], which occurs if the size of the particle is similar to the wavelength of incident light. In
this case, the microsphere with a diameter of 1 um is close to the wavelength of the wavelength
in water, which is 1.165 um. The scattering intensity of the Mie scattering is greater in the
forward direction (in this case, +z direction) than in the reverse direction (—z direction); that
is, most of the incident light is scattered along the direction of propagation [277]. Based on the
trajectory of a particle in an inhomogeneous electromagnetic field analyzed in Chapter 3, the
particle tends to move towards positions where the electromagnetic field is the strongest. Due
to this property, in order to trap Mie objects via strong gradient forces that overcome scattered
tield forces, 3-dimensional tweezers based on optical trapping should have a large numerical

aperture.

In comparison to the Mie-sized sphere (i.e. the microsphere) in Fig. 4.14, the nanosphere
shows distinct power and force distributions under all three illumination conditions, as shown
in Fig. 4.15. The most obvious difference is that overall power outflow distribution is mostly
uniform, except for the region around the equator. The equator region shows relatively low
power outflow as compared to the other regions. While the equator region is perpendicular to
the propagation direction of the scattering waves (see Fig. 4.11). In the 25 panels in Fig. 4.15,
the largest arrow at the E-antinode, the single-beam, and the B-antinode appears with the
nanosphere located at x = —3 pm, 0, and 3 um, respectively. These positions correspond to
the side wall of trapping potential wells (see Fig. 4.13 b). In addition, the optical force does
not show any obvious difference between the left semi-sphere and the right semi-sphere of the
nanosphere in all the maps. This indicates that trapping potential (see Fig. 4.13 b) is small. Due
to the shallow potential well, these tunable metalens tweezers may require stronger incident
power and an extended metalens array (in the y direction) to achieve trapping and routing of

a nanosphere as compared with a microsphere.

Numerical calculation can be employed to predict the movement of an ultra-small parti-
cle allocated in an inhomogeneous electromagnetic field. When the particle’s radius is much
smaller than the incidence wavelength (< A/20), it is a Rayleigh particle. In this case, the
nanosphere with a radius of 50 nm is approximately A/24, which satisfies the definition of
a Rayleigh particle. This nanosphere can be simplified to an electric dipole, which follows
the principle of Rayleigh scattering, namely Rayleigh approximation or Dipole approximation
[278, 279]. As for an electric dipole, under the influence of an external photoelectric field (i.e.
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Fig. 4.14. Force maps for trapped particle with a diameter of 1 um under three different
illumination conditions. The power outflows (color map) and the Maxwell stress tensors
(arrows) on the outer surface of the particle. The axes are specified in the top left panel. The
power outflows show in the common logarithm. The color bar demonstrates the common
logarithmic energy outflow, with the limit of the color scale set at 10?2 to 10?7 for visualization.
Corresponding segmented optical force, i.e. Maxwell stress tensor (MST), with the micro-
particle at five evenly spaced, representative locations along the horizontal direction, 10 pm
above the microfluidic base (same condition as Fig. 4.13 a). Arrow maps represent the optical
force on the corresponding segment of the micro-particle under three illumination conditions
of interest. The scale is 0.01 Pa/mW.
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Fig. 4.15. Force maps for a trapped particle with a diameter of 100 nm under three differ-
ent illumination conditions. All the panels are plotted following the same specifications as
Fig. 4.14. The color scale is set from 10° to 10'! for visualization. The scale of the arrow is 0.001
Pa/mW.



4.8. Optical force on Rayleigh and Mie particles 77

electromagnetic field), a neutral dielectric sphere can be polarized into an oscillating electric
dipole consisting of an electric dipole, a system comprised of two-point charges with equal
value and different signs. As compared to the wavelength, the particle is so small that the
electric field of the incident field across it is uniform. In the instantaneous electric field E(r, ),
the particle acts like a simple point dipole located at its center. At this condition, the dipole

moment is obtained as

€ . J— 6 .
P(T’, t) = 47T€medium“3( particle medhur )E(T’; t) (4.30)
€particle + 2€medium

2

p(r,t) = 47rn§eooc3(m VE(r,t) (4.31)

m2+2
where €patictes €medium are the permittivity of the particle and the medium, respectively, while a
is the radius of the particle. € is the vacuum permittivity. m = npgticte / Nedium 18 the relative

refractive index of the particle.

As regard to the radiation pressure force on the Rayleigh particle, one of the force is called
a ”scattering force” [280]. As the electric field oscillates in time in a harmonic situation, the
induced point dipole moves in time with it. The particle then acts as an oscillating electric
dipole that radiates secondary waves in all directions (corresponding to the arrows shown in
Fig. 4.15). The scattering force occurring on the particle due to momentum conservation is

described as

Tscat (S(7, 1)) 1
E = - 4.32
scat(r) c/nmedium ( ¥ )

ium2l
Pscut(r) _ OscatMnedium2 (}’) (4.33)

c

where c is the speed of light in vacuum, and I(r) is the field intensity of the incident beam. The
time-averaged Poynting vector (S(r,t)); and the cross section for the radian pressure of the

particle oy [280] are given by

1

(S(r,t))r =1(r) = ERe[E(r) x H*(r)] (4.34)
(S(r, 1)) = 7S | E )2 = 21(r) (4.35)
Oscat = gn(kw%(Z: ;>2 (4.36)

where k = 27t/ A is the wave vector. Eq. 4.36 can be derived to

1287°° (m2 -1
304 ‘m2 42

Oscat = )2 (437)

By substituting Eq. 4.37 into Eq. 4.33, the time-averaged scattering force is given by

12870 m? — 1 2 MediumZ1(7)

Fea(r) = =5 G c

(4.38)
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Another component of trapping force is a gradient force [281], due to the Lorentz force
acting on the Rayleigh particle by in an inhomogeneous electromagnetic field. By employing
the electric dipole moment of Eq. 4.31 as an electrostatics analog of the electromagnetic field, a
gradient force is obtained as

Fgmd(r,t) = [p(r,t) - V]E(r,t) (4.39)
2 sm’ =11
Fgrud(r, t) = 47Tnmedl-um€00( (m) EVE (7’, t) (440)

By substituting Eq. A.16 and Eq. 4.40 into Eq. 4.39, the time-averaged gradient force is given
by

Fgmd(r) = <Fgmd(rr t)>T (4.41)
m?>—1.1
Fgmd(”) = 477”%1edium€0“3(W)EV<E2(7’/ t) >T (4.42)
2 3 m* — 2
Fgmd(r) = TN, o dinm €O (m)vE (r,t) (4.43)
Zﬂ”medﬂmlxa m? —1
Pgmd(r) = . ! (m2 - 2)Vl(r) (4.44)

By combining the scattering force (Eq. 4.38) and the gradient force (Eq. 4.44), the total force
on the nanosphere, can be calculated. Because the scattering field propagates along the +z
axis, the trapping force of interest is a horizontal force in the x axis. The propagating wave is
further approximated as a plane wave. Consequently, only the gradient force applied on the
nanosphere by the narrow focusing beam is considered in the numerical calculation. Based
on the field intensity in Fig. 4.12, optical force on the nanosphere under the E-antinode and
B-antinode are calculated by employing Eq. 4.44. By integrating the calculated gradient force
along the +x direction, the trapping potential is obtained. In Fig. 4.16, the simulated potential
of the nanosphere under the E-antinode and the B-antinode conditions are reproduced from
Fig. 4.13 as a reference. I notice that, the calculated potential needs to be divided by a factor of
1.4 to make the two maximum depths [i.e. calculated curves (dash lines) and simulated curves
(straight lines)] roughly identical. After this correction, the numerical and the analytical results
show good match.

The differences between the numerically simulated and the analytically calculated results
may be due to the omission of scattering force in the calculation. Nevertheless, the profile of the
analytical trapping potential is sufficiently accurate to predict the trapping location (i.e. max-
imum trapping depth). As shown in Fig. 4.16, the trapping location of the nanosphere under
the E-antinode and the B-antinode conditions is x = —2.80 pm and x = 2.90 um, respectively.
In contrast, the calculated maximum trapping depth appears at x = —2.95 um and x = 3.1
um under the corresponding illumination conditions. Utilizing the Rayleigh approximation,
one can quickly calculate the trapping position and trapping potential for a Rayleigh sphere

in an electromagnetic field. Since the scattering field is symmetric around the optical axis, it
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Fig.4.16. Comparison of numerically simulated and analytically calculated potential energy.
Potential energy for trapping a Rayleigh size particle in the microchannel under the E-antinode
(blue) and the B-antinode (red) illumination conditions. The particle is 100 nm in diameter, and
the position is plotted following the same specifications as Fig. 4.13 b. Straight lines represent
numerical simulation, and dot lines represent analytical calculation.

is possible to get a more accurate result when the focusing beam moves along the optical axis,

which is perpendicular to the focusing lens.

4.9 Conclusion of Chapter 4

To conclude, I have proposed and numerically evaluated a coherently controlled metalens that
functions as tunable optical tweezers. Being an array of Si nano-pillars with a subwavelength
thickness, the metalens focuses incident light into a thin sheet, which is similar to a cylindri-
cal, axicon lens made of glass. The phase profile of the metalens can be coherently controlled,
where the two counter-propagating incident light beams are adjusted in their relative phase
and strength. This results in continuous steering of the focus across the microfluidic channel,
enabling the routing of both nano- and micro-sized particles in a Y-branch junction. Through
modulating the response of the metalens, the coherent illumination enables controllable trans-
verse (i.e. normal to the beam axis) particle steering, which has not been achieved in traditional
dual-beam optical traps. I also built a tunable metalens tweezers using a hyperbolic phase pro-

file for comparison, see Appendix B for details.

Simultaneously, the optical force and power outflow on the microsphere and nanosphere
are analyzed. Differences between Mie particles (the microspheres) and Rayleigh particles (the
nanospheres) in a homogeneous electromagnetic field are discussed. The Rayleigh approxi-
mation is used to simplify the optical force calculation for a particle with dimensions in the
Rayleigh regime.

Metalens, as well as the broader concept of the metasurface, enables novel light manip-
ulation through nano-engineering. This capability that holds great promise for novel parti-

cle manipulation in next-generation optofluidics and lab-on-a-chip systems. Although it no
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longer provides sub-wavelength focusing as seen in other nanophotonic platforms, metalens
enables a very high level of flexibility in shaping the light field, as the far field distribution
(here a steerable Bessel-beam focus) no longer has to trace the geometric shape (here an array
of nano-pillars with fixed shape and dimensions) of the nanostructures. This work opens a
new avenue for exploring the integration of nanophotonics and microfluidics by demonstrat-
ing particle routing based on coherently tunable metalens tweezers.
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Self-sorting metalens-doublet tweezers

Tuneable manipulation of dielectric spheres in a microfluidic channel in the near-field and
far-field has been numerically demonstrated in the previous two chapters. These approaches
realize micro- and nano-scale particle trapping and manipulation by using a structured surface
beneath a continuous flow. However, these systems require external modulation mechanisms
that are not autonomous. Here, I report a novel self-tracing sorter that can automatically guide
target fluorescent spheres to an appointed microfluidic channel without a judge-and-control
mechanism. The particle sorter is a metalens-doublet that consists of two layers of amorphous
silicon nanopillars on both sides of a silicon dioxide layer. The metalens array can automat-
ically trace fluorescent beads with a fluorescent wavelength of 680 nm. Adding an optical
reflection layer enables the fluorescent sphere to be sorted and guided in an X-branch mi-

crochannel.

5.1 Introduction to Chapter 5

Metasurface lens is a two-dimensional array of subwavelength artificial structures. It can effi-
ciently modulate the amplitude, phase, propagation mode, and polarization of electromagnetic
waves while possessing the properties of low loss, ultrathin thickness, and easy integration. It
is also possible to modulate the dispersion of electromagnetic waves within a certain spectral
region. Therefore, metalens show advantages over conventional diffractive lenses in many
applications are anticipated to critical for the future generation’s miniaturized, efficient, and
adaptable optical imaging systems, for instance, broadband achromatic [282], imaging beyond
the diffraction limit [283, 284], multifocal [285, 286], phase gradient imaging [287], chiral imag-
ing [288], tomography [289], and tunable steering systems [9, 201]. All of these previous ap-
proaches achieve light bending by utilizing a thin layer of well-designed metamaterial surface,
known as metalens singlet. In contrast, a multi-layered cascaded metalens has been employed
recently to remedy the insufficiency of the metalens singlet. In the context of optics correction,
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such cascaded metalens, metalens doublet or metalens triplet, realize wide broadband achro-
matic correction [290, 291], large angle coma correction [210], astigmatism correction [210] and
aberration correction [211]. With the advancement of metalens research, a number of special-
ized imaging functionalities have been achieved, owing to single-phase modulation evolving
into a combination of multi-modulation approaches. In addition, continuous optical focusing
control becomes possible, and the integration of multiple functions has also been accomplished
[292-294].

In this chapter, I demonstrate a metalens doublet as a refocusing metalens for automatic
trapping, guiding, and sorting of fluorescent beads. This innovative retroreflector (i.e. planar
retro-reflective metalens [212]) design enables the automated tracking of point light sources.
Conventional fluorescent bead sorting, namely Fluorescence-Activated Cell Sorting (FACS),
requires bulk equipment with a detector, controller, and electrodes to generate instantaneous
electric field for sorting [295]. Because of its various drawbacks (e.g. large footprint and high
cost), a significant amount of research has been devoted to developing its microfluidic coun-
terpart, pFACS. In contrast, optical tweezers, i.e. utilizing optical and photonic structures to
establish a strong electromagnetic field for confining tiny objects in the field, have been ap-
plied in medical, biomedical, and biochemical research. By utilizing near-field tweezers (plas-
monic tweezers) [8] and far-field tweezers (photonic tweezers) [9], various manipulation of the
particle can be achieved with an integrated microfluidic system, which is known as optoflu-
idics [10]. This technique provides a series of potential applications , for instance, Optical cell
stretcher [296], dual-beam laser traps [256], and fiber-based optical tweezers [297]. These previ-
ous researches use fiber to confine the propagating wave into the microchannel, which restricts
the integrated level. The metalens doublet design shown in this chapter exhibits self-tracking
functions that can be used to realize continuous manipulation of waterborne fluorescent beads.
The interaction between the metalens doublet and the fluorescence radiation can automatically
trap and sort fluorescent beads based on radiation wavelength. The design in this chapter is
the first research that introduces the self-tracking of metalens doublet embedded in microflu-
idics. As compared to FACS and pFACS, because the embedded metalens doublet eliminates
the need for any additional sorting mechanism, the technique can be referred to as FEACS
(Fluorescence-Enabled Automatic Cell Sorting) to highlight its self-sorting capability.

5.2 System design: self-tracing metalens doublet sorter

This section shows the schematic of a self-tracking, metalens-doublet-based fluorescent bead
sorter that sorts waterborne fluorescent beads in an X-shape microfluidic channel. The whole
system acts as self-feedback optical tweezers. The photonic component of the metalens-
doublet-sorter is an array of metalens unit cells (i.e. the minimum periodic structure in the
array), which comprises of silicon nanopillars supported on both sides of a glass layer with a
thickness of 20 um (see Fig. 5.1 a). Each unit cell of the metalens array consists of two met-

alenses, i.e. metalens A and B, as shown in Fig. 5.1 a. A SU-8 photoresist layer protects the
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metalens B, and a gold layer as a mirror is developed on the bottom of the SU-8 layer (more
details is Fig. 5.3 a,d). Each unit cell has approximately 15.6 um width (on the x axis) and 15
um length (on the y axis), with a periodic of 16 um in both the x- and y-axes.

The metalens-doublet sorter is located beneath a microfluidic channel (see Fig. 5.1 a). The
microspheres are carried by fluidic flow along the +y direction. The fluid contains three differ-
ent spheres (i.e. red fluorescent beads with an emission wavelength of 680 nm, blue fluorescent
beads with an emission wavelength of 430 nm, and non-fluorescent beads). As Fig. 5.1 b illus-
trates, the microfluidic channel consists of two inlets and two outlets (i.e. a symmetric struc-
ture). The fluidic flows, which are classified as the buffer flow and the sample flow, are con-
trolled separately to generating a velocity difference. Two flows are highlighted by a different
color in Fig. 5.1 b for visualization, and both velocities are adjusted to satisfy the requirement
of laminar flow, referring to Eq. 4.1. By speeding up the flow velocity of the buffer flow, a water
“barrier” is established to realize that the sample flow can be restricted to the inlet-1-to-outlet-1
path rather than leaking to outlet 2 [298]. In this design, the buffer flow velocity is set to be
twice that of the sample flow to create the water barrier [299]. The metalens-doublet-array is

allocated along the path of inlet-1-to-outlet-2 while athwart the two fluidic flows.

The metalens-doublet sorter is essentially a planar retro-reflector, similar to a cat’s-eye mir-
ror; this function, based on Arbabi’s research [212], cannot be achieved by using a single-layer
gradient metasurface. For conventional retro-reflectors, it is difficult to achieve on-chip inte-
gration due to their bulky, spherical profile. Therefore, the double-layer coaxial metalens array
is selected in this design to achieve the sorting function in a microfluidic channel. In addition,
the fluorescent sphere is employed as the target particle in this design. Once light illuminates
the fluorescent sphere, its energy induces electrons to jump from the ground state to a higher
state. The excited state is unstable, and the electrons will return to the ground state, which
causes energy to be released in the form of photons. In order to excite the fluorescent sphere,

continuous illumination is required from the side of the microfluidic channel.

All microspheres (i.e. the red fluorescent beads, the blue fluorescent beads, and the non-
fluorescent beads) enter the microchannel from inlet 1, namely the sample port, and are trans-
ported by the continuous fluidic flow along the channel. Without the photonic components,
all microspheres will follow the fluid and outflow the microchannel from outlet 1 (the waste
port). The metalens-doublet-sorter can refocus the fluorescence radiation from the red fluo-
rescent beads (i.e. target microspheres) back on them (see Fig. 5.1 a). As discussed in the
previous chapters, the converging light beam can trap the microsphere at its focus. According
to the gradient force on the red fluorescent bead, the target microsphere could stride over the
water barrier and drift along the metalens array into the buffer flow, resulting in the target
microsphere reaching outlet 2 (namely the collect port). Residual microspheres, i.e. the blue
fluorescent beads and the non-fluorescent beads, would remain in the sample flow and out-

flow the microchannel via the waste port, as shown in Fig. 5.1 b.
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Fig. 5.1. Schematic diagram of self-feedback metalens doublet and the application of
optofluidic particle sorting. (a) Schematic of the metalens doublets, which are arrays of Si
nanopillars (in yellow) on the opposite sides of a silica substrate. The metalens doublet is
positioned under a microfluidic channel that contains different fluorescent particles (red and
green) and non-fluorescent particles. These two layers focus the light radiated by the target
particle back onto the source. A and B represent the metalens A component and the metalens
B component (see Fig. 5.5 for details) in the metalens doublet, respectively. (b) The metalenses
with a tilted angle (from inlet 1 to outlet 2) beneath the X-shape microfluidic channel. All par-
ticles are injected into this micro-channel from inlet 1. The target particles (in red color) can be
transported to outlet 2 via their interaction with the metalenses.

The fluorescence radiation, light focusing, and optical force of the metalens doublets sorter
are numerically simulated by using a commercial finite element solver (COMSOL Multi-
physics) and a Finite-Difference Time-Domain (FDTD) solver (Lumerical). For all illumination
conditions utilized in this chapter, the incident wave is polarized along the x axis. The target
wavelength of the metalens doublet is 680 nm (i.e. the red fluorescent bead). At this wave-
length, the refractive indices of water, SU-8, glass, gold and amorphous silicon is set at 1.3306
(awater), 1.5839 (115u8), 1.4558 (g1gss), 0.1773 + 3.8844i (11014), and 3.6941 + 0.0167i (115;) [244, 300~
302]. Based on my previous research shown in the Chapter 3 and Chapter 4, the fluorescent
light is approximated using an electric dipole, referring to the radiation of a tiny fluorescent
bead [303]. The polarization of the electric dipole is set in the x direction. All microspheres are
polystyrene beads with a refractive index of 1.5841 (11,5) [304] and a diameter of 1 um. Optical
force on the microsphere is derived by integrating the Maxwell stress tensor at the surface. As
shown in the Section 5.10, the trapping potential is calculated by integrating the optical force
along a straight line.

5.3 Ray tracing method: Ray transfer matrix analysis

In this section, ray transfer matrix analysis is used to predict light ray propagation in the sys-
tem. Fig. 5.2 show two ray diagrams that represent the possible optical paths of the metalens
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Fig. 5.2. Schematic illustration of the metalens doublet and its equivalent glass lenses for
focusing analysis. (a) A single microsphere is positioned at a distance of d above Metalens A,
which is separated from Metalens B by a spacer layer with a thickness of ¢. The phase profile of
Metalens A contains two terms of f; and f,, while that of Metalens B contains a single term of
f3. The arrowed lines indicate that the fluorescent light radiated by the microsphere is focused
by the metalens doublet back onto the microsphere. (b) The equivalent lens system consists of
a set of five lenses in the sequence of fi, f», f3, f2, and fi. Each pair of lenses f and f; is in
close proximity, and its distance to lens f3 is t. The lens system focuses light radiated by the
source microsphere on an image microsphere. The re-focusing functionality is achieved if the
whole system, including the five lenses and the two microspheres, possesses a left-right mirror
symmetry.

doublet. Divergent rays (i.e. a spherical wave from a fluorescent bead) propagate to metal-
ens A and are focused onto metalens B. The reflected rays from metalens B focus back on the
fluorescent bead via metalens A (see Fig. 5.2 a). For visualization, an equivalent lens system
is shown in Fig. 5.2 b to clarify the operation principle of this metalens doublet. Metalens A
consists of two components. Both are spherical convex lenses, and they have different focal
distances of f; and f,. In the equivalent lens system (see Fig. 5.2) and phase gradient selec-
tion (see Fig. 5.9), metalens A is split into two lenses, one to modulate the fluorescent sphere
scatters light and the other to focus it. Such equivalence simplifies the design of wavefronts.
By contrast, metalens B as a concave lens has a single hyperbolic component with a focal dis-
tance of f3. Metalens A and B, as a pair of co-axial lenses, are separated by a glass layer with
a thickness t, which is equal to f, and f; (i.e. t = f, = f3). Initially, the position of the target

microsphereisatz = f; and x = 0 (on the optical axis).

In the ray matrix analysis, an optical system can be characterized using a 2 x 2 matrix of

M= myp miz (5.1)
mMp1 My
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which links the input and output light as below

[rf”’*] — M [r,] (5.2)
Tout Tin

Here, 1, and r/, are the position (with respect to the optical axis) and the slope (the tangent
function of the angle formed by the ray and the optical axis) for the incident light. 7,,; and 7/,
are the corresponding parameters of the output light.

As an example, for an optical system that contains only a single lens, the corresponding ray
1 0
M= | ) (5.3)

f
where f is the focal length of the lens. It is positive for a convergent lens and negative for a

matrix M is

divergent lens. Meanwhile, for two lenses placed in close vicinity, the matrix M is

1 0
M= 4.5 . (5.4)
ff

where fi and f, are the focal lengths of the two lenses. By comparing with the equation above,
we can see that these two lenses are equivalent to a single lens with a focal length of f1f>/(f1 +

f2)-

For a generic configuration where a lens f,, a lens f; and a lens f,; are spaced evenly and in

sequence along the optical axis, the matrix M is expressed as

1 o[t 1 o]t £J[1 o
(ol | | | R s

where t is the distance between adjacent lenses. The components of the matrix are

fofo = (fa+2fp)t =1

i = 2 — o) (5.7)
12 fb .

(fa =) (fa+2f —t)
My = — 5.8
My = M1y (5.9)

Under the condition of f, = —f;, = t, the matrix can be simplified as
M = [1 3t] (5.10)
0 -1

which results in the retro-reflection of plane waves.
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The matrix M of the particle-tracing metalens proposed in this work, which is depicted in
Fig. 5.2, also takes the form of Eq. 5.5, where

fo = flffzf : (5.11)
fo="1s (5.12)
fo=—fa=t (5.13)
It can be simplified to
-1-3 3t
My = h ] (5.14)
r 1 3t 3t )
p2t7) “1-3

A series of conclusions can be derived from this equation, depending on the distance d between
the particle and the first lens f;, as well as whether the particle is on the optical axis.

5.3.1 Focusing for a particle that is on-axis and d = f;

In this case, the vector of any input light ray can be expressed as

T vl d
H _ [ ] 5.15)
rin 7’in

The vector of the output light rays is consequently

[r?ut] = M, [r%‘d] — [_r;nd] _ [r:ﬂ/fl] (5.16)

This result indicates that the output light is focused on the optical axis at a distance of f; from

the output lens. In the metalens doublet configuration, it is equivalent to focusing back on

/
out

the light-emitting particle. It is worth noting that r,,:/7,,, = ti,/1},, with the negative sign
indicating that for any input light ray, its corresponding output light ray is on the opposite

side of the optical axis.

5.3.2 Focusing for a particle that is off-axis and d = f;

In this situation, the particle deviates from the optical axis by a distance of Ap. The input light
has

, Tin — Ap :rin—Ap

Tin =~ 2 (5.17)
The vector of the output light lays is consequently
H o, [T 0] [—(@f% +8p(fi+30)/ f 519
= M, = .
Tout i (rinft + Bo(2f1 +31))/ f
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which leads to
—Trout + AP = réutfl (519)

This result indicates a focus that is at a distance of f; from the output lens and is off-axis by

Ap. In the metalens doublet configuration, it indicates that the focus is still on the particle.

5.3.3 Focusing for a particle that is on axis and d # f;

We can assume that d deviates from f; by a distance of Az, with
d=f1+Az (5.20)

The vector of any input light ray is now

Tin 7 (fl + AZ)
] =, 521
Tin Tin
The vector of the output is consequently
in(d+ A —r (ff+A 3t
[] _ M [( +02)] [ TR+ 82(f1+30) /f21] 522)
Tout in rin(fl + AZ(Zfl +3t>)/fl
The deviation of the focal point from the particle is
Tout Azf?
— —fi=— 5.23
fa T 8z +30 o

where the negative sign in front of the term r,,; /7, is required to address the relative position
of the output ray with respect to the input ray. For a small value of Az, fZ + Az(2f; +3t) ~ f2,

which leads to

.
;W_ﬁz—m (5.24)

out

In the metalens doublet, this result indicates a negative feedback force. For a light-emitting
particle on the optical axis, a small vertical drift from the position of d = f; induces a drift in
the focus, which is by the equal distance in the opposite direction. An optical gradient force is
created due to the relative movement between the focus and the source, which can be used to

restore the vertical position of the particle to d = f; in the microchannel.

Based on Egs. 5.16, 5.19, and 5.24, the relative movement of the fluorescent sphere and
the refocal point can be predicted. The focus can coincide with the target sphere when the
sphere is located at the initial position. When the microsphere at a fixed height deviates from
the optical axis, refocusing light will follow the trajectory of the microsphere. Meanwhile, the
refocal point will move in the opposite direction once the microsphere moves along the optical
axis (£z direction).
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Fig. 5.3. Schematic view of the metalens doublet and its ray tracing utilizing a standard
imaging system. (a) The equivalent lens system consists of a set of three lenses in a sequence
of metalens A, B, and A, referring to Fig. 5.2 b. The distance between adjacent lenses is based
on the focus of the metalens B (i.e. f;), with |f;| < |fy|. metalens A is set as a convex lens,
and metalens B is defined as a concave lens. (b) Imaging by the convex lens (i.e. metalens A),
where the grey and red arrows represent the object and real image, respectively. (c) Imaging
by the concave lens (i.e. metalens B), where the grey arrow and red dash arrow represent the
object (i.e. real image from the metalens A) and the virtual image, respectively. (d) Imaging by
the convex lens, where the object (grey dash arrow, virtual image from the metalens B) an the
real image (red arrow) locate on the opposite sides of the lens.

5.4 Ray tracing method: Geometrical optics

An alternative, potentially more intuitive method to analyze the focus is to use the ray tracing
in geometrical optics, which is discussed in this section. In this case, the cascaded metalens
doublet is equivalent to a convex-concave-convex lens system, as shown in Fig. 5.3 a. The
positions of the fluorescent sphere and focal points are represented by objects and real images
with heights (see Figs. 5.3 a and b). To a divergent beam where there is no focus, a virtual
image is utilized (see Figs. 5.3 ¢ and 5.4). A benefit of using this method is that, it can also
describe a complex situation where the microsphere is neither on the optical axis nor at the
initial height.

In this metalens doublet, the focal distance of the metalens is B f,. The distance between
metalens A and B is t. The focal length of metalens A contains two terms f; and f,, which can
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be described by
;:;+é (5.25)
fo=fa=t (5.26)
5.4.1 The situation in Fig. 5.3 b
The distances can be found using the thin lens formula as
1i_1 1 (5.27)

01 fa W

Based on the Euclidean geometry, the height of the object and that of the image have the same
ratio as their corresponding distance to the lens, which can be described as

d v

= 5.28
s (5.28)
5.4.2 The situation in Fig. 5.3 ¢
The distances, derived using a thin concave lens are
1 1 1 1 1
el S (5.29)
vy  —fy u —fy t—0vp
Based on the Euclidean geometry, the height of the corresponding virtual image is
dr = 2¢, (5.30)
Uz
5.4.3 The situation in Fig. 5.3 d
The imaging distance (i.e. position of the focal point on the optical axis) is
1 1 1 1 1
— — (5.31)

U3 :ﬁ_ug :ﬁ_t—i—’()z
Based on the Euclidean geometry, the height of the real image (i.e. deviation of the refocal

point from the optical axis) can be described as

d3 = EC3 (532)
Uus

The refocusing angle is obtained by utilizing d3 and v3 as

Oout = arctan(;la) (5.33)
3
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Fig. 5.4. Special incident condition of the concave lens, namely metalens B. The object (grey
dash arrow) and the virtual image (red dash arrow) are on the same side of the lens.

The simplified calculations based on glass lenses and Euclidean geometry is possible to predict
the refocusing status when the fluorescent bead is off-axial and not at target height.

When u; > fi, the position of the focal point can be predicted and described by the focal
length of metalens A f,, the distance between two adjacent metalens ¢, the distance between

the object and metalens A u;, and deviation from the optical axis c1, as shown below

leazt
dn = 5.34
3 af2t 4 uq f2 — 3fat? — 4uq fot + 3uqt? (5.34)

o — fat(3fat —|—2f,1u1 — 3tM1) (5.35)
3T U224 ur 2 — Bfut — dug ot + 3uq 2 '

5.4.4 The situation in Fig. 5.4

When u; < fi, a special condition should be considered, in which the real image from the
metalens A will focus behind the metalens B, as shown in Fig. 5.4. Under this condition, both
the object and virtual image appear on the same side of metalens B. In Fig. 5.4, the intersection

points of the two rays focusing on the virtual image and metalens B are

t
L = cl;1 (5.36)
L= clfb —Ja (5.37)

fa

Their corresponding output angles can be described as
O; = arctan + arctan 5.38
1 (fa ) (ulfb ) ( )
0, = arctan( alfo = fo) + arctan( alfo—fo) (5.39)
f a f b f a
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As the two rays meet at one point, the position of the point can be obtained by using Eqgs. 5.36-
5.39. And since the angle is relatively small, tan(x/y) can be simplified to (x/y). Hence,

o= fa) _aty e a
vy~ ( 7 ” / 7 M1> (5.40)
—dy = Oy — cli (5.41)
251

Based on the Euclidean geometry and the convex thin lens formula, the position of the output
focal point can be described as

d3 — Clt(ul B fut)(fa B t) (5 42)
f2t = 2fat? + f2uq + Puqy + Bug — 2fo2uq + f2tug — 2 fatuy ‘

fat (2fat + 2fauy — tuy — t2ug + fatuy

— 4
fazt — 2fat2 + fa2u1 + 2uq + Buq — ZfatZul + faztul + Zfatu1 (543)

U3 =

To summarize, the geometrical optics approach described in this section can reproduce the
results in the previous section. Furthermore, it can predict the focus if the particle is off-axis
and not at the target height. This result is used in Section 5.8.

5.5 Optical response of the meta-atom

The focal point of the metasurface lens is created by using a continuous phase gradient, which
results from the interference of light scattered by well-designed nanopillars. Therefore, it is
crucial to tailor the phase and amplitude of the scattered light for each meta-atoms in the met-
alens. To simplify the analysis, an uniform array of same-sized nanopillars is utilized to extract
the phase, a method that is also used in the previous two chapters [178, 266]. The nanopillars
are set on a fused silicon dioxide layer under a water layer. Both the silicon dioxide and the
water layers are treated as infinite thick. Fig. 5.5 a shows the schematic of metalens A and
B. They are both hexagonal arrays of amorphous silicon circular nanopillars with a subwave-
length lattice constant (350 nm). The lattice constant is chosen as less than the propagation
wavelength of 680 nm in the silicon dioxide (680 nm/#ng;0, = 467 nm). This value ensures that
only the zeroth order diffraction exists at normal incidence.

The height of the nanopillars H is chosen based on phase coverage. The maximal phase
shift accumulates in a homogeneous film by ¢may = 27t1,7¢H /A, where 1,5 (i.€. ng; - Nwater) is
the relative refractive index of the film [185]. In order to reach a phase difference ¢,y = 271,
the thickness of the amorphous silicon should be larger than 0.32 A, which is fixed at 470 nm
in this design. With a fixed height, the scattered phase and amplitude can be modulated by
varying the diameter of the circular nanopillar, i.e. varying the relative refractive index. Fig. 5.5
b shows the optical response of the nanopillars under plane-wave illumination, with the pillar
diameter changing from 100 nm to 340 nm. All output phases and strengths are extracted
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from a plane 2 um beneath the nanopillar base. It shows a phase coverage over 47, which
provides flexibility in choosing nanopillars. Only nanopillars with a transmission efficiency
greater than 64% are selected in metalens A to improve the overall output efficiency. The
resulted phase profile of metalens A approximates that of a convex lens, i.e. the phase in the
center of the lens is lower than that at the boundary, as shown in Fig. 5.5 c¢. A cross section view
in Fig. 5.5 ¢ shows the central region of metalens A, with the pillar dimensions and its phase
variation shown side by side. Several samples of focusing planer metasurface are fabricated in

the cleanroom, see Appendixes C,D,E for details.

The meta-atoms of metalens B have a similar geometric structure; however, a reflective
concave lens, metallic material is utilized to improve reflection efficiency. In Fig. 5.5 d, a SU-8
layer of 2 um thick is employed to protect the nanopillar array and support a gold layer as the
reflective component. By considering the process in the actual fabrication, a layer of aluminum
oxide with a refractive index of 1.7640 (1,1,min,) is designed at the lower end of the nanopillar
as a hard mask [212, 305]. Another commonly used hard mask material is chromium (Cr),
which has a refractive index of 3.0713 + 3.3633i at the wavelength of interest (i.e. 680 nm)
[306, 307]. In comparison, aluminum oxide exhibit more advantages in this design, owing to
its low absorption. It is possible to maintain the silicon component’s optical response, even

without removing the alumina component in fabrication (referring to [185]).

In this simulation, a plane wave with the wavelength of interest illuminates the nanopillars
from the silica side. All phases and strength are extracted from the xy plane 2 um above the
silica/Si-nanopillar interface. The meta-atoms of the reflective metalens B have a phase cover-
age of over 671. They can provide a sufficient phase coverage even if the minimum reflection
efficiency is defined at 60% (see Fig. 5.5 e). The resulted metalens B shows the output phase
as a reflective concave lens, as shown in Fig. 5.5 f, where the margin phase is lower than the

center phase.

Different from the metalens discussed in Chapter 4, the metalens doublet here functions
under a traveling wave rather than a standing wave. Figs. 5.6 and 5.7 demonstrate the electric
tield and magnetic field distributions of two example nanopillars in metalens A and B. The two
nanopillars have a radius of 50 nm and 165 nm, which are the smallest and largest nanopillars
that are used in metalens A and B. All planes are extracted at the middle xz plane and the xy
middle plane of the nanopillar’s silicon section. As shown in Fig. 5.6 a, most of the electric
field is on the edge of the silicon nanopillar that has a radius of 50 nm. The maximum field
is on two opposite sides of the nanopillar along the polarization direction (i.e. the x axis). In
contrast, the maximum-sized nanopillar can confine an electromagnetic field in the silicon (see
Fig. 5.6 b). There is no obvious cross-talk between adjacent nanopillars. At each nanopillar, the
black arrows represent the direction of the local displacement current. In both Figs. 5.6 a and
b, the displacement current forms approximately three loops in the nanopillars. The number
of three is approximately the ratio of the nanopillar height (470 nm) and the wavelength in the
silicon (680 nm/ng; = 184 nm).
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Fig. 5.5. Phase gradient and efficiency respond in the output light from a unit-cell where
(a-c) for metalens layer-A and (d-f) for metalens layer-B. (a) Schematic of the nanopillar
with 470 nm height, which has a cylindrical cross section. A uniform nanopillar array, with
a hexagonal periodicity of 350 nm in each parallel boundary, is simulated to determine the
phase. The incident light propagates along the —z direction. (b) Phase shift (the red curve) and
transmission variation (the black curve) with variable diameters of nanopillars. Shadow area
marks the nanopillars whose transmission efficiency is less than 64%, and those nanopillars are
not considered in the integrated metalenses. (c) Schematic of metalens (within 4 pm from the
axis), which demonstrates phase gradient (right-half) and the corresponding distribution of
nanopillars (left-half). (d) The Si-nanopillar with alumina capping is surrounded by SU-8 and
a layer of gold beneath the SU-8 layer. (e) Phase shift and reflection variation with a variable
diameter of nanopillars and the reflection efficiency of nanopillars less than 60% are marked
in shadow. (f) The panel is plotted following the same specifications as (c).



5.5.  Optical response of the meta-atom 95

The phase extraction is conducted by using the numerical tool of COMSOL Multiphysics
(version 5.4) on each single nanopillar. The extracted values are then used to assemble the met-
alens, the properties of which are then simulated by using another numerical tool of Lumerical.
The change to Lumerical is because the latter is more suitable in the simulation of large devices.
It is worth noting that, as an intrinsic feature of COMSOL, which treats the imaginary unit i as
—1i, the phase extracted from the nanopillars is always flipped in its sign. This feature does not
affect the results of the Lumerical simulation, which fits with the theoretical predictions.

The electric field distributions show that the incident and the reflected wave from the gold
side generate a standing wave in the nanopillar (Fig. 5.7). The standing wave is more pro-
nounced in the smaller nanopillar. The magnetic hot-spots correspond to the centers of the
circling electric displacement current. In addition, the electromagnetic field at the alumina/sil-
icon interface is smooth and continuous, which confirms that the influence of the alumina cap
on the silicon nanopillar is negligible. Furthermore, there is no obvious near-field crosstalk
between adjacent nanopillars [308, 309]. A crosstalk-free metalens can produce a far field fo-
cusing (see Figs. 5.10 and 5.13) that matches the designed wavefront (see Figs. 5.9 and 5.12).
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Fig. 5.6. Near field response in two example nanopillars of metalens A under illumination
from above. The directions of the incident electric and magnetic fields are depicted in the
corresponding top-right panel. The nanopillar, with a radius of (a) 50 nm and (b) 165 nm,
shows electric, magnetic fields (color maps) and displacement current (black arrows). The
field distributions are extracted at the middle xz- and xy plane of the example nanopillar,
respectively. All fields are normalized against the respective field of the incident light, while
the displacement current is shown without normalization across panels.
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Fig. 5.7. Near field response in two example nanopillars with a radius of (a) 50 nm and (b)
165 nm, which is comprised of Si and alumina sections, of metalens B under the illumina-
tion from above. The electric and magnetic field distributions in the xy plane and the xz plane
are extracted from the middle cross section of the Si section and the center xz plane, respec-
tively. The panels are plotted following the same specifications as Fig. 5.6
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5.6 The design of Metalens A and Metalens B

This section describes in detail the method used to select nanopillars with suitable output
phase and strength. The FEM and the FDTD solver, namely COMSOL Multiphysics and
Lumerical, are employed to simulate the meta-atoms and the metalenses. Figs. 5.8 and 5.11
show the output phase maps of metalens A (in the transmission field) and B (in the reflective
tield), respectively. These results are obtained from uniform arrays of same-sized nanopillars,
which is the standard initial process in designing metalenses [9]. Figs. 5.8 and 5.9 depict the
phase profile of the recherche metalens A. The overall phase distribution of metalens A, as
shown in Fig. 5.8, has a concentric circular phase gradient. The phase gradient is wrapped into
a range from 0 and 27, while the center phase is fixed at 0 for visualization. Along both the x
and y axes, the phase coverage of metalens A is over 671, whereas the phase coverage reaches
approximately 107t along the diagonal. The dimension of the metalens A is ~ 15.6 um in width
(i.e. in the x axis) and ~ 15 um in length (i.e. in the y axis). The central area of Fig. 5.8, which

is highlighted using the white dashed circle, has been shown previously in Fig. 5.5 c.

Fig. 5.9 a shows the dimensions of the nanopillars in metalens A and the corresponding
phases along the y axis (referring to the black line in Fig. 5.6). The smallest and the largest
nanopillars in metalens A are 100 nm and 320 nm in diameter, respectively. To obtain a better
phase matching, the initial point in Fig. 5.9 a, i.e. the center nanopillar, has an output phase
at 311°, obtained by employing a data optimization solver (i.e. MATLAB). In metalens A, the

Fig. 5.8. Output phase of each meta-atom in metalens A. The color map in each hexagon
represents the phase extracted from the corresponding meta-atom, 1 um below the nanopillar
base. All output phases remain in the range of 0 to 27r, while the central phase is set at 0 for
visualization.
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Fig. 5.9. A line of nanopillars along metalens A as an example. All dimension and phase
data are extracted along the black dash line in Fig. 5.6 a correlation between the radius of
nanopillars (black) and the corresponding output phase shift (red) is obtained. (b) The phase
gradient of metalens A and its two components are depicted in the red, blue and green curves,
respectively. The targets (lines) are matched to the extracted data (black dots).

phase profile is comprised of two hyperbolic components. The phase profile ¢ of a hyperbolic
component can be expressed using the equation below

_27'[

0= (/P f) (5.44)

where A is the wavelength in the medium, f is the focal length, and r is the radial distance
from the optical axis (while 7> = x? + y?). In metalens A, two components (see Fig. 5.9 b)
are employed, to collect the spherical waves radiated by the fluorescent sphere of interest and
converge them onto the silicon dioxide layer to metalens B. Accordingly, its phase profile is

27 27T
(PA = )Li( g,zphere‘}'ﬂ_fsphere)‘{‘i( ft2+r2_fl‘) (5‘45)

water )\silica

where Aygter is the wavelength in water (i.e. 680 nm/nwater), fsphere is the distance between
the initial position of the fluorescent sphere and the metalens A base (i.e. 67 pum), Agjjjc, iS
the wavelength in silicon dioxide (i.e. 680 nm /), and f; is the spacing thickness between
metalens A and B (i.e. 20 um). Dimensions of all nanopillars are selected and positioned on a
hexagonal lattice based on Eq. 5.45. In addition, the numerical aperture in the silicon dioxide
layer is described by

NA=n sin[arctan(zlj)[)] (5.46)

For the downward propagation wave (i.e. along -z direction), the numerical aperture of met-
alens A is approximately 0.53. But as the overall planar shape of the lens is a rectangle rather
than a circle, the actual focusing (also the numerical aperture) is slightly different from a stan-

dard circular lens.
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My previous results [9] indicate that the light-bending ability of the metalens can be ac-
curately predicted as long as the near-field cross-talking between adjacent nanopillars is suf-
ficiently weak and all the nanopillars have similar scattering intensity. Fig. 5.10 confirms this
prediction. It shows the metalens A output in the silicon dioxide layer. One red fluorescent
bead with a radiation wavelength of 680 um is immersed in the water layer at the designed
initial position (i.e. 67 um above the nanopillar base and on the optical axis of this metalens).
Figs. 5.10 b-d show the focus of this spherical input waves. The field map in Fig. 5.10 b is
extracted from the xy plane 20 pm below the metalens A base. A circular focal spot with four
flanked sidebands is obtained at the focal plane, in which the sidebands appear due to the rect-
angular shape of the unit cell. Two groups of field intensity at y = 0 and x = 0 are extracted to
obtain the focusing intensity in the x and y direction, respectively. The full width at half max-
imum (FWHM) of the two extracted intensity profile is 598 nm (along the x axis) and 619 nm
(along the y axis), respectively. This small difference is due to the difference in width (~ 15.6
um) and the length (~ 15 pm) of metalens A. Simultaneously, the intensity profile gives a the

spot size along the x axis as 1015 nm. The beam quality M? is obtained as

Y

(5.47)

where wy is the waist radius of the focusing beam, D is the diameter of the lens (employing the
width of metalens A), and f is the focal length of the lens (i.e. the spacing distance between
metalens A and B). In this case, the beam quality is equal to 1.3323. In addition, the depth of
tield (2.65 um) measured in Fig. 5.10 ¢ matches the calculated result (2.58 pm) by using Eq. 5.48

2
Twy

DOF =2
© M2\

(5.48)

In Figs. 5.10 ¢ and d, the field maps are extracted in the xz plane that bisects the middle
of metalens A. The field intensity profile shown in Fig. 5.10 c is extracted on the optical axis
for observing the field intensity of the scattering field. The local field intensity (see Fig. 5.10
d) is extracted from the region enclosed by a white dash frame in Fig. 5.10 c¢. Light from the
fluorescence sphere converges on the position of the top surface of metalens B as theoretically
calculated, which fits with prediction.

The phase gradient of metalens B is a hyperbolic function (i.e. Eq. 5.44) with a negative
sign, which can be described as

27

pa = — (W fE+r2=f) (5.49)

Asilica

As a concave mirror, the functionality of this metasurface is to generate a spherical wave under
the illumination of a plane wave at normal incidence. Fig. 5.11 shows the output phase of the
nanopillars. The center phase (i.e. at the optical axis) is set as 27t for visualization. With a
comparison of Fig. 5.8, the overall phase gradient of metalens B is smaller, and the total phase
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Fig. 5.10. Optical properties of metalens A with the fluorescent bead at the initial position
(i.e. z = 67 um, on-axis). (a) A schematic diagram of a focusing beam generates by metalens
A with a light source of the red fluorescent bead (a red spot with arrows) in the xz plane.
The yellow rectangles represent the metalens A nanopillars, while the red arrows show the
propagation direction. (b) Field intensity at the focal plane, i.e. 20 um below the metalens
base, is extracted at the red dash line in panel a. Corresponding cross sectional field intensities
atx = 0andy = 0 are shown at the top and on the right. (c) Field distribution (color map) and
corresponding extracted intensity (red curve) are extracted at the middle xz plane of metalens
A. (d) Local field intensity at the focal point, corresponding to the white dash frame in panel c.
The white ashed line indicates the position of the top of metalens B, which is not included in
the simulation here. All fields and extracted lines are normalized against the maximum value
of their respective fields.
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Fig. 5.11. Output phase of nanopillars in metalens B. The color map in each hexagon repre-
sents the phase extracted from the corresponding meta-atom, taken at 1 um below the nanopil-
lar base (i.e. the bottom of the alumina component). All output phases is in the range of 0 to
27, while the central phase is set at 27t for visualization.

Fig. 5.12. Selected dimensions of the nanopillars are their corresponding phase in the met-
alens B. All dimension and phase data are extracted following the black dash line in Fig. 5.9.
(a) The relationship between the radius of nanopillars (black) and the corresponding output
phase shift (red) is obtained. (b) The phase gradient of the metalens A (red curve) is matched
to the extracted data (black dots).
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Fig. 5.13. Optical response of metalens B under the illumination of a focusing light from
metalens A (not depicted in the figure). (a) Perspective view of metalens B which contains,
nanopillars (yellow rectangles), Silica, SU-8 and gold layers in the xz plane. A reflected scatter-
ing field as a divergent field propagates along the +z direction (red arrows). (b) Field distribu-
tion of the electric field intensity in the range from z = 0 (i.e. metalens A base) to z = —20 pm
(i.e. metalens B top). (c) The phase map is extracted at the xy plain 20 um above the metalens
B top. (d) Phase matching situation shows the extracted data (red dots) from the white dash
line (in panel c) with a theoretical hyperbolic line (black curve).

coverage about 87t along the diagonal. The base phase in metalens B (i.e. central position) is
330° , shown as in Fig. 5.12 a. In Fig. 5.12 b, it is shifted to O for better visualization.

With the output phase profile shown in Figs. 5.11 and Fig. 5.12 b, the metalens B can pro-
duce a spherical wave output under the illumination shown in Fig. 5.10, i.e. a focus established
at the silica/metalens-B interface. Fig. 5.13 demonstrates the corresponding result, where the
incident field is hidden in both the schematic diagram (see Fig. 5.13 a) and the field distribution
(see Figs. 5.13 b,c). Fig. 5.13 b shows the field distribution of the output field intensity above
metalens B interface. Note that metalens A is not considered at this stage; a thick silicon diox-
ide layer is used instead. In Fig. 5.13 b, a logarithmic field distribution is utilized to observe the
field intensity of the scattering spherical wave, and the output scattering field diverges rapidly
along the upwards direction (i.e. +z direction). At this illumination condition, approximately
75% power can be reach the metalens-A /silica interface, that is, the xy plane with 20 um above
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the silica/metalens-B interface. That is, the net reflection efficiency of the metalens B is 75%
(the power reflected back to the metalens A divided by the power transmitted from the metal-
ens A). The extracted phase map at the interface, as shown in Fig. 5.13 ¢, shows concentric ring
distribution. A phase profile is extracted along the white dash line in Fig. 5.13 c. The extracted
data matches the hyperbolic lens wavefront (i.e. Eq. 5.49, where f; = 20 um), which also aligns
with the prediction of ray tracing models.

5.7 Performance at oblique incidence

Before assembling the two metalenses, it is necessary to verify their optical response at oblique
incidence. To produce oblique incidence, the target fluorescent sphere is set to horizontally
deviate from the initial position. It is moved to an angle of 1°, 2°, 3°, 4°, 5°, 6°, and 6.81°
[i.e. the maximum deviation angle, where the microsphere center is at the boundary of the
metalens unit-cell in the x axis (x = 8 um)] from the optical axis. The output of metalens A is
calculated at each deviation angle (see Fig. 5.14). Each map is 2 um in width (in the x axis) and
2 um in length (in the y axis), while the center of the field map is fixed at the predicted position
of the corresponding focal point. Here I utilize the formula of trigonometric functions and the
Snell’s law

X = ifarc’can(arcsin(M sin(¢))) (5.50)

silica

where t (20 pm) is the distance between the metalens A base and the focal plane, and ¢ is men-
tioned deviation angle. The resultant focal point on the focal plane should be approximately
atx = —0.32, —0.64, —0.96, —1.28, —1.60, —1.92, and —2.18 um for Figs.5.14a, b ,c, d, e, f, and
g, respectively. The quality of focus under the oblique incidence good with negligible coma
aberration and astigmatism. The FWHM of the focus point increases slightly as the incidence
angle increases, whereas the FWHM at the largest incident angle (i.e., 6.81°) increases by just
3.63%, to 619.7 nm, with respective to 598 nm under normal incidence (Fig. 5.12 h).

Extracting the field distribution of the focal plane (see Fig. 5.14) and setting it as the input
for metalens B, the optical response of metalens B can be simulated. Figs. 5.15 a-g demonstrate
the output field distribution in the middle xz plane of metalens B. Each map is 15.6 um in
width (the width of metalens B) and 20 pm in height (from 20 pm above the metalens B to
the silica/metalens-B interface). The field diminishes rapidly with propagation along then +z
direction. The reflected field continues to steer anticlockwise as the deviation angle increases.
It can be noticed that part of the electric field is lost at the boundary in Figs. 5.15 b-g, which
is more obvious at larger angles (see Figs. 5.15 e-g). Resultant power efficiency decreases.
The power efficiency of metalens B drops from 75% at normal incident to 59% at the oblique
incident with the deviation angle at 6.81°, as shown in Fig. 5.15 h.
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Fig. 5.14. Focus of metalens A under oblique incident. (a-g) The field distributions in the
xy plane with reference lines (white dashed lines) that show where the foci are expected to
be under oblique lighting at angles of (a) 1°, (b) 2°, (c) 3°, (d) 4°, (e) 5°, (f) 6°, and (g) 6.81°,
respectively. The extracted intensity profile shown on the top of each panel depicts the field
intensity at y = 0 for visualization. (h) Corresponding full width at half maximum (FWHM) at
oblique incidence (red dots), as compared with the FWHM with the normal incidence (black
dash line and first red dot). All fields and extracted lines are normalized against the maximum
value of the respective field.
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Fig. 5.15. Output of metalens B at oblique incidence. Field intensity extracted from the mid-
dle xy plane of the metalens under oblique illumination at angles of (a) 1°, (b) 2°, (c) 3°, (d)
4°, (e) 5°, (f) 6°, and (g) 6.81°, respectively. All field distributions are normalized against the
maximum value in the respective field, and the color bar is set to logarithmic distribution for
visualization. (h) Corresponding output power efficiency is the contrast of the output power
(red dots) extracted from the monitored plane (at z = 0) and the incident power on the metal-
ens B. The reference line represents the power efficient under normal incidence.

5.8 Metalens doublet: self-tracing of fluorescent beads

Combining metalens A and metalens B gives a metalens-doublet that is possible to re-
convergent the output wave from a target fluorescent sphere back onto it. The two layers
of metasurface lens are separated by a 20-pum-thickness silicon dioxide layer (see Fig. 5.16 a),
while the whole metalens-doublet is beneath an 80-pum-thick microchannel. The width and
length of the microchannel are defined at this stage by referring to the periodicity of the met-
alens unit-cell, which is 16 um. Fig. 5.16 shows the output field of the metalens doublet under
the illumination condition that the target fluorescent sphere at the initial position (i.e. x = 0,
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z = 67 um). Fig. 5.16 b illustrates the output field distribution in the xz plane that bisects the
metalens doublet. The area is 15.6 um in width (the width of the metalens-doublet) and 60
um in height (from 80 um to 20 pm above the metalens-A/silica interface). A long, narrow
focus flanked by weak sidebands is observed. The focal point is located at z = 66.71 um on
the optical axis of the metalens-doublet. The intensity profile, the right column of Fig. 5.16 b,
is extracted from the middle of the elongated focus, which also depicts the relative position of
the re-focal point and the target sphere. More details (see Figs. 5.16 ¢ and d) can be seen in the
local field intensity in the xz- and xy plane, respectively, which is extracted based on the high-
lighted regions in Fig. 5.16 b. The refocusing beam’s maximum field intensity coincides with
the target microsphere. Under this condition, the numerical aperture of the metalens doublet
is approximately 0.15, and the beam spot is 4.22 um in diameter. By using Eq. 5.47, the beam
quality is obtained at 1.51. Accordingly, the depth of field can be calculated using Eq. 5.48, and
itis 36.27 um.

In the following, I will discuss the three scenarios that have been analyzed using the ray
tracing methods. Firstly, the target fluorescent bead deviates from the optical axis, but is fixed
at the initial height. In the same approach as in the previous section, the deviation angle is
employed as the parameter to characterize the deviation. As predicted using the ray matrix
(i.e. Eq. 5.19) the refocused spot traces the fluorescent sphere. This phenomenon is observed
in Fig. 5.17. In Fig. 5.17 a, the output field at an oblique incident of 2° is extracted at the
middle xz plane of the microchannel. The area is 15 um in width and 26 um in height (from
79 um to 53 um above the metalens-A /silica interface). A slightly tilted focusing beam passes
approximately through the center of the fluorescent sphere. The top panel depicts the intensity
profile extracted at z = 67 um (i.e. the focal point) and there is negligible positional difference

of the focal spot and the microsphere.

Fig. 5.17 b shows the relative position of the predicted focus and simulated focal point
under the illumination conditions of 0, 1°, 2°, 3°, 4°, 5°, 6°, and 6.81°, respectively. As the de-
viation angle along the x axis increases, the actual angle gradually deviates from the predicted
line. Nevertheless, the error is only 0.31° for the maximum deviation angle (i.e. 6.81°). In ad-
dition to analyzing deviation from the x axis, the deviation along the xy axis is also considered
(i.e. along the diagonal of the metalens-doublet unit-cell). The maximum deviation angle ¢.,
of the microsphere is equal to 9.58° [arctan (/82 + 82/67)]. To better characterize the change in
the output field, in addition to ¢y, three intermediate angles are included in Fig. 5.17 b, that
is (1/4) X ¢xy, (1/2) X ¢y, and (3/4) X ¢yy. Even at the maximum deviation angle in the xy
direction, the angle at which the focus is generated differs from the prediction by only 3.44%.
Table 5.1 records more details of the output angle when the fluorescent bead moves from the

center to the margin of the metalens-doublet unit cell, across the microchannel.

The second scenario analyzed using the ray tracing method is that, the target fluorescent
bead deviates from the initial height and remains on the optical axis (i.e. move along the z
axis). Figs. 5.18 a and b show two example output fields of the field intensity distribution in
the microchannel, with the fluorescent sphere at 64 um and 70 um, respectively. Both field
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Fig. 5.16. Refocusing beam of the metalens doublet. The red fluorescent bead has a diameter
of 1 um and it is at its initial position. (a) Perspective view of the metalens doublt under the
microfluidic channel in the xz plane, while the waterborne fluorescent bead on the optical axis
of the metalens doublet at z = 67 um. (b) An overall view of the refocusing beam in a range
from z = 20 and z = 80 um. Only the output fields is shown in the panel. The field propagates
along +z direction (white arrows). The extracted intensity on the right demonstrates the elec-
tric field intensity of the refocusing beam on the optical axis, and the location of the fluorescent
bead is represented by the black dot. (c) The local field distribution (extracted from panel b,
as the white dash frame shown) shows the narrow, long focusing with flanked sidebands at
the focal point, together with the fluorescent bead (the white dot, to scale). (d) The field dis-
tribution of electric field intensity at the focus plane (z = 67 um). The extracted red curves on
the top and right sides depict the field intensity distributions at y = 0 and x = 0, respectively,
with the black dots highlighting the relative location of the fluorescent bead (the white dot in
the color map). All field and extracted curves are normalized against the maximum value of
their respective field.
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Fig. 5.17. Refocusing at oblique incidence, with the fluorescent bead off axis but at the
original height (z = 67 pm). (a) An example condition. The illumination angle is 2°, i.e. the
relative angle between the 1-um-diameter fluorescent bead and the optical axis of the metalens
doublet. The field intensity distribution (color map) shows an tilted output beam with flanked
sidebands. The extracted data on the top depicts the field intensity distribution at z = 67
um, with a black dot (position of the fluorescent bead). The field intensity is normalized to its
maximum value. (b) A reference line (black) shows the focus drift when the fluorescent bead
move in the x direction (red dots) and xy direction (blue dots).

maps show an area 13 um in width and 26 pm in height (from the microchannel top to 54
um above the metalens-A /silica interface). The relative movement between the fluorescent
spheres and generated focus is extracted. The focus moves opposite to the microsphere. This
trend of relative motion can be clearly observed in the field intensity profile extracted from
the midline of the field map (i.e .where x = 0), shown in Figs. 5.18 a and b. The comparison
between the predicted height based on Eq. 5.24 and the actual height of the focal point is shown
in Fig. 5.18 c. In the case of the fluorescent microsphere at a height in the range of 64 pm and 70
pum (i.e. within +3 pm of the initial height), the exciting focal length can match the predicted
line. If the position exceeds this range, the resulting focal length deviates from the predicted
line. In this simulation, the height of the microsphere was set to shift in the range of 57 um to
77 um (i.e. within +10 pm of the initial height). When the microsphere is located at 57 um, the
predicted values show a maximum deviation of 3.47 pm (see Table 5.2 for more details). Due
to the long depth of field, 36.27 um, of the output light in this design, the microsphere can still

be covered by the elongated focus even if it is at the maximum deviation height.

Table 5.1. Deviation angles from analytical prediction and simulation. All the values are
the angle (°) to the optical axis.

x direction xy direction
Pin ‘ ¢predict Pactual ‘ Pin ‘ ¢predict Pactual Pin ‘ (Ppredict Pactual
0 0 0 4 4 3.79 242 242 2.29

1 1 0.91 5 5 471 4.83 4.83 4.64
2 2 1.89 6 6 5.75 7.22 7.22 6.95
3 3 2.83 6.81 6.81 6.50 9.58 9.58 9.25
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Table 5.2. Height of focus, from analytical prediction and simulation. All the values repre-
sent the distance (um) from the metalens-A/silica interface.

Hsphere Hpredict Hactual ‘ Hsphere Hpredict Hactual Hsphere Hpredict Hactual

57 77 73.53 65 69 68.75 70 64 64.41
60 74 72.26 67 67 66.71 72 62 63.44
62 72 71.01 68 66 65.94 75 59 60.82
64 70 69.99 69 65 64.97 77 57 58.63

Fig. 5.18. Refocusing beam under the illumination conditions when the fluorescent bead at
different heights on the optical axis. Field distribution of the local electric field intensity at
the focal points when the fluorescent bead (white dot, to scale) is fixed at (a) 64 um and (b) 70
p m, respectively. (a,b) The extracted data on the right demonstrates the relative height of the
refocus point (red dot) and the fluorescent bead (black dot), with the field intensity at x = 0, at
corresponding conditions. Two fields and curves are normalized against the maximum value
of the respective field. (c) Prediction line (black) and extracted height of the refocus points
(red dots) show the variant trend when the fluorescent bead move along £z directions on the
optical axis of the metalens doublet.

The third and final scenario is that, the fluorescent sphere is neither on the optical axis nor
at the initial height. Fig. 5.19 shows two example output fields of the field intensity distribution
in the middle xz plane of the metalens doublet. The fluorescent sphere is at z = 57 pm, with
a 5° deviated angle in Fig. 5.19 a, and it is at z = 77 um, with a 5° deviated angle in Fig. 5.19
b. Both field maps show an area that is 15 pm in width and 30 pm in height. In comparing
the two conditions, the output angle is similar in these two cases. However, the height of the
output focus is different. In Fig. 5.19 a, the position of the focus extracted from the field map
is 69.15 um on the z axis, and 6.042 um on the x axis, i.e. the output angle is 4.99°. By utilizing
Egs. 5.42 and 5.43, the predicted focal point is located at x = 6.49 um and z = 69.68 um, i.e.
predicted angle is 5.32°. In contrast, the focal point in Fig. 5.19 b is 4.53 um on the x axis,
and 57.79 um on the z axis; that is, the output angle is 4.48°. By using Egs. 5.34 and 5.35, the
predicted focus should appear at x = 4.70 um and z = 59.95 um, i.e. predicted angle is 4.48°.
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Fig. 5.19. Refocusing beam under the illumination condition that the fluorescent bead is not
at the initial height and off axis. Two example conditions of the fluorescent bead with a 5°
angle with the optical axis at the height of (a) 57 um and (b) 77 pm, respectively. (a,b) Field in-
tensity distribution in the xz plane demonstrates the refocusing beam’s relative position (color
map) and the fluorescent bead (white circle) with two reference lines for visualization. All
fields are normalized against the maximum value of their field.

Here, the position and angle of the output focus can be predicted by the ray matrix and the
geometric optics.

As mentioned before, a metalens with a hyperbolic phase profile has chromatic aberration.
This means that it is unlikely to work at other wavelengths. As a comparison to the target
fluorescent sphere, which has an emission wavelength of 680 nm, a blue fluorescent sphere
with a 430-nm emission wavelength is employed as a control group(Fig. 5.20). Both field maps
show an area 13 pm in width and 26 pm in height. The height of the blue fluorescent sphere is
setatz = 67 um and 72 um, respectively, on the optical axis of the metalens doublet. Although
the output focus movement still follows the prediction, the focal point is always below the blue
fluorescent sphere, at approximately z = 58 um and z = 57 um. In Fig. 5.20 a, the maximum
field intensity is only 0.32% of the condition that utilizes the target fluorescent sphere at the
same position. In addition, the total power efficiency of this condition is 0.02%. This value is
extremly low when compared with the total power efficiency of the target microsphere, which
is approximately 11%. The power converging on the target microsphere is 550 times that on the
control microsphere. It is possible to achieve sorting based on different wavelengths owing to
the huge differences in optical response. The self sorting performance of the metalens doublet

will be discussed in Section 5.10 with an additional tilted mirror.
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Fig. 5.20. The output field intensity with that of a non-target source with 430 nm wavelength
at the height of (a) z = 67 um and (b) z = 72 um, respectively. Two example conditions of
the fluorescent bead with 5° angle with the optical axis at the height of (a) 57 um and (b) 77
um, respectively. (a,b) Field intensity distribution in the xz plane demonstrates the refocusing
beam’s relative position (color map) and the fluorescent bead (white circle) with two reference
lines for visualization. All fields are normalized against the maximum value of their field.

5.9 Metalens doublets in an array

If identical metalens doublets are organized into an array, I expect that relatively weak focusing
light from adjacent metalens-doublet unit-cells can converge on the microsphere at the same
time. In this section, two extreme examples must are considered: the microsphere moving in
the middle of two adjacent metalens unit cells (see Fig. 5.21), and the microsphere moving to

the center of four neighboring metalens unit cells (see Fig. 5.22).

In Fig. 5.21, two identical metalens doublets are utilized, with a microchannel of 32 pm
in width (in the x axis) and 16 um in length (in the y axis), to observe the output focusing
light. The structured portion (i.e. nanopillars) of each unit-cell is 15.6 pm in width, and 15 pm
in length, i.e. a nanopillar-free region of approximately 400 nm exists between the two unit
cells. The red fluorescent bead is located in the middle of the gap, at the initial position (i.e.
where x = 0, y = 0, and z = 67 um). Figs. 5.21 b and ¢ show the output field of the field
intensity distribution in the middle xz- and yz plane. Both field maps show an area 13 um in
width (i.e. along the x axis, and y axis, respectively) and 26 um in height. In Fig. 5.21 a, a
narrow, elliptical focus with flanked sidebands is observed in the field map, while the relative
numerical aperture in the x axis increases to 0.31. In comparison with Fig. 5.16, the depth of
field in this condition is obviously short, and the beam waist is smaller. Fig. 5.21 d shows the
focal spot in the xy plane of z = 67 pm. The elliptical focus coincides with the position of
the microsphere. The weak sidebands are attributed to the scattering field of two rectangular
outlines (i.e. the profile shape of the two unit-cells).

Fig. 5.22 demonstrates the configuration of four metalens doublets. There is a cross-shaped

nanopillar-free region with a thickness of 400 nm and 1 pm in the x- and y axis, respectively.
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Fig. 5.21. Light focusing when the fluorescent bead moves at the middle of two adjacent
metalens unit cells. (a) A perspective view shows the relative position of the fluorescent bead
(red dot) and two metalens unit cells (M; and Mj). (b-d) The output field intensity of a source
particle (white disk) in the center of two adjacent metalenses. Cross section views in (b) the
xz plane, (c) the yz plane, and (d) the xy plane across the focus show the focal point with
sidebands and the corresponding location of the source. All fields are normalized against the
maximum electric field intensity.

The red fluorescent sphere locates in the center of this 2 x 2 unit-cell matrix, with the initial
height (i.e. z = 67 pm). Figs. 5.22 b and ¢ show the only output field of the field intensity dis-
tribution, with the position of the fluorescent bead, in the middle xz plane of the microfluidic
channel and the xy plane with a height of z = 67 um. The focus remains on the microsphere
at this condition. Figs. 5.21 and 5.22 indicate that placing identical metalens doublet into an
array still provides the self-tracing functionality.



114 Chapter 5. Self-sorting metalens-doublet tweezers

Fig. 5.22. Light focusing of four adjacent metalens unit cells. (a) Perspective view of the
fluorescent bead (red dot) and 2 x 2 metalens unit cells (yellow disk metric), i.e. My, My,
Mp1, and My;. (b,c) The output field intensity in the center of four adjacent metalenses. Cross
section views in (b) the xz plane and (c) the xy plane across the focus show the converging
field with sidebands and the corresponding location of the source. All fields are normalized
against the maximum field intensity.

510 Modification for self-guiding

Previous sections have shown that the metalens-doublet array can achieve wavelength-specific
self-tracing. However, the focus overlaps with the source microsphere. As I have analyzed in
Chapter 3 and Chapter 4, the gradient force of optical tweezers is the smallest here [9]. To
actively guide the microsphere, I add a typical optical component, a mirror that is comprised
of a gold layer to the system. The mirror is tilted by 8°, as shown in Fig. 5.23 a. Due to the
presence of the tilted mirror, the fluorescent sphere forms a image on the other side of the mir-
ror, which constitutes another point source. The essence of this approach is that the tilted gold
layer reflects the spherical waves onto the metalens-doublet array. To the metalens-doublet
array, there are simultaneously two fluorescent spheres with the same radiation wavelength:
the actual fluorescent sphere at the designated spot and the virtual fluorescent sphere placed
slanting above the former. To simulate, the metalens-doublet unit-cell is placed beneath a mi-
crofluidic channel 16 um wide, and 16 um long, and a gold layer with a thickness of 100 nm is
placed at an angle (¢ = 8°) with the x axis at the top of the microchannel, with the height of
the middle position of the gold layer 75 pm above the metalens-A /silica interface.
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Fig. 5.23. Refocusing and trapping with a tilted gold layer. (a) Perspective view shows a
gold layer on the top of the microfluidic channel with a tilted angle ¢ = 8°, and 75 um above
the metalens A base. The fluorescent bead is fixed at the initial position, Ah = 8 um. (b)
Distribution of the electric field intensity under this condition. The extracted curve shown on
the top depicts the relative position of the focus and the fluorescent bead at z = 67 pm. The
field is normalized against the maximum field intensity. Corresponding (a) horizontal force
map and (b) potential map under this condition.

Because the tilt angle of the gold layer is small, the focus remains as a single spot. Based on
the prediction, the focal point should appear at the lower left of the sphere if the fluorescent
sphere is at the initial position (i.e. x = 0, y = 0, z = 67 um). This concept can be confirmed by
the output field in the middle xz plane of the microchannel in Fig. 5.23 b. Fig. 5.23 b shows the
output field map and an extracted field intensity profile at the height of z = 67 um, demonstrat-
ing the relative position of the fluorescent sphere and the established focal spot. As compared
with Fig. 5.16 ¢, the focus does not coincide perfectly with the fluorescent sphere. The resultant
focusing bias and inhomogeneous field distribution generates a horizontal gradient force on
the fluorescent microsphere. The optical force (see Fig. 5.23 c) is derived by integrating the
Maxwell stress tensor at the surface of the microsphere utilizing the electromagnetic field sim-
ulation (see Egs. A.24 and A.25). At this condition, the fluorescent microsphere with a diameter
of 1 um experiences an optical force on the x axis with a value of —0.24 pN/mW - um~2. The
dynamic stable point (i.e. where F, = 0) locates at x = —753 nm on the left of the fluorescent
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bead. And the trapping potential is then calculated by integrating the force along a straight
line (Eq. A.26), as shown in Fig. 5.23 d. The maximum trapping depth is shown at the stable
point with a value of 143 ksT/mW - um~2. Both horizontal force and potential well indicate
that the microsphere experiences a horizontal force towards the left.

It is worth pointing that, another method to calculate the force on a charged particle in
an electromagnetic field. It is the volumetric technique that can be found in Lumerical FDTD
software. The method can be derived from Eq. A.3 (f = pE 4 ] x B). In the frequency domain,
the polarization P and current density | are described as

P(w) = / FUP(1)dt (5.51)

J(w) = —iwP(w) (5.52)

where, w is the angular frequency, and ¢ is time. By substituting Eqs. A.4 and 5.52 into Eq. A.3,
the force per unit volume is obtained as

F, =¢€o(V-E)E—iwP x B (5.53)

F, = €y(V-E)E —iw(e —€p)E x B (5.54)

If the background permittivity is not 1 rescaling the relative permittivity, gives
F, = €,60(V - E)E — iwep(er — €, )E X B (5.55)

where €, is the background permittivity, and e, is the relative permittivity of the volume. With
a comparison of the Maxwell stress tensor, the volumetric technique calculates the electromag-
netic field in the whole volume, which is less sensitivity to numerical noise. The volumetric
technique is better than the Maxwell stress tensor technique when used for calculating tiny ob-
jects or small index contrast. In this case, the size of the microsphere is larger than the incident
wavelength. Therefore, both techniques are suitable to calculate the optical force. In Figs. 5.23
and 5.24, the contrast between the two techniques is less than £9.38%, and the overall profile

is similar.

Fig. 5.24 demonstrates the performance of this self-guiding metalens-doublet sorter with
the fluorescent sphere moving across the microchannel from the left to the right. The fluores-
cent sphere is fixed at a height of 67 um with a deviation angle changing in a range from —6°
and 6°. In Fig. 5.24 b, the horizontal force on the microsphere at the each deviation angle is
calculated by using the Maxwell stress tensor. Without exception, the horizontal optical force
performing at all the angles are all negative. It means that force always points to the left. When
the microsphere is positioned at the left and right ends,the horizontal optical force is —0.01 pN
and —0.09 pN, respectively. When the deviation angle is 0, the microsphere experiences the
maximum force. Fig. 5.24 c illustrates the output field of the intensity distribution in the xy
plane, extracted at z = 67 um, with the microsphere represented by a white circle so that the
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Fig. 5.24. Horizontal force on the fluorescent bead and the corresponding field intensity. (a)
Perspective view of the position (arrows and dash circles). (b) Horizontal force on the fluo-
rescent bead at different angles with the optical axis. (c) Seven field distributions of the field
intensity with a reference circle representing the fluorescent bead. All fields are normalized
against the maximum value of the respective field.

relative position of the focus and the sphere can be observed. All the areas are 15 um in width
and 6 um in length. The focus is always on the left of the microsphere. Utilizing the output
field at a deviation angle of 0 as a reference, the focal spot is gradually compressed along the x
axis as the microsphere moves to the left and gradually elongated as it moves to the right (see
Fig. 5.24 c). Based on this result, I expect that a waterborne fluorescent microsphere with the
target wavelength can be trapped and guided along the —x direction.

As discussed in Chapter 3 and Chapter 4, the terminal velocity of a particle moving across
the fluid can be calculated by substituting the optical force into Eq. 3.1. The overall efficiency
can be estimated by considering the efficiency of each step. The fluorescence efficiency of
the scarlet fluorescent sphere can exceed 70% [310]. The radiation energy received by one
metalens-doublet aperture is approximately 3.47%. The refocusing efficiency of the metalens-
doublet is 11%. The refocusing energy accounts for 6.2%. of the energy required to excite the
fluorescent bead when only one metalens-doublet is utilized. Based on the values above, the
laser power required for the particle sorting at a terminal velocity of 200 nm/s is 1 mW/um?,
and the dependence of the two is linear. Based on the research of fluorescence decay [311], I
estimate that the fluorescent bead can be sorted by the metalens-doublet array, with a 70 mW
laser and a spot size of 10 um? [312]. In numerical calculation, the trapped fluorescent bead

can traverse half of one metalens-doublet (i.e. 8 um) within its lifespan.
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511 Conclusion to Chapter 5

In conclusion, I have designed and numerically simulated a metalens-doublet sorter capable of
self-tracing and self-guiding at a designated wavelength. By utilizing two arrays of amorphous
silicon nanopillars, the metalens doublet can focus the waves from a fluorescent sphere back
onto it, similar to a retroreflector. A mirror is subsequently added to the model for realizing
a horizontal optical force. With the mirror, the metalens doublet could perform automatic

sorting and guiding of fluorescent spheres without any additional active control.

The focus can be analytically predicted using two models, the ray matrix model and the
geometric optics model. Both models can can produce theoretical results that match with nu-
merical simulation. The prediction can guide the design of multi-layered metasurface lenses
(i.e. cascaded metalens). The minimum laser power required to achieve sorting (assumed to
be moving from the center of the metalens-doublet to its edge) is 7 mW / pm?, considering only

the effect of a single unit of the metalens array.

As a novel multiplexing structure, metalens doublet can achieve advanced functionalities
that are difficult to realize in conventional singlet metasurface lenses. I believe that introducing

metalens doublet into microfluidic systems could lead to a range of novel devices.
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Chapter 6

Conclusions and Outlook

Optofluidics, an emerging research realm that combines nanophotonics and microfluidics, has
diverged into various research directions in recent years [10]. It has shown unique advantages
in realizing different miniaturized, portable lab-on-a-chip systems. It can be used to modu-
late the properties of light via employing a fluid (i.e. on-chip dye-lasing, light router, and
beam controller), and to detect and manipulate fluid and particles inside. Due to the excellent
compatibility between photonic and fluidic devices, optofluidics devices are suitable for the

medical, biological, and bio-chemistry realms.

Since the introduction of the concept of optical tweezers, numerous technologies have be-
come compatible with optical tweezers technology, such as fluorescence excitation, Raman
spectrometer, and optofluidics analysis. The essence of optical tweezers is to trap and ma-
nipulate an object by utilizing a gradient force in an inhomogeneous electromagnetic field.
Nanophotonics structures can generate such inhomogeneous field for trapping and can be em-

bedded in microfluidic chips, creating on-chip optical tweezers.

My research has aimed at producing tunable optical forces for particle trapping and rout-
ing by using photonic devices embedded in microfluidic systems. I have numerically demon-
strated a plasmonic nanorail system that produces highly concentrated near fields. The distri-
bution of the near field can be tuned by the incident wavelength, allowing for tunable particle
routing along the rails. I have also numerically demonstrated a metalens that focuses light in
the far field. The focus can be swept across a microfluidic channel by controlling the relative
phase and intensity of two coherent incident beams. This tunability allows for particle routing
in the far field. As the third piece of my PhD work, I have designed a cascaded metalens that
can focus fluorescent light from a particle back to itself. This design could be used to sort par-

ticles automatically based on fluorescence color.

Beside using the numerical simulation tools, I have also explored several analytical meth-
ods to analyze the optical force. Chapter 3 and Chapter 4 have analyzed optical force on the
Rayleigh particle and the Mie particle, which is calculated by using the dipole momentum
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technique and the Maxwell stress tensor technique. In Chapter 5, the volumetric technique is
employed to analyze a charged sphere. Moreover, by using the ray matrix and the geometric
optics, I can predict the output rays of the cascaded metalenses and simplify the wavefront
design.

Based on the current simulation results, the efficiency of fluorescence self-sorting by metal-
ens array is still quite limited. In further steps, I will try to improve the net working efficiency
of the metalens-doublet, and the correction at a large angle incident, so that a larger metalens
array can be used. This method (FEACS) has the potential to enable passive optical sorting
without the use of an additional detecting system.

Direct use of such optical sorters in cell manipulation may be difficult due to the simi-
lar refractive indices between cells and the liquid environment. In addition to fluorescence
modification for providing sorting conditions, optical sorters can be employed to sort proteins
(common refractive index: 1.33 — 1.6) or isolate viruses (e.g. refractive index of the flu virus
is 1.48) from mixed cells. Due to the non-contact nature of optical tweezers, they can trap,
manipulate, or sort without damaging the cell and molecule, which has a broad application
prospect in the field of biomedicine and biology.

Due to time constraint and disruptions caused by the covid pandemic, experimental ver-
ification for the third piece of work was planned but not completed. Preliminary results can
be found in the appendix. I foresee that in some of the devices that I have fabricated, opti-
cal force-induced self-organization of particles can be observed in the near future. Once the
cascaded metalens is fabricated, the existing measurement system should allow us see the pre-
dicted phenomenon of fluorescence-based self sorting.
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Appendix A

Optical force on a nanoparticle

Evanescent field can interact with a dielectric nanosphere, and its contribution to plasmonic
trapping can be numerically calculated. Chapter 3 has analyzed enhanced near-field distri-
bution on the plasmonic nanorails at the Entrance route, Route 1, Route 2 and the Y-junction.
Although the plasmon-induced potential and horizontal force exerted on the nanosphere are
shown in Figs. 3.2 -3.8, electromagnetic fields on the nanosphere have not been discussed in
the chapter. Fig. A.1 shows the enhanced near-field distribution on the outer, bottom surface
of the trapped nanosphere. The nanosphere is located 10 nm above the top of the nanorails
and at the center of the gap. The bottom view demonstrates the concentration of the electric
field at the water/nanoparticle interface. Similar to the distribution of the evanescent field
surrounding the nanorails, a symmetric field is observed on the nanosphere when it is at the
Entrance route. Meanwhile, asymmetric field distribution appears on the nanosphere at Route
1 and Route 2, which matches with Figs. 3.5 and3.6.

I have used the Maxwell stress tensor to compute the optical force acting on nanospheres
and microspheres in previous chapters. Here, I lay out the key equations and used the
nanosphere to demonstrate how to do the calculation. Initially, the nanosphere is considered
to be a closed surface and is divided into a number of interfaces. The electromagnetic force on
each interface is calculated independently, and the resultant force on the entire nanosphere is

then determined using spherical integration. The derivation is as follows.

Energy is a scalar, and the energy flow density is a vector. In terms of the divergence of the

tensor, the flow density of a momentum component in a certain direction is
e )
(V- T) =) =T (A.1)
i i

where the indices i and j refer to the coordinates x, y, and z. The electromagnetic field further
satisfies the conservation of momentum. In a closed space, this implies that the sum of the



122 Appendix A. Optical force on a nanoparticle

Fig. A.1. Electric field intensity on the lower hemisphere of a nanoparticle at two wave-
lengths. The nanosphere is positioned at on Entrance, Route 1 and Route 2, and its bottom is
10 nm above the nanorails. All field distributions are normalized against the field intensity of
the corresponding incident beam. The upper limit of the color scale is set at 18 for visualiza-
tion.
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conversion rate, the increase rate and the outflow rate is zero. This condition gives

f+v-<?+yoeogf:0 (A2)

where the first term is the Lorentz force per unit volume affected by a charge distribution, the
second term is the rate at which the total momentum of a volume (the momentum of the charge
plus the momentum of the electromagnetic field) increases, and the third term is the rate of the
energy flowing through the interface S. Here, we start from the generalized Lorentz force to
calculate the force density of an electric charge

f=p(E+vxB)=pE+]JxB (A.3)

where E is the electric field, v is the average drift velocity of charged particles, and B is the
magnetic field. The two terms of Eq. A.3 should relate to an electromagnetic field, and they
cannot contain the terms of electric charge. Hence, the charge density p and current density
J will be replaced with terms of the electromagnetic field by utilizing Maxwell’s equations as
shown in Eqs. A4 and A.5

v.E=L (A4)
€0
0E
V X B =puJ+ yoeog (A.5)
The Lorentz force is then expressed as
1 oE
f:eo(V-E)-E+—(VxB—yoeo—)><B (A.6)
Ho ot
1 oE
f=¢€)(V-E)-E4+ —(VXxB)xB—¢e— xB (A7)
Ho ot
We also have I 5 3B
0B
E=_—— A.
v X 5 (A9)

Based on Eq. A.9, Eq. A.8 can be derived to

oE 0
ng—g(ExB)—(VxE)xE (A.10)

Substituting Eq. A.10 in Eq. A.7 to gives

f:eo(v.E)-m;(wB)xB+eO(vXE) xE—GO%(ExB) (A1)
0
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In Eq. A.11, the rightmost term involves the Poynting vector as below

S = iE X B (A.12)
Ho

We also have Gauss’s law for magnetism, which is shown below
V-B=0 (A.13)

In order to make the formula of the electromagnetic field more symmetric, a term based on
Eq. A.13 can be added to Eq. A.11, which leads to

1 dS
f=¢€[(V-E)-E+ (V X E) x E] +y—[(v~B)-B+(v x B) x B] — €oplo5 (A.14)
0
In general, wherever there are two consecutive cross products, we should try to turn them into

dot products. Based on the relevant formula of the Del operation (the Nabla operation), of
which

V(A-B)=Ax(VxB)+Bx(VxA)+(A-V)B+(B-V)A (A.15)

if A = B = E, we obtain
V(E*) =2E x (V xE) +2(E- V)E (A.16)
Ex (V xE) = (E-V)E—%V(Ez) (A.17)

Similar, the magnetic field can be derived as
B x (V xB) = (B-V)B—%V(BZ) (A.18)

Consequently, the formula for the force density of an electric charge can be written as

1 1 1 JS
f=¢€[(V-E)-E+ (E-V)E— Ev(Ez)] + PT[(V ‘B)-B+(B-V)B— Ev(Bz)] —€oflo (A.19)
0
As compared with Eq. A.2, it can be found that, if no energy flow in and out of the interface,

the divergence of momentum flow density tensor can be expressed as

1 1 1
V-T=—¢€l(V-E)-E+(E-V)E— Ev(EZ)] — ;[(v B)-B+(B-V)B - Ev(ls'.z)] (A.20)
0
>
Hence, the momentum flow density tensor T (a third-order matrix) can be obtained by com-
paring the coefficients from the divergence calculation formula of the second-order tensor
(Eq. A.20). Now I rewrite the right-hand side of the Eq. A.20 in the summation notation. The
following derivation employs the Kronecker delta and defines any vector with a subscript to
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denote the n'" component, for instance

Ac(j=1) x(j=1)
Aj=q4,(=2) x=5y(i=2) (A21)
A (j=3) z(j=3)

Accordingly, the momentum flow density tensor is obtained as

, OE; JEj 1 OE? 9B; 1 0B’
(V1) = —eol g Bt LBigy, — g Ly %) 2ax RO PO el
. E; 0E; 10E> 1 9B; 0B; 10B?
(V . T)] = —€p ZIZ(TJQE] + Eiaixi - Eaixi(sq) - % ;(TXZ'B] + Blaixi - Eaixl_&])
, 0 1 0E? 1 0B 10B?
(V-T)j=—eo IZ[BTQ(EiEj) - EaTci‘Sif] - % Z[aTCi(BzB]) - EBTCZ-(S”]
. ) 1, 1o,
(v-T)j = eOZaxi( — 5E) — Z a — 5B%)
1 9B; 1
(VT]—%ZB (5% — EiEj) + —— th (5B?5;j — BiB)) (A.22)
And by the definition of tensor divergence
0
(V-T)j =) 5T (A.23)
i 1

The momentum flow density tensor or Maxwell stress tensor is obtained as

1 11 ,
1*—@(#%—aayhg5§%—&m) (A.24)
For a harmonic electromagnetic field, the time-averaged electromagnetic force F on a dielectric
particle in a vacuum is given by

- 7{ T #ds (A.25)
S

where 7 is the unit volume, and S represents a closed surface. In addition, the potential energy
P shown in Figs. 3.2, 3.5, and 3.6 can be calculated by applying a line integral of the time-
averaged electromagnetic force along the trajectory of the nanosphere, in which the equation

is shown as below

P:/fm (A.26)

Based on these equations, optical force distribution can be simulated by utilizing the
Maxwell stress tensor the finite element analysis engine, COMSOL Multiphysics. Here I use
Fig. A.2 as an example result of this kind of calculation. Both the component forces (based on
Eq. A.24, shown as in the insets of Fig. A.2) and the resultant force (based on Eq. A.25) are
shown. Discussions related to the total force can be found in Chapter 3.
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Fig. A.2. Electric field intensity of trapping field, with the nanoparticle (the black circle)
at the middle of the nanorails gap under the illumination at 1224 nm and 1274 nm. These
maps represent an area 240 nm x 240 nm in size, with the bottom edge at the top of the
nanorails. The bottom of the nanoparticle is 10 nm above the top surface of the nanorails.
All field distributions are normalized against the field intensity of the corresponding incident
light. The upper limit of the color scale is set at 35 for visualization. Optical forces shown
in green and red arrows indicate the total force. The scale is 0.2 pN/(mW - um~2). Inset:

the distribution of power flow density and the Maxwell stress tensor on segmented interfaces
(green and red arrows).
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Appendix B

An alternative design of the tunable

metalens tweezers

It is possible to build coherently controlled tunable metalens tweezers using a hyperbolic phase
profile, as an alternative to the V-shape profile reported in Chapter 4. The cross section dimen-
sions of the hyperbolic lens (Gaussian lens) are shown in Table B.1. Beforing deciding on
choosing the Bessel metalens in the published journal paper (see Figs. 4.11 and 4.13), hyper-
bolic metalens tweezers were evaluated to analyze the focus status and trapping abilities. The
design (see Fig. 4.11) is quite similar to the Bessel metalens. The width of the unit cell along
the x-axis is 22.5 pm, also as the width of the microchannel before the junction. A 130-um-thick
PDMS layer covers the metalens structure under the microfluidic channel. The diameter of the
lens is 22.5 um, and its focus distance of 130 um. The numerical aperture equation is expressed
as

NA=n-sinf =n -sin[arctan(zlj)f)] (B.1)
where 0 is the maximal half-angle of the light’s cone, 7 is the refractive index of the medium,
D is the diameter of the lens, and f is the focal distance. When this angle is small enough, the

equation can be simplified to

D
NA ~n— B.2
nap (B2)

The numerical aperture of this metalens is approximately 0.12; it is a weak focusing lens with
a full width at half maximum larger than 5 um. The output focusing distribution of this met-
alens is shown in Fig. B.1 under five illumination conditions mentioned previously, i.e. the
E-antinode, the single-beam, the B-antinode, and two intermediate conditions. As compared
with the field distribution in Fig. 4.11, the focus is shorter and the sidebands are weaker. Nev-
ertheless, this beam is also possible to steer a particle across the middle of the microchannel
continuously. In Figs. B.1 a and e, the angle between the central axis of the focus and the z-axis

are —1.44° and 1.1°, respectively, indicating a steering angle of roughly 2.5°.
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Appendix B.  An alternative design of the tunable metalens tweezers

Table B.1. Cross-sectional dimensions of the 25 constituent nanopillars in nanometers. All
the nanopillars have an elliptical cross section with the principal axes along x and y.

No. X axis y axis ‘ No. X axis y axis ‘ No. x axis y axis
1 100 320 8,9 160 220 21,22 360 230
2 130 270 10-13 200 130 23 360 220
3 140 260 14-16 400 240 24 360 200

4,5 140 290 17,18 380 240 25 400 130

6,7 150 250 19,20 360 240

The trapping potential of a microsphere and a nanosphere is also analyzed in Figs. B.1 f

and g. In the calculation, both particles are moved from the left side of the microchannel to the

right side at 10 um above the bottom of the channel, the same as in Fig. 4.13. When compared to

Bessel metalens tweezers, the maximum potential depth of the 100-nm-diameter nanosphere

is roughly the same, at 0.1 kg - T/(mW - um_z). In contrast, the depth of the potential well

is decreased by ~ 40%, to approximately 60 kg - T/(mW - um~2) for the microsphere with a

1-pm-diameter under all three illumination conditions. Accordingly, it can be concluded that

for the two low-NA lenses of the very similar dimensions, the lens with an axicon profile (the

Bessel lens) produces stronger trapping potential in the horizontal direction (i.e., perpendicular

to the propagating direction) than the hyperbolic lens (a Gaussian lens) [274].
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Fig. B.1. Light focusing and steering of the hyperbolic metalens under (a-e) five different
illumination conditions, and the panels are plotted following the same specifications as
Fig. 4.13. (f,g) Potential energy for particle trapping in the microfluidic channel under the
three main illumination conditions. The particle diameter is (f) 1 um and (g) 100 nm.






131

Appendix C

Fresnel zone plate: a flat metallic lens

Nanofabrication was also a part of my PhD plan. Unfortunately, due to the Covid-19 pandemic,
the fabrication process originally scheduled to begin in March 2020 had to be postponed to
November 2021. In order to simplify the fabrication, a Fresnel zone plate (FZP) was designed.
This structure consists of a series of co-axial opaque rings to obstruct incident waves. The
opaque zones on the FZP will cause light to diffract, and the diffracted light can produce a
focus via constructive interference.

I fabricated a FZP on an aluminum thin film. The fabrication process is shown in Fig. C.1:
(a) spin coating a 300-nm-thickness layer of ZEP-520A (i.e. a positive e-beam resist) on top of
a silicon substrate and writing the pattern using e-beam lithography; (b) developing for 100 s
in ZED-N50 and 2 x 45 s IPA to generate patterns in the resist layer; (c) e-beam evaporating a
50-nm-thickness aluminum film on top; (d) removing the resist and the adherent Al on the top
of the resist by using NMP solution.

The FZP with a diameter of 4 mm (see Fig. C.2 a) is designed to operate under the telecom
wavelength of 1550 nm. The aim is to generate a focus 5 mm above the plate. To get construc-
tive interference at the focus, the patterns written by e-beam lithography should follow the

fn = \/nAf + irﬂ/\z (C1)

where 1, is the radius where zones switch from opaque to transparent, 7 is an integer, A is the

equation

incident wavelength, and f is the focal distance. By substituting the parameters required in this
FZP design, the value of 1 can be obtained as 88.034 um, which is the same as the measured
value shown in Fig. C.2 ¢. Fig. C.2 d shows the outermost ring with a width of 2.32 um. In
the microscopy images, the relative bright patterns (see Fig. C.2) can represent the aluminum,
the residual regions represent the silicon substrate. As of the writing of this thesis, the focus
of the FZP has not been characterized as Si metalenses discussed in later sections have been
prioritized in experiment. More discussions can be found at the end of Appendix D.
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Fig. C.1. Flow chart of the fabrication process of Al patterns. (a) spin-coating, (b) e-beam
lithograph and developing, (c) metallic patterns depositing by e-beam evaporating, and (d)
removing the resist.

Fig. C.2. Images of the aluminum Fresnel zone plate (FZP) under a microscopy. The image
under (a) a camera and a microscopy with an amplification factor of (b) x5, (c) x20, and (d)
x150. Panels (b,c) are at the center region of the FZP and (d) is at the edge of the FZP.
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Appendix D

Silicon-base metamaterial lenses

As compared with the FZP, a metalens consisting of sub-wavelength pillars can achieve a
higher degree of control over light propagation. In both Chapter 3 and Chapter 4, the met-
alenses use nanostructured silicon. A fabrication procedure for such silicon nanostructure is
(see Fig. D.1): (a) spin-coating a 300-nm-thickness ZEP resist and writing patterns by utiliz-
ing e-beam lithography; (b) developing by using ZED-N50 and IPA solution; (c) depositing a
chromium hard mask on top of the sample; (d) removing the residual resist by lift-off; (e) trans-
ferring the pattern from the Cr islands to the silicon substrate beneath by using inductively
coupled plasma (ICP) etching, (f) removing the residual Cr on the top of the Si nanopillars by

a Cr etching solution.

Fig. D.1. Flow chart of the fabrication process of c-Silicon nanopillars. This silicon-based
process includes (a) spin-coating, (b) e-beam lithograph and developing, (c) hard mask de-
positing by e-beam evaporating, (d) resist lift-off, (e) inductively coupled plasma (ICP) etch-
ing, and (f) hard mask removal.
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Fig. D.2. GDSii and SEM images of designed silicon metalens. (a) The central area of the
designed GDSii file shows as a reference. (b-f) SEM images are labeled with (b) the radius of the
metalens, (d) periodicity of the meta-atom in the metalens, (e) the diameters of the nanopillars
with different scales, and (f) the height of the nanopillars. Panel (c) is the central area of the
metalens and contains no label.
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All nano-scale circles are drawn using the L-edit tanner controlled by a self-designed
database. Fig. D.2 a shows central region a width of 47 um and a length of 47 um, where
blue patterns are e-beam-written patterns. Figs. D.2 b-f illustrate one of the fabricated samples
under a scanning electron microscope (SEM). The SEM image shows that the radius of the Si
metalens is 486.6 um (see Fig. D.2 b), which is less than the radius of design (i.e. 500 pm) due
to the measuring error. Fig. D.2 ¢ shows the distribution map of the nanopillar in the region
corresponding to Fig. D.2 a. The center-to-center distances are measured along different direc-
tions, and measurement accuracy was increased by measuring the distance between multiple
nanopillars. In Fig. D.2 d, the distance measured by 4 nanopillars apart is 4.622 um, and the
distance measured by 5 nanopillars apart is 5.291 um. That gives a measured periodicity of the
hexagonal lattice at 903 nm on average, which is closed to the target parameter of 910 nm. Al-
though the largest pattern (583.2-nm-diameter measured vs. 567-nm-diameter designed) and
the smallest pattern (177.5-nm-diameter measured vs. 212-nm-diameter designed) show de-
viation (see Fig. D.2 e), it is still expected to be within the allowed error range of the optical
metalens. In Fig. D.2 £, the thickness of the nanopillar is measured by tilting the sample at 20 °.
The measured result is in a range from 254 nm to 304 nm, giving a height between 695 nm and
835 nm after angle correction. The depth of ICP etching was also measured using a profiler
for a higher accuracy. The value is from 798 nm to 811 nm, close to the target thickness of 800
nm. However, in Fig. D.2 d, a nano-pillar is destroyed (highlighted in green) in the nanofab-
rication, and an unexpected connection (highlighted in red) appeared. These two non-ideal
phenomena are most likely caused by the failure to completely remove the residual resist in
the lift-off process (referring to Fig. D.2 d), owing to the small dimension of the pattern.

In the process of conventional metalens rendering, the L-edit tanner is difficult to obtain
non-nanopillar regions through the Boolean operation due to excessive structure. Therefore, by
improving the drawing procedure, it is possible to avoid problems related to using a metallic
hard mask. It is possible to utilize ZEP resist as a mask during ICP etching because the etching
rate ratio of the ZEP/Si is approximately 0.3 when employing SFs and C4Fg as etching gases.
Accordingly, the fabrication process of the Si-based metalens can be simplified as shown in
Fig. D.3: (a) spin-coating ZEP resist and executing e-beam lithography; (b) developing; (c)
etching by ICP and removing the residual resist.

Fig. D.3. The second flow chart of the fabrication process of c-Silicon nanopillars. This
silicon-based process includes (a) spin-coating, (b) e-beam lithograph and developing, and (c)
ICP etching and resist removal.
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The improved pattern design is shown in Fig. D.4 a, which is an 8 pm X 8 pm square in
the central area. After developing, the blue shaded area of resist will disappear, whereas the
white area of resist will protect the Si beneath during the ICP etching process. Figs. D.4 b-f are
SEM images of one fabricated sample after removing the resist mask. Continuously changing
co-axial circles can be observed in Fig. D.4. Zoom in SEM images (see Figs. D.4 c¢,d) show
the area of Fig. D.4 a. The center-to-center distance (i.e. 5421/6 = 903.5 nm) well matches the
designed lattice constant (i.e. 910 nm). Meanwhile, the diameter of the central nanopillar (625.1
nm as measured) is close to the designed value of 635 nm. Fig. D.4 e shows distinct hexagonal
edges and periodically arranged nanopillars. With 20° tilted angle, the surface of the silicon
substrate after etching is observed, which is still uniform (see Fig. D.4 f). After angle correction
(i.e. measured result/ tan20°), the height of the nanopillars after etching is in a range from 815
nm to 834 nm, which is closed to the measured etching thickness on a silicon-on-insulator (SOI)

dummy chip (i.e. 807 nm).

However, the silicon wafer is a single-side polished wafer, i.e. having a rough backside,
which will induce unpredictable and intense scattering. Consequently, samples fabricated and
demonstrated in Appendix C and Appendix D have not been characterized in their optical

properties.
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Fig. D.4. GDSii and SEM images of a silicon metalens using the revised algorithm. (a) The
central area of the created GDSii file as a reference. (b-f) SEM images are labeled with (c,e) the
periodicity of the meta-atom in the metalens, (d) the diameters of the minimum and maximum
nanopillar, and (f) the height of the nanopillars. Panel (b) shows a relatively large are and is
not labeled.
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Appendix E

Cylindrical and spherical optical

tweezers

To avoid additional scattering and further to improve power efficiency, a fused silica wafer
(nsio, ~ 1.5) is employed to replace the silicon wafer (ns; ~ 3.5). The fused silica wafer is
polished on both sides. The procedures of amorphous-silicon (a-Si) fabrication are (see Fig. E.1,
which is referred to the optimized silicon fabrication in Fig. D.3): (a) depositing a uniform
a-Si layer on a fused silica wafer by utilizing Plasma Enhanced Chemical Vapor Deposition
(PECVD); (b) spin-coating 300-nm-thickness ZEP resist and an e-spacer layer on the top of the
a-Si layer; (c) developing by using ZED and IPA solutions; (d) etching by ICP to transfer the
patterns from the resist to the a-Si layer; (e) removing the residual resist in NMP solution and
cleaning the surface by plasma asher.

In this case, the a-Si metalens keeps the design of hexagonal lattices. The lattice constant is
500 nm, while the height of the a-Si nanopillar is set at 400 nm to achieve a 271 phase coverage.
It is essential to ensure the adhesion of the a-Si/fused silica interface, as the a-Si layer can easily
peel off. Consequently, a thin film of silicon oxide was deposited by PECVD to guarantee a
non-crystalline surface before depositing the functional a-Si layer. At 350°C, NoO/N,/SiHy
gases are used to deposit SiO; at a rate of 1.15 nm/s. Then the a-Si was deposited at 250°C
utilizing SiHy/ H» gases at a deposition rate of 0.26 nm /s, which required 25 min 38 s to achieve

the target thickness.

Prior to spin-coating the ZEP resist, it is crucial to measure the thickness of the deposited a-
Si layer. Typically, samples are measured with an ellipsometer, and parametric fits are used to
derive the thickness. The thickness distribution of the SiO, layer throughout the whole 2-inch
wafer was acquired utilizing the scanning function of the ellipsometer and is shown in Fig. E.2.
It shows poor center-to-edge uniformity (see Fig. E.2 a), probably because of temperature of
the whole wafer in the chamber was not uniform. The fitting curves in Fig. E.2 b reveal the
correspondence between the optical characteristics of the employed material model and the
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optical properties of the actual deposited material, from which the actual thickness is derived.

The parameters used for fitting are extracted from the center of the 2-inch wafer.

Fig. E.1. Flow chart of the fabrication process of a-Silicon nanopillars. This conventional
silicon-based process including (a) PECVD depositing, (b) spin-coating, (c) e-beam lithograph
and developing, (d) ICP etching, and (e) removing the residual resist.

From the fitting, we can see that minimum thickness is 401.06 £ 1.14 nm (extracted from
the center), the maximum thickness is 412.34 £ 1.19 nm (extracted at the bottom edge), and the
average thickness is 405.97 £ 0.726 nm with a mean square error (MSE) of 10.355. The diameter
of the metalens, in this case is, 1.2 um. Therefore the surface thickness may be deemed uniform

over a short range, even though the thickness is not uniform over a long range.

Fig. E.2. Uniformity of an amorphous silica film deposited using PECVD. (a) Distribution of
the amplitude ratio Psi refers to the corresponding relative thickness of the amorphous-silicon
on the silica substrate. The black circle represents the scale of the silica wafer as a guide for the
eye. (b) The amplitude ratio Psi and phase change Delta demonstrate the similarity between
the measured data (red and green curves) and the fitted data (black dashes).

In this design, a metalens has 4 strips of focusing field rising gradually in the direction of
the radiation axis, generating a cross-focus. Due to the variable height of its focus plane, it can
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produce holographic images. This metalens is aimed to operate under an incident wavelength
of 680 nm. Its operating wavelength is visible, so that the focusing can be observed under an
optical microscope. As shown in Fig. E.3, 4 shining arms appear on the metalens, extending
outward from the center. To check whether the nanopillars are intact, the center and edge
regions of the cross metalens are observed using the microscopy’s maximum magnification
(i.e. x150), shown in Figs. E.3 ¢,d.

Fig. E.3. Microscopy images of the cross metalens. Amplification factors are (a) x5 for ob-
serving overall structure, (b) %20 in the central area, and (c,d) x 150 for observing nanopillars,
respectively.

Simultaneously, SEM images are utilized to check the distribution of nanopillars (see
Fig. E.4). An overall view of the whole metalens is shown in Figs. E.4 a, b and ¢ show de-
tails in the center and at the edge of the metalens, respectively. The periodicity (i.e. shortest
center-to-center, see Fig. E.4 d) is approximately 487 nm, which closely matches the designed
value of 500 nm. As compared with a silicon substrate, the fused silica substrate quickly ac-
cumulates charges in the SEM. During observation, the image jitter is more obvious than that
of the silicon substrate, and the profile of the nanopillar appears as a polygon after freezing
the image. Fig. E.4 e shows the diameter of the largest nanopillar (343.3 nm measured vs.390
nm designed) and the smallest nanopillar (93.62 nm vs. 150 nm), in which all patterns have
shrunk for is about 50 nm as compared to the design pattern. Utilizing other lenses for future
observation may improve the precision of the measured data.
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Fig. E4. SEM images of the metalens. The images show (a) the overall view of the cross
metalens and the nanopillar distribution, (b) in the center, and (c) at the edge of the cross
metalens. The images are labeled (d) center-to-center distances for measuring periodicity and
(e) diameters of the smallest and largest nanopillars in the cross metalens.
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Our collaborator Dr. Bruce Ou provided an optical measurement system to examine the
imaging of the metalens under laser excitation. In this measurement set up (see Fig. E.5 a),
a fiber laser with a wavelength of 642 nm is employed to excite the designed metalens from
the backside. One of the samples is located on a Piezo stage that can be raised and lowered.
The camera is selected with a magnification factor of x10, so the monitor can only observe the
center region of the metalens with a window of 960 um in width and 540 um in length. Fig. E.5
b illustrates two imaging conditions: the metalens at 5 um and 50 um below the objective
plane. Under these two conditions, the focal points are located at para-central and submarginal
positions on four focusing strings, respectively. By stacking 51 images, a holographic image
shows the whole focus pattern (see Fig. E.5 c¢). The angle between the focusing string and
the metalens plane is approximately 7.47°, which is equivalent to a ratio of the focal length
to the radius of 0.13 (f /r = 0.13). This metalens is aimed to operate in a water environment
(nwater = 1.33). However, the measurement system set up in the air (n = 1) results in the
observation focus being lower than the design focus length. Even through, the observed focal
length still conforms to the design (f /v = 0.17) after refractive index correction by numerical
calculation (0.13 x 1.33 ~ 0.17). The field intensity on one arm is significantly stronger than
the other three arms. This phenomenon may be due to the influence of the stress generated
by dicing the sample. Fig. E.5 d demonstrates field intensity maps at different heights (i.e. 5
um and 50 pm referring to Fig. E.5 b) above the cross metalens, which can be more intuitive to
observe the intensity distribution on the corresponding focal planes. Moreover, the extracted
field intensity distribution is consistent with the design.



144 Appendix E. Cylindrical and spherical optical tweezers

Fig. E.5. Experimental results of the cross metalens. (a) Perspective view of the measurement
set up shows an optical system consisting of a laser source with a wavelength of 642 nm, a
collimator, a 4f expander, a tunable Piezo stage, a x10 objective lens, and a camera for ob-
servation. Optical rays are illustrated in red lines. (b) Extracted focusing images at different
objective planes with a height of 5 um and 50 um, respectively. (c) A stacking image shows a
holographic focus in three dimensions. (d) Observed field intensity maps show a 4-arm cross
focus at different heights. All color maps are normalized against the maximum value in each
individual figure.
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Another sample, a high numerical aperture metalens, is shown in Fig. E.6. This design is
a spherical metalens with a diameter of 600 um. It is expected to generate a focus at a height
of 150 um. The output phase gradient of the spherical metalens is derived from Eq. 5.44. This
metalens aims to operate under the wavelength of 680 nm. Based on Eq. B.1, the numerical
aperture of the metalens is approximately 0.97 in air. The central region of the metalens is

observed using the maximum magnification of the microscope (i.e. x 150), as shown in Fig. E.6
b.

Fig. E.6. Microscopy images of the metalens. Amplification factors are (a) x5 for observing
overall structure and (b) x 150 in the central area.

Based on the previous experimental set up (see Fig. E.5), a x 400 objective lens replaces the
% 10 objective lens. And the 4f expander is removed. In this case, a camera with a magnifica-
tion factor of x 400 is available. With this camera, the observation window is 24 um in width
and 14 um in length. Fig. E.7 shows the whole focusing pattern by stacking 201 images. As the
holder of the sample is not perfectly horizontal, the focus has slightly shifted away from the
theoretical position (see Fig. E.7 b). The deviation angle « is 0.24° in both x and y directions.
It should be noted that, the optical axis of the spherical lens is not at the same position as the
center of the image. Fig. E.7c illustrates the imaging condition that the metalens is at 157 pm
below the objective plane. A field intensity map shows the corresponding field distribution
(Fig. E.7d).
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Fig. E.7. Experimental results of the spherical metalens. (a) A stacking image shows a focus
in three dimensions. (b) A field distribution of electric field intensity shows focusing character-
istics in the xz plane. (c) Extracted focusing images at different objective planes with a height
of 157 um. (d) Observed field intensity map shows the focus. All color maps are normalized
against the maximum value in each individual figure.

Fig. E.8. Field intensity was extracted at the focal spot. The curve is normalized against the
maximum value of the field intensity.
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In Fig. E.8, the field intensity at the focal spot is extracted along the x direction. For visu-
alization, the data is selected between x = —5 um and x = 5 um. In the experimental result,
the FWHM and the spot size of the focus is measured at 0.59 pm and 1 um, respectively. By
compared with the corresponding theoretical results (0.13 pm and 0.22 pm), the increase may
be due to three factors. First, the spherical metalens is designed to operate at 680 nm. Under
the incident light of 642 nm, high-order diffraction may occur on the output field. Second, the
objective lens is selected to observe with a numerical aperture of 0.9, so the resolution of the ob-
served image may be worse than the actual focus. Third, the metalens design is for operating
at normal incident. Oblique incident may affect spherical aberration and comatic aberration,
which can affect the resolution of the metalens. As a consequence, the focal spot could become
larger and longer. A potential solution here is to use an aplanatic model rather than the hyper-

bolic model to achieve optical correction.
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