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Abstract

Light carries energy and momentum that can be transferred to matter. Because of the conservation of total
momentum, a change in light momentum due to interaction with an object must be compensated by an equal but
opposite change in the momentum of that object. The resulting optical forces may in turn cause observable
mechanical translation and rotation of the object, as a consequence of a change in linear and angular momentum
of the light, respectively. These effects can be controlled by structuring the impinging light field and/or by
engineering the optical properties of the object.

Metasurfaces, flat structures with engineered subwavelength building blocks, provide various possibilities for
tailoring optical forces and momentum exchange. A metasurface can be used as a compact replacement for
conventional bulky optical elements used to shape light, such as lenses and spatial light modulators. An example
of this is provided in the appended paper, where a cylindrical metalens with a linear phase gradient is used to
optically trap and translate small particles along its line focus. But in the process of shaping a light beam, a
metasurface is itself subject to momentum exchange and optical forces. This effect can be observed if a
metasurface is incorporated into a micro-scale object allowed to move freely across a surface. Several examples
of such meta-particles propelled by light are provided in the thesis.

The thesis is organized as follows: The first part is devoted to studying the fundamentals and developments of
optical metasurfaces by categorizing them based on aspects of material composition, working wavelength, and
applications. Then a brief review of different actuation mechanisms used for the manipulation of micro and
nano-objects is provided, with a focus on using optical fields as the external source of energy and momentum.
The second part of the thesis is dedicated to results that highlight the versatility of stationary and movable
metasurfaces in facilitating optical manipulation of objects. Finally, a description of the metasurface fabrication
and characterization methods used is provided.

Keywords: Flat optics, phase-gradient metasurface, optical forces and torques, optical momentum exchange,
meta-particle, rotary meta-motor, particle transport.
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Chapter 1

Introduction

The quest to interpret our observation from optical phenomena boils down to understanding the light-matter
interaction. Material science has a significant impact on the spread of interdisciplinary fields, including optics.
Starting from bronze and iron to the revolutionary years of semiconductor discovery, materials science has often
been an indispensable tool for the improvement of human life quality. When a natural material interacts with
light, the behavior of the material can be described by the absorption and scattering of light. For example, the
color of a butterfly’s wings comes from the traditional chemical pigments, which reflect and absorb only a range
of wavelengths. However, these melanin pigments are the natural elements that define an ordinary color. There
is another type of light-wing interaction that relies on structural color. Butterflies' wings have different layers
that are composed of periodic protein patterns. While the light travels through these layers, it can bounce and be
partially reflected from them, usually appearing as iridescent blue [1].

Figure 1.1: Natural and structural color of butterfly’s wing from melanin pigments and multi-layers of protein patterns
shown in the insets [1].

Similar to butterfly wings, the metamaterial is a new type of material that can interact with light waves
differently from conventional material. Their building block is comprised of artificial subwavelength element
building block which is patterned in three dimensions [2]. Recently, a two-dimensional version of metamaterial
has gained a great deal of attention, mainly due to fabrication issues such as the possibility of large-scale
fabrication. Moreover, contrary to metamaterial, metasurfaces consist of optically thin arrays of elements.
Hence, their fabrication process is compatible with conventional CMOS technology and suitable for integration
with other optical components [3]. The fundamental application of optical metasurfaces is within beam shaping
or structuring the wavefront of light. These flat surfaces can manipulate different degrees of freedom of the
light, including wavelengths, polarization, amplitude, and phase. Chapter 2 of this thesis is dedicated to studying
the development of optical metasurfaces by categorizing them based on different aspects of constituted material,
their phase coverage technique, design approaches, working wavelengths, active and passive types, and their
applications. As a proof of concept, some of my results achieved by working on metasurfaces have been
included in the related sections of this chapter.

When we can tailor a beam of light with metasurface, new possibilities to shape the optical force can be realized
on a very compact scale. Optical forces are generated by momentum exchange between light and an object.
Artur Ashkin used it for levitation and confinement of particles in 1976 [4], which brought him the physics
Nobel prize in 2018. Maybe the first question that comes to our mind is, “How can light can exert force on an
object?” or “From where does an optical force arise?”. A concise answer is momentum! The answer to this
question lies in another Noble prize in physics in 1921, where Einstein used Plank’s theory to explain the
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photoelectric effect. He introduced photons as quanta of energy of the light that can carry a well-defined
momentum. Now, when a stream of millions of photons over time hits an object, the optical forces can arise
from the transferred momenta to that object. Mechanical manipulation of objects, such as trapping, positioning,
and sorting, has attracted interest in recent years with possible applications in therapy, drug delivery, sensing,
and diagnosis [5], [6]. The prerequisite in the development of optical manipulation relies on the advances in the
progress of optical forces and torques. Due to the various degrees of freedom of the optical waves, it is not
surprising that this kind of actuation source can also be widely used to control objects at the micro and
nanoscale. Therefore, metasurfaces can play an important role in precisely applying optical forces and
facilitating different types of momentum exchanges between light and matter.

Chapter 3 begins with a brief introduction about different actuation mechanisms in the manipulation of micro
and nano-objects and continues by focusing on the optical field as an external excitation source such as
photochemical, photothermal, photomechanical, optoelectronics effects and finally, direct optical manipulation,
which is enabled purely through light-matter momentum interaction without any secondary phenomena. In the
last part of this chapter, the applications of metasurfaces have been studied in optical tweezers by investigating
different possibilities that a metasurface can provide in momentum exchanges between light and matter. Chapter
4 presents the research methods, including numerical simulations, processes, and experimental optical setup
used to reach the results of the appended paper. To conclude this thesis, Chapter 5 has been dedicated to a
summary of the appended paper and the outlooks, highlighting the tracks for the continuation of this thesis in the
future.



Chapter 2

Flat optics and metasurfaces

Beam shaping with refractive optical components is based on the gradual phase accumulation that is acquired
through light propagation over a certain distance much larger than the effective wavelength of light. Fabricating
these elements relies on precise surface polishing and alignment tools, which usually lead to bulky and
expensive elements [7]. While diffractive optics with constitutive elements that are arranged at the scale of
wavelength can be a suitable replacement for conventional bulky and heavy components, they suffer from
unwanted propagation of different spurious diffraction orders. This can lead not only to noticeable degradation
of the device's efficiency but also to the appearance of ghost and virtual focal points in imaging systems [8].

In the evolution of optical metasurfaces, three-dimensional metamaterials with engineered optical and electrical
properties played an indispensable role. Metamaterials are artificially structured materials composed of sub-
wavelength elements that can present some extraordinary behavior under external field excitation. In the optical
field, this can usually be achieved through the spatial modification of the dielectric function of material (¢ and
w) [2], [9]. To fulfill this kind of modification, the material should have a certain thickness to apply a gradual
change in different components of the incident field. The thickness of metamaterial causes various drawbacks in
their implementation to shape the light field, such as low efficiency and losses, fabrication constraints, and
bulky nature [10], [11].

The advent of flat metasurfaces, a two-dimensional version of metamaterials, provides promising possibilities
for tackling the conventional disadvantages of metamaterials. Metasurfaces consist of individual subwavelength
elements, also called meta-atoms, that are patterned on a substrate [12]. Contrary to metamaterials, metasurfaces
can introduce abrupt changes in the amplitude, phase, and polarization of incident wavefront with their ultra-thin
thicknesses. Metasurfaces have the potential to provide a versatile platform for different applications and scopes
in optics and photonics. Due to this, they have gained remarkable attention in the past decade. Some features
such as multifunctional, tunability, flexibility in design, and high sensitivity make them a hot developing topic
in the current literature of flat optics. In the following sections of this chapter, the development of metasurfaces
has been studied by dividing them into different groups based on their properties and performance.

2.1. Full-phase coverage approaches

Conventional optical refractive elements such as lenses can shape the phase profile of the beam wavefront by
introducing different spatial phase accumulations through a curved structure. In metasurfaces, the individual
planar meta-atoms are responsible for providing 2z phase changes that are required to shape the wavefront.
Various approaches have been used to introduce full 2z phase coverage by utilizing strong light-matter
interactions between the building blocks of the metasurface and the incident wave. These techniques can be
categorized into three main approaches, resonance, propagating, and geometrical or Pancharatnam Berry (PB)
phases for dielectric metasurfaces. It is worth mentioning that there is also a hybrid technique combining the
propagating and resonance phase methods. Figure 2.1 illustrates a schematic illustration of different techniques
and the top view of decorated metasurfaces.
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Figure 2.1: Three methods to print the required amplitude and phase modulation on a surface. Left: Different cross-sections
have been used to engineer the effective refractive index of light. Meta-atoms in the propagation phase approach generally
have a higher aspect ratio than the ones in resonance phases. Middle: Geometrical phase technique uses the rotation of a

specific meta-atom in a plane perpendicular to the propagation of the incident light. Left: The hybrid phase approach
combines geometrical and propagation techniques to simultaneously modulate the phase and amplitude of impinging beam
[13].

2.1.1. Propagating phase

The ptopagating phase approach is based on the simple definition of the optical path length and the accumulated
phase, where they vary proportionally with the refractive index of the medium. Hence, the building blocks in a
metasurface can arbitrarily define the phase of extracted beams by modulation of the effective refractive index
by varying the filling factors. The phase delays can be calculated by

2n
bwe = 7neffH; (2.1)

where 1, H and n.¢ are the subwavelength, thickness and effective refractive index of meta-atom, respectively.
The effective refractive index for a rectangular metaatom with a cross-section of a x b and the lattice constant
of cis

nm(a X b) +ng (c* —a x b)
CZ

neff = , (22)

where n,,, and n, are the refractive indices of meta-atom and its surrounding medium. In this approach, the
existence of Fabry—Pérot resonances can disturb the performance of meta-atoms in providing ¢ as expressed
in Eq. (2.1). So, to realize a metasurface with the propagation phase approach, it is necessary to implement
electrodynamic simulations. It is worth mentioning that this method can also provide a polarization-sensitive
metasurface [14]-[17].

2.1.2. Resonance phase

The early stage of phase gradient metasurfaces was initiated by resonance phases in plasmonic meta-atom [18].
Later, this technique was implemented in dielectric meta-structures which support different orders of electric
and magnetic Mie resonances [19]-[21]. The interaction of the incident field with these resonance modes
introduces phase discontinuities. For example, the phase of the incident field can jump @ and w/2 after
interaction with dipole and quadrupole modes, respectively.

The transmittance and the reflectance coefficients of the electric and magnetic Mie-type resonances can be
written as

2iYew 2iYpw
t=1 2.3
+w§—w2—2iyew+w§1—w2—2iymw (23)
2iYew 20Ymw

r= (2.4)

w2 — w? =2y, W — w? = 2iypw’

where ve and ym are damping parameters of magnetic and electric resonances with the spectral position of w. and
om. By tuning the geometrical parameters of an individual meta-atom, these resonances can destructively
overlap (we=om) With each other. In this case, if they have a similar spectral profile with an equal damping
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factor, a zero backward scattering is accessible that facilitates the construction of an efficient metasurface. In the
resonance phase method, the realization of 2w phase coverage can be achieved when a magnetic dipole

resonance with it phase delay overlaps with an electric dipole resonance with another = phase delay [22].

2.1.3. Geometrical phase

Since the discovery of the geometrical phase by Pancharatnam in 1956 [23] and the generalization of that by
Berry in 1984, the so-called Pancharatnam-Berry (PB) approach has become a prevalent method to analyze the
propagation of waves. The PB phase describes the contribution of the polarization state of light in the phase
modulation when it is twisted via a structure. To rotate the polarization state, light should travel through an
anisotropic meta-atom where it experiences different refractive indices in the principal axes of the unit cell.
When the meta-atom rotates with an angle of 8, an additional phase delay will be added to the propagated wave
which is 26. To interpret the contribution of rotation angle in the phase modulation, the transformation matrix
for a meta-atom with the rotation angle of 8 can be written as

A N t 0\ A
t(e)zR(o—e)((;‘ )R(G)
tV
_ [tu cos? 0 +t,sin?@ (t, —t,)sinf cosb

2.5
(ty —t,)sinfcos@ t,sin’H +t,cos? P (25

t 07. . .
(’)‘ ; ] is Jones matrix. Also, t, and t, refer to the complex coefficients
u

of the transmitted field which are decoupled due to the anisotropic nature of meta-atom. Eqg. (2.5) shows the
component of the transmitted field when the meta-atom is excited by a right-handed circularly polarized wave.
The transmitted field can be written as

where R(8) is the rotation matrix and [

(E}"= (6, +ie,)/V2)
Rt ,+t, B t,—t, L

EF/' = #(6) -EF = SEL eti20gF (2.6)

where R and L indicate the right and left-handed circularly polarized light. It can be seen from Eq. (2.6) that the
transmitted light has two different types of handedness. The first term is related to unmodulated light with the
same polarization and the second one refers to the cross-polarized component that experiences a PB phase shift
of 26. For more details about the derivation of Eq. (2.6), see [24].

2.2. Materials and operating wavelengths

Development of metasurfaces started by utilizing plasmonic antennas as building blocks to provide full 2
phase coverage. Although the transmitted light can be artificially modulated by controlling the geometric
parameters of plasmonic structures, they suffer from very large ohmic losses that limit their efficiency to around
10% [25]. So, the direction of development switched to rendering dielectric meta-atoms to improve the
efficiency of the metasurfaces. Figure 2.1 illustrates some of the earliest works in plasmonic and dielectric
metasurfaces.
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Plasmonic

Figure 2.2: Different types of metasurfaces. Plasmonic structure in the top box and silicon-based metasurface as dielectric
type in the second box. (a) H-shaped antenna array as a connection to link propagating waves to the surface waves [26]. (b)
T-shaped meta-atoms for polarization conversion [27] © 2012, Nature Materials. (c). U-shaped split-ring resonators with
strong magnetic resonance [28] © 2015, Advance optical materials. (d) S-shaped metasurface to excite toroidal resonances
[29] © 2021, Nature Photonics. (e-h) Fabricated silicon-based metasurfaces (Shanei, et al., unpublished data). (e) circular
and elliptical metaatoms to bend the light, (f) nano-fins as a phase gradient beam deflector patterned by geometrical phase
approach, (g) chiral structure by periodic z-shaped meta-atoms and (h) elongated bars as meta-grating.

To support extensive phase coverage required for beam shaping and highly efficient devices, the constitutive
materials used for dielectric metasurfaces need to have a high refractive index (n) and low extinction coefficient
(k). Typical materials used for dielectric metasurfaces are shown in Fig. 2.3, considering their refractive indices
and operating wavelengths. Commonly used materials such as Si, GaN, GaAs, TiO; are briefly explained in the

following parts.

Te

a-Si
—
Poly-Si
. GaN
TiO,,a-Si:H
SiN
ZnO
1 1

0.3 04 05 0.6 0.7 0.8 0.9 1 1.1 <+« 10

Refractive index
w

Wavelength (um)

Figure 2.3: High-index dielectric materials used for metasurfaces. Silicon-based meta-atoms are a useful option for IR and
near-IR regimes that can exhibit high efficiency in lower aspect ratios because of their high refractive indices. These kinds
of metasurfaces can also be implemented as Huygens’ metasurfaces with a low aspect ratio [3], [30]-[32]. TiO2-based
metasurface with lower refractive index (at visible) in comparison to silicon (at infrared) usually consists of truncated
waveguides resonators with propagating modes [33]-[35]. GaN and GaAs meta-atoms with a favorable refractive index can
generally present highly efficient metasurface at visible and near-IR. SiN-based metasurfaces have almost lower efficiency
than other dielectric metasurfaces, which can be used in long wavelengths of visible light [36], [37].
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Si-based metasurfaces

Fabrication of Si metasurfaces is compatible with CMOS technology and, later, a suitable material for
integrating with other silicon-based optical devices. Due to the low dispersion of silicon meta-atom at near-
infrared frequencies, they are good candidates as a constitutional element for highly efficient metasurface [3],
[30]-[32].

TiO2-based metasurfaces

TiOz is optically transparent at visible ranges with a small extinction coefficient (k), making it the best candidate
to use in most metasurfaces, which work at green to red wavelengths [38]. Since this material is chemically
more stable than silicon, a hard mask should be used in the fabrication process of TiO, metasurfaces that add
complexities to its fabrication process [39]-[43]. The Capasso group was a pioneer in introducing and
developing TiO.-based metasurfaces as multi-color metalenses [33], [34].

GaN and GaAs-based Metasurfaces

GaN and GaAs can be suitable replacements for TiO, metasurfaces when the fabrication complexity determines
the material and type of metasurfaces. The fabrication process of this material is compatible with LED and laser
technologies and can be a low-cost option for metasurfaces. These materials also have much lower losses at
visible ranges than their silicon counterparts [44], [45]. The Tsai group was one of the first groups that proposed
this kind of metasurface [46]. These metasurfaces are suitable for integration with other photonics devices, such
as vertical-cavity surface-emitting lasers (VCSELS) [47].

SiN-based Metasurfaces

The SiNy with a band gap of 2 eV is a good candidate for the building block of metasurfaces when the thermal
stability and some mechanical properties are important for the target application [36], [37]. This material is less
transparent in comparison with TiO, and GaN materials. The Atwater group suggests SiN metasurfaces for the
space application of metasurfaces [48].

2.3. Design methodologies and configurations

In the current literature, methods to find a suitable building block for a metasurface are divided into two
techniques: forward and inverse designs. Usually, forward or conventional techniques implement full-wave
numerical analysis with topological parameter sweeps and optimization algorithms. However, this technique is
usually useful for meta-devices with applications such as focusing (metalens) or bending (meta-deflector). It is
time-consuming if the aim is to design a multifunctional, broadband, or tunable metasurface. Therefore,
developing an accurate, fast, and efficient approach that finds a proper building block to enable a versatile
metasurface is essential. Inverse design can be an excellent method to tackle the drawbacks of conventional
forward techniques where the optical response of the metasurface serves as input and the structural geometry
and feature sizes are the outputs [49]-[52]. Figure 2.4 summarizes the required steps for the forward design
method.
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Conventional design

Modeling

Optimization

]

Target function

Metasurface Structure

Figure 2.4: Forward technique to design the building block of the metasurface by using topological optimization data [49].

The next step after obtaining a library of proper meta-atoms is their arrangement on a surface. Usually, the
configuration of metasurfaces is determined by the function of required phase and/or amplitude profiles. A
straightforward method to decorate a metasurface is discretizing a surface based on the meta-atom lattice
constant and then distributing the building block over the surface to generate the required phase and/or
amplitude masks. Although this method works properly for static, single wavelength/function meta-devices,
there is a demand for adding other degrees of freedom to have multi-wavelength/functions and tunable
platforms. Figure 2.5 illustrates some techniques that are used to enhance the functionality of the metasurface,
such as dividing the surface into different areas [53], interleaving meta-atoms [54], [55], and using multi-layer
[56] or reconfigurable metasurfaces [57].

Segmented Interleaved Multi-function
V2 V2 V72 v IR YA VAV, LA WA WAl W
=\=\=1=1 V=l=) =y [=tmtemgmy
YAV A VRV, PAYA VAV, L XA VA WA W
m ==l - 1=l =1=\ RN TR R A Y

V2 \v¢ V2V V2 vy LA WAl WAl W
-1 =1 L=V =1 =\ s el LR WA
\72 V¢ YA YA VIV, LR A0 WA WAl W
-1 = | W QY R Lol YT G G

Figure 2.5: Examples of configuration techniques to enhance the functionality of metasurfaces by dividing metasurface into
different segments (left box), multiplexing meta-atoms into a unit cell (middle box) and multi-function meta-atoms (right
box).

2.4. Passive and active metasurfaces

While a passive metasurface generally presents a single function, an active type enables dynamic modifications
of functions and performances based on the different actuation mechanisms. For example, Figure 2.6 shows
various adaptive devices such as passive, switchable, and tunable metalenses.
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Passive Bi-function (Switchable) Multi-function (Tunable)

Figure 2.6: Examples of a passive meta-device on the left and two adaptive devices of switchable and tunable metasurface
on the right side.

The potential of metasurfaces in the active tuning of performance makes them a versatile platform compared
with conventional bulky systems. During the past decade, significant parts of research in metasurfaces have
been dedicated to the development of active devices. Figure 2.7 shows statistics of the total number of papers
for passive and active metasurfaces.

Metasurface
3000 m Active metasurface
2500
2000

1500

1000

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Figure 2.7: Comparison between the development of metasurface and its active types through the number of published
papers extracted from the web of science (WOS) from 2013 to 2022.

To convert a passive metasurface into an active one, different methods can be implemented to design a
metasurface, such as reconfiguring or rearranging the meta-atoms or changing the surrounding environment of
meta-structure or using active phase-change materials (PCM). PCM based-metasurfaces are the most prevalent
example of the active metasurface, which is related to implementing a tunable material such as liquid crystal, 2D
materials, and semiconductors as an additional layer or building block of the metasurface. An external excitation
can modulate the properties of these materials via electrical, optical, or thermal field. Table 2.1 summarizes
some of the articles in the literature on active metasurface based on tuning mechanism, speed, efficiency,
working wavelength, and phase coverage.
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Electrical tuning based 300 NIR <30% GHz Beam deflector Low efficiency
on conducting oxide Lens Reflection mode
Electrical tuning base on 240 NIR 50% GHz Lens Limited wavelength

2D material Absorber
Electrical tuning based 360 Visible to NIR 36% KHz Color filtering Slow switching
on LC SLM
Phase change material 70 Visible to NIR 75% KHz Bifocal lens Slow switching
Holography Non compatible
Mechanical 300 Visible to THz 90% MHz Filters Difficult actuation
Reconfigurable Lens installation
Flexible metasurface 360 Visible to NIR 90% - Color filter Sensitive
Lens Low speed
Nonlinear effect 360 NIR <10% Hz Optical switch Low efficiency
Frequency conversion
Transition metal 90 Visible to NIR 35% Hz Holography Slow speed
Beam bending
Microfluidic based - Visible to NIR 55-70% Hz Color display Low efficiency

Table 1 Review of recent papers in active metasurface based on tuning mechanism, phase coverage, working wavelength,
efficiency, modulation speed, target function and limitations [55]-[63].

Lastly, let us note that a chiral structure can selectively respond to light due to its polarization-dependent
behavior. Chiral metasurfaces consist of inherently passive meta-atoms which take the polarization state of light
as a tuning knob to demonstrate a tunable performance. Figure 2.8 shows a chiral silicon metasurface that acts
as a reflector and transmitter for right and left-handed circularly polarized light, respectively.
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Figure 2.8: FDTD simulation results of transmission spectra of periodic z-shaped meta-atoms. At 1064 nm, the meta-atom
can actively transmit or reflect by switching the incident polarization. SEM image of fabricated subwavelength silicon meta-
atom is shown in the inset with a thickness of 500 nm, periodicity 800 nm of w; and w; = 260 nm, w, = 150 nmand [ =

500 nm (Shanei, et al., unpublished data).

2.5. Applications and research frontier

After developing fundamental queries in metasurfaces, researchers mostly focused on the basic applications
such as focusing, bending, or other kinds of beam shaping, as illustrated in Fig. 2.9. Beam sculpting with phase
gradient metasurface is the basis of different applications, such as imaging, spectroscopy, bioscience, and
particle manipulation. Optical manipulation of micro-scale objects is the main subject of this thesis.

In 2019, compact meta-devices were acknowledged as one of the top 10 emerging technologies [58]. Since the
main focus of this thesis is utilizing the optical forces and torques arising from a focused and bent light, the
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following two sections are dedicated to investigating the required phase profiles for the metalens and meta-

deflectors.

Research within metasurfaces is developing very fast due to their use in many applications in different fields of
science and, even more recently, in some industrial technologies, such as replacing multiple optical elements in
existing ST ToF modules with flat metalenses.

- (2 + )
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Figure 2.9: Illustration of different applications of optical metasurfaces in wavefront shaping. Top: Spherical metalens with
hyperbolic phase profile of ¢ (r, f) construct a hot spot with a focal length of f by patterning meta-atoms in two-dimension.
Left: Meta-deflector bends a normally incident beam at an angle of 6, in a medium with a refractive index of n, by
distributing meta-atom based on the phase profile of ¢ (). Right: Holographic circular ring achieved by defining a phase
mask derived from computer-generated holography calculations. Bottom left: Half-wave plate patterned by a periodic array
of meta-atom oriented at 45° converting the input into an output beam whose polarization is orthogonal to the incident
polarization. Bottom right: Vortex beam generator achieved by implementing a spiral phase profile of ¢ (x, y) proportional
to the topological charge of [.

2.5.1. Beam focusing with metasurfaces

The phase modulation of a metasurface must cover a full 2 range to shape an incident wavefront efficiently
into any arbitrary profile. As discussed in section 2.3.3, different approaches such as PB, resonance and
propagation phase have been used to control the extracted phases from metasurfaces.

Optical trapping using metalenses is a prevalent example of using a planar structure for the compact
manipulation of particles. In recent years, various demonstrations have been presented by different groups [10]
where the phase profile of Eq. (2.7) is used to focus a plane wave and can be written as

2
o(ry) = —77-[( /7”02 + f2 —f) 2.7)

Here f, A and r, are the focal length, operating wavelength and radial coordinate, respectively. If the x and y-
coordinate contribute to the radial position of r,, the structure constructs a spherical lens with a single focal
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spot. When the arrangement of meta-atoms is based on one coordinate in Eq. (2.7), the scattered waves interfere
constructively at a focal line.

2.5.2. Beam bending with metasurfaces

The advent of metasurfaces started with the generalization of Snell’s law in 2011, where an in-plane phase
gradient of Z—‘; is considered at the interface of two media with the refractive indices n, and n; in y-direction. In

this case, by considering Fermat’s principle, the variation of the phase gradient can be written as

in(6,) — nysin(6,) = — 22 2.8
n;sin(6,) — n;sin(0;) = by (2.8)
Here, by considering the first and second terms in Eq. 2.8 as the wavevectors of the incident and transmitted
beam in the y-direction, the generalized Snell’s law can be simplified into

do
Ak =k, —k; = o (2.9)

which reveals the dependency of the wavevector's variation to the phase gradient at the interface.
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Chapter 3

Manipulation of micro and nano-objects

Mechanical manipulation of objects like trapping, positioning, and sorting has attracted interest in recent years
due to its promising potential in different fields of science, such as drug delivery, sensing, and diagnostics [59].
Figure 3.1 shows the number of publications on manipulating and controlling micro-scale objects using the
terms micro-swimmer or microrobot. It is worth mentioning that in the current literature, micro and nano-objects
have been referred into different terms such as a robot, motor, rotor, swimmer, vehicle, etc.

The mechanisms used to control particles are divided into two main categories of exogenous actuations, such as
magnetic, acoustic, and optical fields, and endogenous actuations, such as biohybrid and chemical energy
sources [58], [59]. A brief review of different actuation mechanisms is presented in the first part of this Chapter.
Then, various types of optical forces and torques are described to reveal the nature of light-matter interaction by
focusing on momentum exchange between light and target objects.

Microrobot
® Nanorobot
B Microswimmer

Figure 3.1: Number of publications containing the terms microrobot, nanorobot and micro-swimmer. The data is extracted
from the web of science (WOS) from 2004 to 2022.

3.1. Field-driven manipulation of micro-objects

The essential part of manipulating a particle is the actuation energy source that controls the performance of the
manipulation mechanism. Although self-driven micro-objects can receive their required triggering energy from
the environment, an external source is often required to provide a user-controlled or automated manipulation of
objects [57]. The spatial position of an object can be manipulated by various energy sources, including bio-
hybrid actuation, electrical field, acoustic wave, light radiation, and magnetic field, depending on the material
and its surrounding environment. In addition, to govern an accurate, stable and flexible actuation, multi-source
excitations have been utilized for more degrees of freedom. Figure 3.2 shows various types of particle
manipulations based on actuation mechanisms.



14

Manipulation of micro and nano-objects

———

Figure 3.2: Different types of actuation mechanisms to manipulate micro and nano-objects.

e Biohybrid sources are the most biocompatible energy source activated by the conjugation of living
entities as cargo to the target objects [60], [61]. However, while this source is suitable for swarm
control of objects, its application is limited due to the low accuracy and poor controllability [62]. The
first example of manipulating micro-scale objects by rod-shaped bacteria as a biohybrid power source
was demonstrated by Darnton et al. [63]. Additionally, biocompatible enzymes can be implemented as
a carriage to transport objects at the nanoscale [64].

o Magnetic field is a useful actuator for medical applications that can easily penetrate the tissue. This
kind of actuator provides the possibilities for transporting, tumbling, spinning, and morphing the shape
of a magnetic structure. However, using magnetic field as a driving force presents some practical
challenges, such as complex large hardware equipment, difficulties in film coating and other treatments
of the substrate, particularly nano-scale manipulation [65]-[69].

e Chemical actuators are a popular research area extensively studied to control single or even swarms
of micro-objects. This type of actuation may overlap with biohybrid mechanisms where living entities
are used to activate a chemical reaction [70], [71]. In one of the first experiments of chemically driven
particles, high concentrations of toxic hydrogen peroxide were used to activate a series of reactions
[72]. In recent years, better bio-compatible candidates were introduced, such as water conversion
reactions and biofluids [70], [73].

e  Other types of sources such as electrical [74]-[76], thermal [77], [78] and acoustic fields [79], [80]
are less applicable in comparison with the other introduced actuators due to low accuracy, resolution
and depth of penetration.

Lastly, light is an important energy source with different degrees of control for particle manipulation. Light
can provide rapid, precise and tunable possibilities for real-time manipulation of an object. This report
focuses on exploring light-driven transport of micro-objects, which is investigated in detail in the following
sections.
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3.2. Light-driven manipulation of microparticles

In the past two decades, optical manipulation has advanced significantly, finding use in various research fields,
such as condensed matter physics, chemical physics and biological science. Optical manipulation enables
precise and flexible manipulation of micro-objects, rendering itself remarkable attention from the bioscience
community [81]-[84].

Light-powered microrobots are divided into indirect and direct groups according to the driving mechanisms. For
indirect optical manipulation, light acts as a primary source that activates a secondary mechanism, which
facilitates the control over the microrobot. For direct optical manipulation, microrobot actuation arises
exclusively from energy and momentum exchange in light-matter interaction, without any secondary
phenomenon. The following section aims to introduce these types of light-assisted manipulation of objects.

3.2.1. Light-assisted indirect optical manipulation

Photochemical manipulations

Photochemical actuators convert optical energy into kinetic energy through chemical reactions. These reactions
are initiated by the absorption of optical waves using two main mechanisms: photochromic and photocatalytic
effects. For example, Janus particles and elongated structures, such as rod-shaped particles can be manipulated
using this method. To control these objects, an unbalanced gradient on opposite sides of the structure is
required. This gradient can either arise from the different composition of materials or uneven reactions inside
the core and surrounding body. Figure 3.3 illustrates a schematic of these micromotors with rotation, translation,
aggregation and rolling motions [85], [86].

Janus micromotor Tubular micromotor

Figure 3.3: Two examples of microrobots using photochemical as a driving actuation mechanism.

Photothermal manipulations

Photothermal manipulation relies on absorbing materials to convert optical energy into a thermal distribution
around the target object [87], [88]. The diffused heat usually decays in the outward direction, forming a gradual
temperature gradient that provides the required energy for propulsion. On the other hand, it is also possible to
accumulate particles by thermocapillary flows that stream toward the structures. Another example of
photothermal manipulation is based on constructing an intermediary agent, such as a bubble at the interface, to
transport objects [88], [89]. In this technique, a programmable and tunable temperature gradient can be induced
by engineering the spatial positions of lossy structures and using birefringence elements, respectively.

Photomechanical manipulations

Photomechanical actuation mechanisms depend on the interactions between light and/or mechanically photo-
responsive materials such as liquid crystals [90], [91], hydrogels [92] and shape memory polymers [93]. The
structural shape of these materials relies on the alignment of the molecular phases. For example, a liquid crystal
can switch the orientation of its molecular phase from order to disorder when excited by an external optical
field. This transition can modify the spacing between the molecules, which forms a mechanical motion for soft
material. More details have been reviewed in [94].
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Optoelectronic manipulations

Optoelectronic-based tweezers are the most tunable and user-friendly approach among the introduced optically
assisted manipulation. This technique was invented in 2005 by Chiou and his group [95]. Then, it attracted
attention due to its high efficiency and reliable manipulation of objects. Usually, the required structured light in
this system is a LED equipped with a digital micromirror device (DMD). The impinging light can locally
modulate the impedance of a photoconductive substrate, such as hydrogenated amorphous silicon, to induce a
varying electric field over the surface. This non-uniform field generates dielectrophoresis (DEP) forces in the
scale of nano-newtons which control the position of the target object even with a size larger than 100
micrometers [96]. Various examples of the technique have been studied in the recently published papers of [97],
[98].

3.2.2. Direct optical manipulation

As early as 1619, Kepler described that the deflection of the comet’s tails could be due to the interaction of dust
with sunlight. Two centuries later, Maxwell’s theory demonstrated the propagation of electromagnetic pressure
can be applied to an object. In 1905 Einstein used Plank’s theory to explain the photoelectric effect. He
introduced photons as quanta of energy of light, which can carry a well-defined momentum. Then, Compton
experimentally showed the momentum exchange between X-ray photons and electrons in 1925. A few years
later, Frisch successfully transferred the momentum of the photons to an atom [99]. The revolution and
fundamental studies of momentum exchange between light and matter continued till 50 years ago when Ashkin
did a series of studies in the optical trapping of a dielectric particle with a focused laser light [4]. They
demonstrated that a three-dimensional stable optical trapping can be achieved by a tightly focused laser light for
various shapes and materials, including dielectric and metallic micro-objects. This kind of direct confinement
and manipulation of particles is known as optical tweezers. Due to the various degrees of freedom of optical
tweezers, it is not surprising that they can also be widely used to control objects at the micro and nanoscale. The
prerequisite for developing optical tweezers relies on the advances in the progress of optical forces and torques
[100].

3.2.2.1. Optical forces

While early studies of optical trapping and manipulation of matter were based on the radiation pressure of light,
which is in its propagation direction, optical confinement of particles relies on the optical force that originates in
the spatially inhomogeneous intensity profile. In this section, these types of optical forces are introduced to
describe the basic working mechanisms of an optical tweezer.

To explain how an optical tweezer can manipulate a particle, Fig 3.4 (a) shows a Gaussian light with two beam
rays transmitted through a particle located off-axis of the beam. As shown with arrows, the scattered rays
propagate at different angles because of the refraction of the light rays. Hence, the scattered light acquires
different momentum than the incident light. Based on the conservation law of momentum, the driving force (FJ)
should be exerted on the particle toward the higher intensities on the right side to compensate for the changes of
momentum during the scattering process. The other ray can also exert an optical force (Fy) on the particle. Due
to the Gaussian distribution of the incident beam, the optical force F, is stronger than F,, which moves the
particle toward the center of the beam. The same thing can happen when the particle's initial position is at the
right side of the center of the maximum intensity of the beam. In addition, the scattered rays push the particles
along the direction of propagation of the light beam, as shown in Fig. 3.4 (b).
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Figure 3.4: Schematic illustration of conventional optical tweezers for three-dimension confinement of a particle(a) Particle
is located away from the focal point or center of a Gaussian heam and moved toward higher intensities at the center. (b)
Particle is pushed to the center of the focal point, and (c) 3D-confinement of a particle at the center of a tightly focused

beam.

The optical forces in a focused light beam can be divided into absorption, scattering and gradient forces. The
scattering and absorption forces are common optical forces that can be observed when an incident plane wave
impinges on an obstacle. The gradient force appears due to the non-uniform distribution of the light beam, as
shown in Fig 3.4 (c) [4], [101]. For example, this varying profile can be observed in a tightly focused beam.

The scattering force pushes the object in the axial direction parallel to the beam propagation while the gradient
force arising from the potential well created by the non-uniform intensity distribution tends to confine the
particle close to the focal region. If the gradient force is enough to overcome the scattering force, a three-
dimensional optical trap is achieved. For a modestly focused beam, a particle can be trapped in the transverse
plane from the intensity gradient force, and in the propagation direction by using an interface, against which the
particle is being pushed by the scattering force. For example, two-dimensional manipulation can be useful to
trap absorptive plasmonic nanoparticles.

A quasi-static calculation can be employed through the Lorentz force to calculate the optical force acting on a
small spherical particle in the Rayleigh regime. When the induced dipole moment in the particle has a linear
dependency on the monochromatic incident electric field [102], [103], the induced dipole moment can be
defined as p(r) = a(w)E(r,) with polarizability of « related to the electric field at the r. Then, the time-
averaged force can be written as

al all
(F) = 72 Re{E;VE,} + 72 Im{E;VE,}, (3.5)
i i

where " is the complex conjugate sign. The first term is related to the inhomogeneous electric field and the real
part of the polarizability. The second term is associated with a non-conservative force proportional to the
imaginary part of polarizability, see [102], [103] for more details. It was shown that by substituting the complex
amplitude of the electric field with the real amplitude of E,, the expression in Eqg. (3.5) can be simplified to

n

a’ a
(F) = ZVES + 7E§V<D, (3.6)

where @ (r) is the phase of the electric field. This equation reveals that the variation of the phase gradient inside
the electric field can also generate optical forces. In this case, the phase gradient can redirect the scattering force
along the axial direction to the transverse plane. This redirected component adds a complementary knob in the
optical manipulation of the particles. In 2008, the first group demonstrated theoretical and experimental proof
that optical forces can arise from the phase gradients, see [104].
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Optical torques

Photons in an elliptically polarized light can carry intrinsic linear and spin angular momenta. The linear
momentum, zk = hw/c, depends on the frequency of light, and the spin angular momentum (SAM) equivalent to
+4 is independent of frequency. The third non-intrinsic momentum that a beam can carry is orbital angular
momentum (OAM), which is related to the spatial distribution of a beam. For example, a Laguerre—Gaussian
beam carries OAM given by ¢a per photon where £ can be any integer [105], [106].

Each of these momenta can drive the object in a different trajectory. While the linear momentum of the light can
translate the object, the rotational movement is related to the exchanges of angular momentum between light and
object. The mechanical observation of light-induced optical torques by leveraging an angular momentum of a
beam was first demonstrated experimentally by Beth et al. [95]. Later, researchers separately investigated
mechanical motion induced by SAM or OAM. The SAM can rotate the object around its axes based on the
polarization of the incident beam. The OAM provides orbital rotation around the axes of the impinging light,
such as Laguerre—Gaussian beams [96]-[99]. Figure 3.4 shows a schematic of the spinning and orbiting of a
particle for a circularly polarized and helical beam on the left and right sides.

To calculate the mechanical rotation of an object around its axis driven by an external optical torque of M,, the
variation of angular velocity can be written as [107]

dw

a - Met+Me)/], (3.10)
where M is the viscous frictional torque counteracting in the opposite direction of the angular velocity and J is
the moment of inertia proportion to the radius squared and the object's mass.

A general approach to calculating the angular momentum for a small spherical particle is using the time average
of optical torques in the perpendicular plane to the propagation direction of the incident field E [108]. By using
the dipole approximation, the optical torque can be written as

T=(pXE), (3.11)
where p is the electric dipole strength.

The optical torque can be split into two components of absorption and scattering. The absorption part can be
estimated directly through the object's absorption cross-section and the incident light's intensity. For the case of

an isotropic object and circularly polarized light of E = %(Qcos wt + Jsin wt), the external optical torque of

M, exerted on the particle is mainly because of the absorption of SAM of the electric field, which can be written
as

,Min )
M, = Z7Im {a}Eq|°. (3.12)
For a birefringent particle, the optical torque can be transferred to the particle due to the scattering and also the
absorption of the incident light (M, = Mgc.c + Maps). For a more complicated system, the M, can numerically

be calculated from Maxwell’s stress tensor from the electrical field distribution.
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Figure 3.5: Schematic illustration of the spinning and orbiting of a particle through the polarization state of the light (SAM)
and a structured vortex beam (OAM), respectively.
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Chapter 4

Optical manipulation with meta-structures

Metasurfaces with engineered subwavelength building blocks can provide two possibilities for shaping the
scattered wavefront. The first approach is shaping the wavefront by a large-scale stationary metasurface before
the object. In this case, metasurfaces can be a compact replacement for conventional bulky optical elements,
such as lenses and spatial light modulators (SLMs), used to modulate light. The second technique to manipulate
the momentum exchange between light and matter is incorporating a metasurface into a micro-scale object
[109],[111]. So, the metasurfaces are subjected to momentum exchanges which are also caused by themselves.
Figure 4.1 illustrates some examples of various degrees of freedom that a metasurface can provide to engineer
the optical force and torque.

Phase and Amplitude b) Angular momentum
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Figure 4.1: Illustration of the optical manipulation with metasurfaces based on different degrees of freedom of light beam.
a: Spherical metalens that provides three-dimension confinement of particle (left side). Cylindrical with a phase gradient
along its focal line to confine and transport the particles (right side). b: Free meta-particles with the embedded metasurface
can orbit around the optical axis of the propagated helical beam (left side). A vortex beam from a static metasurface can
orbit the beads in the bright area (right side). c: Particle transport by two symmetric airy beams and confinement in the
focal area constructed by the constructive interferences of two beams (left side). Particle transport in a Y-shaped
holographic pattern with a phase gradient inside branches (right side). d: Movable free meta-particle translates in the
opposite direction of the deflection of the light by the embedded gratings inside the body of the particle (left side). Static
metasurface that can move the particle by the radiation pressure in the illustrated direction (right side).
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4.1. Phase and amplitude modulations

Two examples of trapping with the cylindrical and spherical metalens are shown in Fig. 4.2 for two and three-
dimension trapping, respectively. These metalenses are defined by a PB phase approach that has been used to
realize the target phase of Eq. 2.1 with a-silicon meta-atom with a refractive index of 3.8 located on the top of

the glass.

2D trapping, cylindrical metalens 3D trapping, spherical metalens

Figure 4.2: Two and three-dimension trapping using cylindrical and spherical metalens in the left and right boxes (Shanei,
Engay, et al.). The metasurfaces were excited by a left-handed circularly polarized light at 1064 nm with the intensity of 5.5
and 3 uW-um~? for the cylindrical and spherical lenses, respectively.

In cylindrical metalens phase profile, adding a phase profile, such as in ¢(y) from Eq. 2.8, can directly print a
linear phase gradient along the focal line in the y-direction. This term can re-direct the scattering force from the
axial direction into the transverse plane, causing phase-dependent optical forces. This type of optical force can
transport the trapped particles, as discussed in detail in the supplemented paper and shown in the snapshots of

Fig. 4.3.

awl |

Figure 4.3 Snapshots of track of a labeled particle as propelled within the line trap with the average speed of v = 2.5 um/s
Jor I =4 uW-um=2 illuminated with the left-handed circularly polarized light at 1064 nm (Shanei, Engay, et al.).
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Due to the printed phase gradient, a transverse displacement occurred in the focal line, as shown in the
simulation results of Fig. 4.4. It can be observed that as the phase gradient rate increase, the line also move

toward the metasurface. The displacements cause a reduction in the efficiency of metalens at the target trapping
plane.
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Figure 4.4: Far-field distribution calculated by Fourier transform calculation of the phase and amplitude mask just after a
cylindrical metalens with the focal distance of 85 um and meta-deflector at different planes for the deflection angles of 3°,
10° and 20° shown in the top, middle and bottom panel (Shanei, et al.).

4.2. Linear momentum manipulation

As discussed in 2.5.2, two techniques to define a meta-deflector are using a phase gradient metasurface
consisting of a super-cell with a few numbers of unicells that can cover 2w phase shifts. Another approach to
manipulating the wavevector of the incident field is defining a binary grating that can mimic the performance of
conventional blazed grating. Figs. 4.5 (a) and (b) present the SEM images of these two beam deflectors for the
deflection angle of 11° and 60° as shown in the far-field FDTD simulation of Fig 4.5 (c). Usually, the grating
defined by binary grating can have a higher deflection angle and efficiency due to the smaller lattice constant in
comparison with the size of the supercell in phase gradient meta-deflectors. Figure 4.5 (d) illustrates a movable

meta-structure that can convert linear momentum changes to the optical translation forces, as shown in the
snapshots of Fig 4.5 (e).
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Figure 4.5: Beam deflectors based on (a) phase gradient and (b) binary blaze grating metasurfaces with (c) the deflection
angles of 11° and 60° calculated by FDTD simulations in the far-field for 1064 nm laser source with left-handed circularly
and linear polarized light. (d) A meta-particle consists of the binary gratings of (b). (e) Snapshots of translation of the meta-
particle (illustrated in (d)) with an average speed of 4 um/s. The particle is excited at 1064 nm with linearly polarized light
and | = 1 uW-um~2 (Shanei, Engay, Mylnikov, et al., unpublished data).

The linear momentum can also be implemented to rotate particles and micro-swimmer. Different approaches
have been used to rotate an object with a linearly polarized plane wave, such as implementing a chiral or
birefringent structure, breaking the symmetry of objects, or uneven light-matter interaction in different sections
of a particle. Figure 4.6 shows that when a spatial dependency is added by placing different grating orientations,
the interaction of the incident light and the target object can generate an optical torque. For instance, the particle
shown in Fig 4.6 can rotate with a linearly polarized light because of different light interactions at each arm.
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Figure 4.6: Top box: SEM images of different particles with embedded meta-grating that deflect light and rotate particles in
the direction shown with yellow and orange arrows. Left: Doughnut-shaped particle with an outer diameter of 100 um
equipped with squared meta-grating with a size of 15 um. Top right: Circular meta-particle with a diameter of 8 um
consists of two meta-grating. Bottom right: Star-shaped particle with the size of 60 wm and 8 um squared grating at each
arm. Bottom box: Snapshots of the rotation of three meta-drones inside the chamber assembled by a double-sided adhesive
tape as a spacer and two cover glasses. The drones were excited from the top side by a linearly polarized Gaussian beam
with a wavelength of 1064 nm, a power of 900 mW, and a beam size of 180 um, as illustrated with the yellow circle. The
larger drone at the center of the beam rotates at a higher rate (0.25 Hz) than the smaller drones at the lower intensities of
the beam (0.16 Hz) (Shanei, et al., unpublished data).

4.3. Angular momentum manipulation

Helical optical beam that carries an orbital momentum is usually constructed using spatial light modulators or
bulky spiral plates. VVortex beam generator-based metasurfaces have been introduced as a compact replacement
during the past few years. By printing the required phase profile on the arrangement of the metasurface, a plane
wave can be converted to Laguerre—Gaussian possessing an angular momentum. Fig. 4.7 shows the spiral phase
profile required for a simple vortex beam generator and the addition of the axicon and lens profile which is
needed for a perfect vortex beam metasurface. Perfect vortex beam metasurfaces can generate beams that
propagate with annular intensities that remains fixed in size with propagation distance, as shown in the middle
panel of Fig. 4.7. The third panel in Fig. 4.7 demonstrates the optical images of spiral metasurfaces with
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topological charges of 2, 4 and 8 together with a SEM image related to [ = 2. Topological charges can play an
important role as a knob to tune the optical torque.

A vortex metasurface can also facilitate the spinning of a trapped particle around its optical axis. This can be
achieved by adding a focusing phase profile to the Laguerre—Gaussian beam generator. In this case, the radius of
the bright field at the target plane can be changed by modifying the focal distance.

As discussed, a metasurface can also be subject to momentum exchange. Hence, momentum changes before and
after the structure can exert an angular momentum to a movable vortex beam generator metasurface. However,
it is challenging to rotate meta-particles due to the drag force and friction.
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Figure 4.7: Top panel shows the spiral phase profile to construct a Laguerre Gaussian beam. The addition of an axicon
phase profile and focusing can reach a perfect vortex beam generator metasurfaces. Vortex and perfect vortex beam with the
topological charge of 2 at xy and xz-plane. The third panel demonstrates the optical images of a spiral metasurface with
topological charges of 2, 4 and 8, together with a SEM image related to [ = 2 (Shanei, et al., unpublished data).

4.4. Spatial distribution of light

Like a metalens with engineered spatial distribution, meta-hologram provides complicated patterns even in
three-dimension. The metasurfaces are a good candidate to introduce amplitude and phase masks for
holographic optical tweezers. A simple phase-only holographic metasurface can be designed by considering the
field distribution with the Fraunhofer diffraction theory. To provide more flexibility in manipulating the
particles, computer-generated holography (CGH) has been developed to define amplitude and phase masks
which can later be implemented by the arrangement of meta-atoms. Figure 4.8 shows the target phase and
amplitude profiles used to feed the CGH algorithm. The CGH algorithm generates a phase profile to reconstruct
the main amplitude and phase profile. Figure 4.8 shows two different reconstruction models (calculated by
Qiang Jiang from the Beijing Institute of Technology) based on the amplitude and phase quality at the target
planes. The optical images of fabricated metasurfaces for each model have been shown in Fig. 4.8.
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and 2 (Shanei, Jiang, et al., unpublished data).
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Chapter 5

Research methods

5.1. Numerical Simulations

5.1.1. Finite-difference time-domain (FDTD) calculations

Numerical calculation plays an indispensable role in the optimization and calculation of metasurfaces. This
calculation provides different benefits, from optimizing meta-atoms to investigating the performance of
metasurface. Various approaches have been used to do this numerical calculation. While many electromagnetic
simulations are based on solving Maxwell’s equations in the frequency domain, FDTD calculates the
electromagnetic field values progress at discrete steps in time. More detail about the advantages of this
technique can be found in [112].

In the general case, to optimize the metasurface building block, a geometrical shape with a material composition
will be defined in the FDTD simulator. Then, usually, a period boundary condition has been set in the plane
parallel to the metasurface, and a perfectly matched layer as an absorbing layer in the light propagation
direction.

5.1.2. Rayleigh-Sommerfeld diffraction calculations

The diffraction of waves can be calculated by scalar and vector diffraction solutions. In scalar diffraction theory,
only the scalar amplitude of one transverse component of the field has been considered to calculate the field
propagation. The scalar diffraction can provide accurate results about the trace of the field by considering
different approximation conditions, such as propagating in a linear, isotropic and homogeneous medium. Also,
this is important that the distance between the diffracting aperture and the observing plane is larger than the
electromagnetic field's working wavelength.

The Rayleigh-Sommerfeld diffraction (RSD) integral calculates scalar wave propagation. In contrast to
approximations such as Fresnel or Fraunhofer diffraction, the RSD gives an exact scalar solution for the
diffracted beam of a given input field. RSD states that each point in the source plane emits secondary spherical
wavelets. To find the field at the target plane, it is required to add the contributions from all point sources
together, which corresponds to the Huygens-Fresnel principle.
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Figure 5.1: Implementing a Fourier transform to calculate a far-field projection of a Gaussian beam after traveling through
an aperture with the size of a metasurface and filtering with the amplitude and phase masks.

5.2. Micro and Nanofabrication

Micro and nanofabrication can be considered as the basis of manufacturing for most of the modern miniaturized
systems used in our daily lives, such as computer chips and detectors, mobile phones, medical instruments, and
more. Micro and nanofabrication include a series of processes to shape a substrate in an additive or subtractive
technique into a complex structure with engineered materials. These techniques are divided into two primary
approaches. One is breaking a bulk material into desired micro and nano-scale pieces through physical and
chemical processes. The approach is forming a micro and nano-scale structure using materials in atomic and
molecular sizes as the building block. The top-down nanofabrication method fabricates the structures in this
report with negative and positive electron-sensitive resists.

5.2.1. Deposition

In nanofabrication, different methods are used to deposit thin films. These methods are divided into chemical
vapor deposition (CVD) and physical vapor deposition (PVD). In CVD, heat or plasma facilitates chemical
reactions between a heated substrate and a mixture of desired gases. PVD is a process where a solid material is
evaporated and deposited on substrates at very low-pressure chambers. The two main PVD techniques used to
fabricate structures in this report are thermal evaporation and sputtering. The required heating energy to
evaporate a solid source in thermal evaporation can be provided either by an electron beam or induction. In the
sputtering deposition, the vaporized atoms are commonly produced through the collision of plasma ions and
solid targets. Figure 5.2 shows the spectra of the refractive index and extinction coefficient of the a-Si layer used
for fabrication in this thesis.
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Figure 5.2: Real and imaginary parts of the dielectric function of the deposited a-Si in low pressure through CVD (measured
by Woollam M2000 Ellipsometer, Shanei et al.).

5.2.2. Electron beam lithography

In top-down nanofabrication, lithography is crucial in transferring patterns to the resist. In electron beam
lithography (EBL), a scanning tightly focused beam of electrons is used to pattern a surface of a resist-covered
substrate with a minimum feature size of 10 nm. By submerging the exposed area into a proper developer, a
negative or positive image will be observed on the covered substrate following the tone of the e-beam resist.
After development, the final structure can be achieved by either etching the substrate or depositing the target
material.

5.2.3. Etching

Etching is an important step in nanofabrication to transfer a pattern into a substrate covered by a mask. The
masking materials that protect the underlying substrate are divided into two categories. The first one is soft
etching masks, which are the photo and electron resists patterned during lithography. The second consists of
hard materials that are more durable masks, such as silicon oxide and metals. In nanofabrication, the etching
processes are divided into wet and dry techniques that utilize liquid chemicals and gases as etchant material. In
wet etching, the sample is submerged in a liquid while the accelerated ionized molecules of an etching gas are
implemented to complete the dry etching process.

In this report, the inductively coupled plasma reactive ion etching (ICP-RIE) method is used to transfer the
pattern of metasurfaces into the substrate. The ICP-RIE technique is a combination of chemical and physical
etching that provides the possibility of isotropic and anisotropic material removal. An example of isotropic and
anisotropic etching is shown in Fig. 5.3.

a) Anisotropic etching b) Isotropic etching

Figure 5.3: (a) Anisotropic etching to fabricate a high aspect ratio of a-Si nano bars with a thickness of 980 nm using SFs at
cryogenic temperature. (b) Isotropic etching of a-Si to release a 1 um SiO particle with embedded metasurface that is
covered with 60 nm of Nickel as a hard mask (fabricated by M. Shanei at Chakmers MC2 cleanroom).

Figure 5.4 shows some SEM images of unsuccessful attempts during the optimization of the nanofabrication
processes. These images are related to three different structures of nanofins, asymmetric dimmers, and trinary
gratings.
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500 nm
e

500 nm

Figure 5.4: Failed attempts in fabricating silicon-based metasurfaces and final structures. (a)-(c) Metaatoms with a
rectangular cross-section. In (a), a low ratio between forward and inductively coupled plasma power can shape a pyramidal
cross-section. In (b), a low working pressure inside the etching machine generates some sparks with high ion energy that
causes some notches into the nanofins. (c) Nanofins with vertical side-wall and rectangular cross-sections. (d)-(f)
Asymmetric dimmers. (d) Different gap sizes between the dimmers at the top and bottom due to low forward power in
etching. (c) Low resolution in the edges of dimmers due to charge accumulation during the EBL exposure. (f) Final structure
with a uniform gap size of 50 nm between the dimmers. (g)-(i) Optimizing EBL dose for grating fabrication with three
parallel solid rigid using a negative resist. (g) lower, (h) higher, and (i) optimum doses needed for the fabrication of grating
with the defined gap sizes of 70 nm (fabricated by M. Shanei at Chakmers MC2 cleanroom).

To summarize this section, a schematic from different steps in the fabrication process of metasurfaces has been
illustrated in Fig. 5.5 for positive and negative resists.
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Figure 5.5: Summary of two nano-fabrication techniques using negative and positive resist in the top and bottom boxes.
Since the silicon layer can adsorb water molecules from the humidity of the environment, its surface is usually hydrophilic.
So, to enhance the adhesion between the substrate and coated resist, it is suggested to use some promoters such as Ti prime

and Hexamethyldisilazane (HMDS) for the negative and positive resist coating, respectively. Due to the charge
accumulation in the dielectric substrate, such as SiO, during EBL, it is required to enhance the conductivity of the sample
by coating a conductive polymer or deposition of a thin layer of metal. During the EBL and development processes, the
required pattern is transferred to the resist, and then, the etching process defines the final metasurface. The negative resist
in the etching process can also use as a soft mask that can protect the covered layer (silicon). Hence, this process does not
need any hard mask deposition and lift-off process.
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5.3. Optical Characterization

5.3.1. Measurements of polarization conversion efficiency

As discussed in section 2, it is crucial for metasurfaces to have high efficiency in terms of transmission or
reflection. Hence, efficiency is an important merit to consider in phase gradient metasurfaces as a competitor
with bulky optical elements.

In PB metasurfaces that act as a half-waveplate, one-handedness of the polarization switches to the other and
acquires the required phase shifts. Therefore, the ability of each unit cell to convert the handedness of the
incident light is defined as polarization conversion efficiency (PCE).

To experimentally measure the PCE of a metasurface, a periodic array of meta-atoms oriented at 45° was placed
between two crossed linear polarizers. This measurement is identical to sending an RCP (LCP) and monitoring
LCP (RCP) after PB patterns. Since the measured spectrum from the spectrophotometer consists of different
signals, such as the light source profile (I,,4i:), the background glass signal (Iz.), and the dark signal (Ipq,«),
the captured signal should be calibrated using

I, —1
Tco — ; co _DIark (5.1)
white Dark

I -1
Tcross _ _cross Bck (52)

Iwhite - IDark

I., and I..,s are the intensities of the transmitted beam from the metasurface for the same and orthogonal
polarization states before and after the metasurface, respectively.
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FIGURE 5.6: Optical setup for the polarization conversion efficiency measurements.
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5.3.2. Optical manipulation measurements

The optical setup used for trapping and manipulating 2-pum particles (microParticles GmbH) is shown in Fig5.5.
As shown in the inset, the light impinges the metasurface from the backside and then prints the particles to the
cover glass on the other side. So, the particles sediment after a while due to the scattering force of the 1064 nm
laser (Cobolt Rumba, = 1 mm) and gravity. The metalens is in contact with particles in a sample chamber,
assembled by adhering the metasurface substrate to a microscope cover glass using a spacer with a nominal

thickness of 100 pm.
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Figure 5.7. Optical trapping setup. L1-L5, lenses; M, plane mirror; 1/2, HWP, /4, OQWP; BS, beam splitter; SPF, short-pass

filter; 40x objective (NA = 0.9); camera (Thorlabs, CCD).
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Chapter 6

Concluding remarks

Flat optics with ultra-thin planar metasurface can tailor polarization, amplitude, and phase of the incident
wavefront. In Chapter 2, the fundamental principle of metasurfaces was discussed by categorizing it into
different types such as working wavelength, constitution material, design methodologies, etc. Chapter 3 was
dedicated to presenting a review of field-driven manipulation of micro-object focusing on the optical field’s
powerful actuation mechanisms. It was shown that the momentum exchange between a beam of light and
structure plays an important role in manipulating the objects. Chapter 4 presented some applications of
metasurfaces in the compact manipulation of objects enabled by engineering different degrees of freedom of
light. Lastly, Chapter 6 was dedicated to the research method methods such as the numerical simulation to
optimize metasurface structure and field propagation calculation, the nanofabrication processes of metasurfaces
and required optical setups for characterization of metasurfaces.

6.1. Summary of appended paper

In this paper, an ultrathin cylindrical metasurface is designed and fabricated to trap and push particles along its
focal line. The required phase profile was experimentally realized using arrays of nanofins with locally varying
rotation angles (PB method). The metasurface is optimized to work at 1=1064 and with amorphous silicon (a-
Si) building blocks arranged in a square lattice on a glass substrate. As discussed in Chapter 3, the confinement
achieved through the intensity gradient in the transverse plane pointed to the focal line. So, the particles outside
the focal area move laterally toward the trapping line. Then, the trapped particles move in the expected direction
due to the phase gradient but with a discontinuation motion due to the existence of the intensity hot spots in the
focal line. We found that the beam deflector phase gradient adds unwanted intensity fluctuations that tended to
lock particles to specific positions. To decrease the influence of the intensity hotspots, the target plane was
located in the defocusing plane of the metalens. Due to diffraction effects, a relatively smooth intensity
distribution has been observed in the translation of the particles.

6.2. Outlook

The study of microscopic particles in suspension has significantly impacted science and engineering. For
example, the quantification of thermal Brownian motion was the main experiment that convinced the existence
of atoms. Hence, studying of collective interactions of artificial swimmers, such as meta-particles, can be useful
in describing interactions ranging from molecular machines to atmospheric dynamics. This can be observed if a
metasurface is incorporated into a micro-scale object allowed to move freely across a surface.

Optical tweezers are used to manipulate particles with sizes of 100 nm to 10 um with the driving forces in the
scale of piconewton. However, the manipulations of larger particles are challenging due to gravity and inertia,
studying the possibility of manipulating meta-particles that can present a potential application, such as the
collection of absorptive or nanoscale particles, acceleration of detection rate of the analysts.
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Optical tweezers have opened numerous possibilities for
precise control of microscopic particles for applications
in life science and soft matter research and technology.
However, traditional optical tweezers employ bulky conven-
tional optics that prevents construction of compact optical
manipulation systems. As an alternative, we present an ultra-
thin silicon-based metasurface that enables simultaneous
confinement and propulsion of microparticles based on a
combination of intensity and phase-gradient optical forces.
The metasurface is constructed as a water-immersion line-
focusing element that enables trapping and transport of
2 um particles over a wide area within a thin liquid cell.
We envisage that the type of multifunctional metasurfaces
reported herein will play a central role in miniaturized opti-
cal sensing, driving, and sorting of microscopic objects, such
as cells or other biological entities. © 2022 Optica Publishing
Group

https://doi.org/10.1364/0OL.478179

Introduction. Contactless optomechanical manipulation of
microparticles has found numerous applications in biophoton-
ics [1], biomedical research [2], and colloidal sciences [3]. The
intensity gradient force achieved by a tightly focused laser beam
has an indispensable role in microparticle optical manipulation
[4]. However, while a trapped particle can be transported by
the spatial displacement and/or tuning of an optical intensity
gradient profile, it is challenging to propel numerous particles
over a large area [1]. To tackle this challenge, structured beams
equipped with phase gradients have been employed to realize
all-optical sorting, separation, and transport of multiple parti-
cles [5-7]. A phase gradient can steer the direction of light
scattering to induce transverse optical forces, which thus adds
a complementary degree of freedom in the optical manipula-
tion of microparticles [8]. Various optical elements, such as
waveguides [9], tunable g-plates [10], and digital micromirror
devices (DMDs) [11] have been used to realize such structured
optical patterns. Holographic optical tweezers (HOT) are the
most versatile method to generate dynamic optical trapping
[12,13]. A spatial light modulator (SLM) with a high numerical
aperture (NA) microscope objective is required to implement
HOTs, but the bulky nature of this solution unfortunately pre-
vents the construction of really compact optical manipulation
systems.

0146-9592/22/246428-04 Journal © 2022 Optica Publishing Group

A number of works have addressed the problem of integrat-
ing optical force manipulation into compact systems; examples
include methodologies based on optical waveguides [14], plas-
monic structures [15], coupled cavities [16], optical resonators
[17], and freeform focusing reflectors [18]. One of the most
recent and promising developments in this direction involves
the use of optical metasurfaces [19-25], that is, dense arrays of
subwavelength scatterers patterned in a two-dimensional (2D)
optically thin layer. By careful design, a metasurface can allow
almost full control of light propagation through local modula-
tion of the phase, amplitude, and/or polarization of an incident
light wave, all in an extremely compact format [26]. In this work,
we describe and discuss a line-focusing dielectric metasurface
equipped with a linear phase gradient. The basic idea is to utilize
the intensity gradient across the focal line to confine particles,
while the phase gradient along the line provides the in-plane
momentum necessary to propel the particles in one direction
[27]. Our work comprises a first demonstration of transporting
multiple particles over a wide area using a metasurface-based
system. With a significantly reduced footprint, the system allows
for the direct integration of contactless particle manipulation
with microfluidic devices.

Metasurface design. Figure | illustrates the working princi-
ple of a phase-gradient cylindrical metalens immersed in water
containing a diluted solution of microparticles. The metalens
is designed based on the Pancharatnam-Berry (PB) or geo-
metric phase approach such that a circularly polarized incident
plane wave generates a cross-polarized output that focuses into
a line while simultaneously providing a linear phase gradient
along that line. The metasurface is optimized for an oper-
ating wavelength of 1 = 1064 nm and is composed of nanofins
made of amorphous silicon (a-Si) periodically arranged in a
square lattice on a fused silica (SiO,) substrate, as shown in
the inset of Fig. 1. Each nanofin can be considered as a trun-
cated waveguide supporting localized polarization-dependent
electromagnetic resonances. Due to shape birefringence, the
cross-polarized output attains a phase delay that is twice the
nanofin rotational angle. Thus, by spatially varying the nanofin
angular orientations, a 2D phase distribution corresponding to
the wanted structured light field can be imprinted on the incident
wave.

Optimization of metasurface structure parameters were per-
formed using finite-difference time-domain (FDTD) (Lumer-
ical) electrodynamics simulations with periodic boundary
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Fig. 1. Working principle of the phase-gradient cylindrical met-
alens with an ability to optically trap microparticles in a line-focus
against the plane located at z = f and simultaneously transporting
these particles in one direction along the line-focus. The left-hand
inset shows a scanning electron microscope (SEM) image of meta-
atoms and the right-hand inset shows the building block of the
metasurface, that is, an a-Si nanofin on a SiO, substrate.

conditions. The plane wave source was set to right circu-
larly polarized (RCP) and a parametric sweep was carried
out to find a set of nanofin unit cell parameters with opti-
mized polarization-conversion efficiency (PCE) to left circularly
polarized (LCP), yielding a nanofin width w = 150 nm, length
[ =490 nm, and height # = 500 nm for a periodicity P = 600
nm (see Supplement 1 for details). The same optimization pro-
cess was implemented for P = 375 nm and yielded w = 160
nm, [ =275 nm, and 2 = 500 nm. However, succeeding dis-
cussions in the paper are mainly focused on metasurfaces with
P =600 nm. To verify that the optimized structure can intro-
duce up to 27 phase shift, the complex transmittance versus
nanofin angular orientation was calculated. Figure 2(a) shows
that 0°—180° nanofin rotation indeed allows for full 0-27 phase
shift, ¢, coverage. The calculated ¢ acquired by the LCP out-
put was found to be very close to twice the nanofin rotation
angle, as expected from the geometric phase concept, while the
PCE was maintained around 65% for all orientations. Simulated
and experimentally measured efficiency spectra for the opti-
mized structure are shown in Fig. 2(b) as a function of incident
wavelength, with approximately 60% PCE for the experimental
measurement. The optical characterization setup is detailed in
Supplement 1.

To generate a line focus able to both trap and propel micropar-
ticles, the metasurface was designed to introduce a spatially
varying phase shift given by

2 2
ooy = T (F=NFAF) + (1)

where A.; = A/n is the effective wavelength in water with
n = 1.33, f is the focal length of the metasurface, and x and y are
the spatial coordinates. The first term in Eq. (1) is a parabolic
phase profile that focuses the incident wave into a line in the x—z
plane, yielding an intensity-gradient trapping force, while the
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Fig. 2. (a) Extracted phase-shift ¢ and PCE as a function of
nanofin rotation angle for P = 600 nm. (b) Experimental and calcu-
lated PCE for a uniform array of nanofins oriented at ¢ = 90° as a
function of incident wavelength. The dashed vertical line indicates
the laser wavelength used in the particle manipulation experiments.
(c) Phase profile of the metasurface for f = 85 um and ¢ = 10, cor-
responding to 6 = 7.5°. (d)—(f) Fourier simulations of the intensity
distribution within the (d) x—z, (e) y—z, and (f) x—y planes. The inset
in (f) shows the phase profile within the line focus.

second term introduces the linear phase-gradient needed to pro-
pel the particles in the y direction. The latter term corresponds
to an angular deflection of the transmitted beam, and mani-
fests as a laterally displaced line focus at the focal plane of the
metasurface. From the generalized Snell’s law, the transmitted
beam’s angular displacement in the y direction is 6 = sin’l(%)
for normal incidence.

Results and discussion. In the following, we concentrate
on cylindrical metalenses with focal length f = 85 um, which
are suitable for trapping near the bottom of a thin liquid cell
adapted for observation using an inverted optical microscope.
Using a simplified Fourier optics approach (see Supplement 1),
we first calculated intensity and phase maps in the focal plane by
discretizing Eq. (1) in a square grid with period P and using the
complex transmittances obtained from the FDTD simulations in
Fig. 2 as input. To provide maximum in-plane momentum and
particle movement, the deflection angle € should in principle be
as high as possible. However, the Fourier simulations revealed
that high deflection severely reduces the focusing efficiency of
the metalens, and that maximum transverse momentum therefore
is achieved at relatively modest deflection angles. Based on
this result, and considering fabrication limitations, we settled
for 6 = 7.5° (¢ = 10). Figure 2(c) shows the metasurface phase
profile corresponding to this case, while Figs. 2(d), 2(e), and
2(f) show the simulated intensity distributions in the x—z, y—z,
and x—y planes, respectively. The inset in Fig. 2(f) shows the
resulting phase gradient along the line focus required for particle
propulsion.

Metasurface performance. In all experimental investiga-
tions, the metasurfaces were contained in a closed sample cell
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Fig. 3. (a) 2D trapping of the particles at the focal plane (z = f =
85 um) of the metasurface without phase gradient and the simulated
and measured intensities along the focal line of the metasurface. (b)
2D trapping of the particles at the focal plane (z = f = 85 um) of
the metasurface with around 6 pm spacing for the phase-gradient
metasurface with the simulated and measured intensities along the
focal line of the metasurface. (c) Snapshots of the motion of the
2D trapped particles at the focal plane of the metasurface with the
the local intensity gradients in the last panel. (d) Distribution of the
speeds of the particles as they move from one local trap to another.
(e) Focal linewidth of fabricated metasurface with and without phase
gradient. Scale bars are 5 pm.

containing a dilute solution of 2 um polystyrene beads dispersed
in de-ionized water. The fabrication procedure, optical trapping
setup, and SEM images of fabricated structures are shown in
Supplement 1.

We first consider a metasurface that only acts as a cylindrical
lens, that is, without including the linear phase-gradient term of
Eq. (1) in the design. The laser beam enters from the substrate
side and excites the metalens, which is in direct contact with
the sample solution. The depth of the sample cell is carefully
adjusted to coincide with the focal distance, such that particles
that sediment or are pushed to the bottom of the well by the
radiation pressure can be trapped in 2D (Visualization 1). Fig-
ure 3(a) shows that the system enables simultaneous trapping of
many particles along the line-focus at the bottom of the sample
cell at z = f = 85 um. The bottom subpanels in Fig. 3(a) show
uniform profiles in the simulated (middle subpanel) and meas-
ured (bottom subpanel) intensities along the focal line of the
metasurface. The measured linewidth is found to be ~ 1.2 um,
larger than the expected linewidth for a diffraction-limited met-
alens but is sufficient enough to ensure stable optical trapping
in the x direction as demonstrated in Fig. 3(a).

We next consider a metasurface that also includes the linear
phase-gradient term of Eq. (1), that is, with the phase-profile
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of Fig. 2(c). Particle tracking in videos acquired with a 10x
microscope objective revealed three stages of particle motion.
First, particles that are initially outside the camera field-of-view
move radially toward the center. Then, those particles that are
close to the line focus become optically trapped in the x direc-
tion. Once trapped, the particles travel in the direction expected
from the phase-gradient force (i.e., positive y direction). How-
ever, the motion is not smooth but rather consist of irregular
jumps triggered by the movement of neighboring particles (see
Visualization 2, for an example). To understand this behavior,
we first note that before being pushed by the phase-gradient
force, the particles tend to localize at well-separated positions,
see top subpanel of Fig. 3(b), instead of being almost touching
as in Fig. 3(a). It turns out that the particle positions coincide
with the locations of intensity hot-spots within the line focus,
see bottom three subpanels of Fig. 3(b), that tend to trap parti-
cles due to the intensity gradient force. The net result is a series
of optical potential wells that are rendered unstable due to the
presence of the phase-gradient force, effectively resulting in a
trapping landscape similar to a tilted washboard-potential. Thus,
if a particle is initially trapped in one of the local hot-spots and a
second particle becomes trapped beside it, it is likely that one of
them starts to move along the line focus. This is demonstrated,
for example, by the particles labeled in orange, red, and pur-
ple in Fig. 3(c) (further examples are found in Visualization 2).
The average particle speed (N = 48) in moving from one local
trap to another is found to be ~ 4.3 um/s for an incident inten-
sity of ~ 3.9 uW pum™2, but show a considerable variation, see
Fig. 3(d). We point out that the intensity hot-spots are directly
linked to the linear phase gradient, which is obvious from the fact
that their separation, ~ 6 um, coincide with the spatial period
qP of the blazed grating term in Eq. (1). As further detailed
in Supplement 1, they appear due to deviations from perfectly
uniform amplitude transmittance and complete phase-coverage
of the meta-atoms, combined with the effect of discretizing the
overall phase profile in the y direction. These effects also result
in a slight increase of the linewidth to ~ 1.85 pum [see Fig. 3(e)],
but this has little influence on the trapping efficiency in the x
direction.

To explore the possibility of decreasing the influence of the
intensity hotspots by simply defocusing the metalens, we numer-
ically investigated intensity and phase distributions in various
z planes beyond the actual focal plane. Figure 4(a) shows an
example for z = f + 10 = 95 um. The simulation reveals a set
of parallel lines, due to diffraction effects, but with relatively
smooth intensity distribution and preserved phase gradient along
y. To test the particle trapping and propulsion capabilities in real-
ity, we integrated the same kind of metasurface as above with a
sample cell with a depth of approximately 95 um. Figure 4(b)
shows the measured intensity distribution at the bottom of the
cell for this case. The snapshots in Fig. 4(c) track two particles
as they are propelled within the two line traps. Importantly, we
also observe smoother movement of the particles along parts of
the tracks. The average particle speeds along the two lines are
approximately the same: v = 2.5 um/s for I = 4 uW um= and
linearly dependent on applied intensity, see Fig. 4(d) and Visu-
alization 3. Figure 4(e) shows the resulting individual tracks of
particles over a field-of-view of 130 um X 130 um. The overall
particle dynamics is found to be similar to the case when the
focal plane coincide with the bottom of the cell, that is, particles
move toward the center, become trapped, and are then propelled
in the direction of the phase gradient [see Fig. 4(f)]. Significant
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Fig. 4. () Simulated intensity profile at z = f + 10 um with the
phase profile in the inset. (b) Measured intensity profile at the trap-
ping plane. (c) Snapshot tracks of particles showing their movement
in two channels. (d) Average particles speed in both lines as function
of the incident intensity. (e) Displacement of the particles and (f)
schematic of the movement of the particles based on the snapshots
in (c) with the time scale. Scale bars are 5 pm.

improvements in terms of particle speed and continuous flow
can be made by varying the metasurface design parameters.
For example, decreasing the meta-atom periodicity to P = 375
nm and setting g = 7 results in a beam angular displacement
of 8 = 17.7°, which is close to the optimal deflection angle for
maximum transfer of in-plane momentum to the particles for
P =375 nm [see Supplement 1, Fig. S4(a)]. Utilizing such a
metasurface for particle propulsion along two line traps, the
average speed obtained is 12.4 um/s for I = 4.8 pW um2, and
a continuous movement of the particles is observed as shown in
Visualization 4.

Conclusions. The concept of driving microparticles along
well-defined tracks is well-known from previous studies of opti-
cal manipulation in structured light-fields constructed using
conventional optical components. Though essentially static by
nature, metasurfaces can in principle achieve the same function-
ality in a miniaturized format. In this work, we demonstrated a
water-immersion all-dielectric phase-gradient metasurface able
to trap and propel microparticles along straight lines and over the
length of the focal line, 200 pm. The device was designed based
on the geometrical phase approach, using Si nanofins in a square
grid as the basic unit, and the maximum transport range, given
by the overall extension of the metasurface, corresponded to a
typical field-of-view of an optical microscope. Though the effect
could be countered by defocusing, we found that the phase gradi-
ent responsible for propulsion along a line also caused unwanted
intensity fluctuations that tended to lock particles to specific
positions. This issue reflects an intrinsic challenge encountered
when trying to construct a high-resolution structured light field
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of similar spatial extension as the metasurface itself based on
a grid that is only slightly sub-wavelength in size. Neverthe-
less, with the current rapid developments in metasurface design
methodology, considerable improvement in optical trapping and
propulsion efficiency can most likely be achieved.
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Light-driven transport of
microparticles with phase-gradient
metasurfaces: supplementary
information

1. METAATOM OPTIMIZATION

Finite-difference time-domain (FDTD, Lumerical) simulations were performed using plane-wave
illumination of single nanofins (metaatoms), with periodic boundary conditions (PBC) imple-
mented on the sides of the unit cell and perfectly matched layers (PML) along the propagation
direction. The source was set to be right circularly polarized (RCP) and the complex transmittance
of the cross-polarized (left circularly polarized, LCP) output was examined. Complying with the
Nyquist sampling rate while ensuring weak interaction between adjacent nanofins and avoiding
higher diffraction orders, the unit cell periodicity was set to P = 600 nm. Figure S1 (a) shows a
parametric sweep used to find the nanofin width (w) and length (I) yielding the highest RCP to
LCP polarization conversion efficiency (PCE). Based on fabrication constraints and the results in
Fig. S1 (b), the nanofin height was fixed to 500 nm. This resulted in optimized dimensions w = 150
nm and / = 490 nm for an excitation wavelength of 1064 nm. The aspect ratio of the meta-atoms
with the optimized parameters for P = 600 nm allowed us to fabricate the nanopillar with sharp
edges and vertical side walls.
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Fig. S1. (a) Normalized polarization conversion efficiency for different nanofin cross-sections.
Here, P = 600 nm and & = 500 nm, for which, the highest efficiency is achieved with I x w =490
nm x 150 nm. (b) Normalized PCE as a function of nanofin height.

2. PCE MEASUREMENT

The optical setup used to measure polarization conversion efficiency (PCE) of periodic arrays of
nanofins is illustrated in Fig. S2. The sample is placed between orthogonal linear polarizers as
indicated. For the case when the nanofins are oriented at 45°, as illustrated by the SEM image
in the inset, the array functions as a half-wave plate. The recorded intensity, normalized to the
incident intensity, then yields the PCE (58% for the optimized case).
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Fig. S2. Optical setup used to measure the PCE of uniform metasurfaces.

3. INTENSITY AND PHASE PROFILE SIMULATIONS

We simulated intensity and phase profiles using the Rayleigh-Sommerfeld diffraction integral
applied to a set of discrete source points corresponding to the positions of nanofins in the
fabricated metasurfaces. Figure S3 (a) shows an intensity map at the focal plane of a metasurface
with deflection angle 7.5° (§ = 10) obtained by applying the ideal phase profile (Eq. 1 in the
main text) and uniform source point amplitudes. In (b) we have instead used the complex
transmittances of each nanofin obtained from FDTD simulations. As shown in Fig. 2 (a) in
the main text, these show slightly non-uniform amplitude coefficients versus nanofin rotation
angle. Weak intensity fluctuations along the central focal line can now be observed, but there
are no distinct hotspots with the same periodicity qP as the phase variation along the line, as is
observed in the experiment (Fig. S3 (d)). However, the experimental intensity pattern can be well
reproduced if we artificially restrict the phase range imposed by the metasurface. As shown in
Fig. S3 (c), where we have set the maximum phase shift introduced to the impinging beam to
57 /4, a restricted phase range results in regularly spaced intensity hot-spots with separation
distance determined by the spatial period P of the blazed grating term in Eq.1. Furthermore, the
relative intensity of the hotspots increases as the phase coverage decreases.

Fig. S3. Simulated local intensity profiles using (a) ideal metasurface profile, (b) metasurface
profile rendered using the complex transmittances of the meta-atoms obtained from FDTD, and

(c) metasurface profile that introduces a maximum phase shift of 57 /4 compared to experi-
ment (d). Scale bar: 5 pm.

4. OPTIMUM DEFLECTION ANGLE

The phase-gradient force / radiation pressure along the focal line is approximately proportional
to the product of sin (f), where 6 is the deflection angle, and the maximum intensity in the line.
We calculated intensity profiles for metasurfaces with P = 600 nm based on complex nanofin
FDTD transmittances using the Rayleigh-Sommerfeld approach for various 6-values. The results
show that the focal line significantly broadens with increasing deflection, resulting in a rapidly
decreasing maximum intensity. This is shown in Fig. S4 (a) for two different periodicities of



600 nm and 375 nm, where the intensity has been normalized to 6 = 0 (the simple cylindrical
metalens). When multiplied by sin (6), a broad peak at low angles appears. Increasing deflection
also results in a shift of the focal distance, see Fig. S4 (b), and pronounced side-lobes around the
focal line. By considering these factors, we settled for a deflection angle of § = 7.5°, which is
close to the optimum angle and has a 2-pm focal shift closer to the metasurface plane. This is
most suitable for the constructed sample cell used in the optical manipulation experiments.
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Fig. $4. (a) Optimum deflection angle of the phase gradient metalens to transfer the highest
linear in-plane momentum to the particles by considering the trade-off between normalized in-
tensity to and normalized linear momentum for P = 600 nm and P = 375 nm. (b) Axial shifting
of focal distance as a function of the deflection angle. (c) Intensity profile at focal plane for the
deflection angle of # = 7.5° and the fluctuations of the intensity in the inset with the periodicity
of 6 pm.

5. SAMPLE PREPARATION AND OPTICAL MANIPULATION SETUP

Figure S5 (a) schematically illustrates the setup used for optical manipulation. The sample cell is
formed by the metasurface substrate and a microscope glass slide separated by an adhesive film.
The adhesive film is first taped against the glass slide, and the resulting well is filled with a dilute
solution of polystyrene beads (2 = 2 pm, microParticles GmbH) dispersed in deionized water.
The metasurface substrate is then adhered to the other side of the adhesive film. By carefully
pushing the metasurface substrate and the glass slide against each other using a micrometer
caliper, 85 um or 95 pm sample cell thickness was achieved. The distance was verified by axially
scanning the metasurface plane and the bottom water-glass interface in a microscope. The linearly
polarized output of a 1064 nm laser (Cobolt Rumba, beam & = 1 mm) is converted into RCP using
a half-wave plate (HWP) and a quarter-wave plate (QWP) and then relayed onto the metasurface
using a (de)magnifying 4f configuration (f; = 500 mm, f, = 100 mm). A 10/90 (R/T) beam
splitter is inserted in the light path to monitor the power incident on the metasurface. The sample
cell is mounted on an inverted microscope and imaged in reflection using a white light source,
a 40x, NA = 0.9, microscope objective, a removable short-pass filter (SPF), and a CCD camera.
A QWP and a polarizer can be inserted in the imaging path to select polarization converted
transmission through the metasurface and block background from the laser. Recorded images
and videos were postprocessed and analyzed using particle tracking software.

6. METASURFACE FABRICATION

500 nm of amorphous Si (aSi) was deposited on SiO, by low-pressure chemical vapor deposition
(LPCVD) at 560° C. Ellipsometry measurements showed a refractive index of n = 3.71 at 1064
nm. The process continued by 300 nm spin-coating of a negative resist (maN2405, Micro Resist
Technology GmbH, Germany). To prevent charging of the substrate, a conductive polymer
(Espacer 300Z) was added on top of the resist. An electron beam lithography (Raith EBPG5200)
exposure (625 nC/cm? with a current of 10 nA) followed, after which the sample was rinsed
in water to remove the conductive layer. The pattern was developed for 6 minutes and then
transferred to a-Si using reactive ion etching in a HBr plasma (30 sccm HBr, 1.5 mTorr, 230 W).



Finally, the remaining resist was removed by high-power oxygen plasma etching. Figure S5 (b,c)
shows an optical image and a SEM image of a fabricated metasurface.
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Fig. S5. (a) Optical trapping setup. L1-L5, lenses (f; = 500 mm, f, = 100 mm, f3 = 50 mm,
fa = 300 mm, f5 = 200 mm); M, plane mirror; A/2, HWP; A /4, QWP; BS, beam splitter; SPF,
short-pass filter; 40 x objective (NA = 0.9); camera (Thorlabs, CCD). (b) SEM image of fabri-
cated metasurface with a tilted view shown in the inset. (c) False color white-light transmission
image of a metasurface.





