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Abstract

Optical manipulation at the micro- nano-scale is a fascinating topic due to its inherent non-
invasive properties and multifaceted applications in various fields such as biology, sensing,
micro-fluidics, and micro- nano-robotics. This thesis involves intensive efforts dedicated
to realizing the rotational motion and trapping. Despite recent developments, selecting the
most efficient and powerful nanomotor is still not obvious. Therefore, this thesis provides a
comprehensive understanding of the current state of affairs for optically-driven motors and
solutions for nanomotor design, numerical analysis, and nanofabrication.

Motors at the micro- nano-scale have diversified and emerged as versatile devices due to
their ability to control mechanical motions. For the past two decades, the development of
man-made optical motors has been remarkable, as the recent advancements in fabrication
technologies have gradually enhanced the resolution and precision of manufacturing equip-
ment. An in-depth review provides comprehensive insights into the physical mechanisms of
micro- and nano-motors driven by light momenta. Diverse micro- nano-technologies that
enable motor fabrication are introduced. The applications in various fields such as biology,
sensing, micro-fluidics, and micro- nano-robotics are summarized. Future directions, an-
ticipated in view of the collaborative exploitation of other research fields, such as machine
learning, metasurfaces, and 2D materials, are also discussed.

I demonstrate that a machine learning algorithm as a global solution can produce nanorotor
structures generating improved optical torques for a given incident light. The combination of
two different fields, machine learning and nanomotors, via nanofabrication requires substan-
tial optimization processes in deep learning algorithms, fabrication parameters, and optical
measurements, which have been described in great detail in this thesis. A torque predictor
made of a convolutional neural network (CNN) is connected to a deep convolution genera-
tive adversarial network (DCGAN) nanorotor generator. An electromagnetic surface integral
equation (SIE) scheme provides a numerical method to obtain the scattering cross-section
(SCS), multipole expansion, optical torque, and electric field enhancement distribution for
the generated nanorotors. The nanorotor structures obtained from the algorithms are realized

by nanofabrication techniques such as electron beam lithography (EBL), thin film deposition,
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Abstract

and various etching processes, and are implemented in a SiO, embodiment to build nanomo-
tors. The nanorotors suggested by the artificial intelligence exhibit improved rotation speeds
compared to conventional designs based on V-shape, rods, or gammadion structures.

The realization of sophisticated structures at the nanoscale is critical for linking an ideal design
with real devices. The importance of ion beam etching (IBE) is growing due to its ability to
fabricate tiny gaps and sharp features for plasmonic responses. However, as the required
features go down to a few tens of nanometers, inevitable fences, which occur due to physical
bombardment and redeposition, cause the expansion of the structure. This gives rise to
unexpected behaviors for the fabricated nanostructures. To quantify and solve these issues, a
series of structures have been fabricated using different etch mask heights and, subsequently,
analyzed by investigating their cross-section. The optimized recipe provides high quality
nanostructures with features as designed. In addition, doughnut rings placed around the
nanostructures and Au wet etch carried out after the aforementioned process led to a further
improvement. The doughnut ring structures allow for suppression of the expansion during
IBE. The additional Au wet etch step removed the fences on the sidewall.

Optical trapping has attracted a lot of attention due to its promising applications. In addition
to the rotating motion described above, we introduce in this thesis an experiment aimed
at visualizing trapping events in plasmonic apertures in this thesis. The idea relies on a
combination of optical trapping and Foster or fluorescence resonance energy transfer (FRET)
between trapped fluorescent particles (FRET donor) and the plasmonic apertures that have
been functionalized with FRET acceptor molecules. A dyed polystyrene (PS) beads solution
is injected on top of the plasmonic nanostructures in a confined chamber. For the FRET
measurement, a laser is focused onto the nanoaperture using an objective. The dyed PS beads
are drawn to the nanoaperture by optical forces, and FRET occurs once PS beads are close

enough to the functionalized plasmonic nanoaperture.

Keywords: Electromagnetism, Plasmonics, Multipolar modes, Optical angular momentum,
Nanomotor, Machine learning, Convolutional neural network, Generative adversarial network,
Optical torque, Nanofabrication, Electron beam lithography, Ion beam etching, Focused ion

beam, Extraordinary optical transmission, Optical trapping.
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Résumé

La manipulation optique a I’échelle micro-nano est un sujet fascinant en raison de ses pro-
priétés non invasives inhérentes et de ses applications passionnantes dans divers domaines
tels que la biologie, la détection, la micro-fluidique et la micro-nano-robotique. Cette these
est le résultat d’ efforts intensifs dédiés principalement a la réalisation du mouvement de
rotation et du piégeage. Malgré les développements récents, la sélection du nanomoteur le
plus efficace et le plus puissant n’est toujours pas manifeste. Par conséquent, cette theése
fournit une compréhension globale de I'état actuel des moteurs a commande optique et des
solutions de conception de nanomoteurs, d’analyse numérique et de nanofabrication.

Les moteurs a I’échelle micro-nano se sont diversifiés et sont devenus des dispositifs poly-
valents grace a la grande controélabilité de leur mouvements mécaniques. Au cours des deux
dernieres décennies, le développement des moteurs optiques artificiels a été remarquable,
les progres récents des technologies de fabrication améliorant progressivement la résolution
et la précision des équipements de fabrication. Cette étude fournit un apercu complet des
mécanismes physiques des micro-nano-moteurs entrainés par des impulsions lumineuses.
Diverses micro-nano-technologies permettant la fabrication de moteurs sont introduites. Les
applications dans divers domaines tels que la biologie, 1a détection, la micro-fluidique et la
micro-nano-robotique sont résumeées. Les orientations futures, anticipées en vue d’'une ex-
ploitation collaborative d’autres domaines de recherche, tels que I’apprentissage automatique,
les métasurfaces et les matériaux 2D, sont également discutées.

Une démonstration qu'un algorithme d’apprentissage automatique en tant que solution glo-
bale peut produire des structures de nanorotor générant des couples optiques améliorés pour
une lumiére incidente donnée est introduite. La combinaison de deux domaines différents,
I’'apprentissage automatique et les nanomoteurs, via la nanofabrication, nécessite des pro-
cessus d’optimisation substantiels dans les algorithmes d’apprentissage en profondeur, les
parametres dans les procédés de fabrication et les mesures optiques, qui sont décrits en détail
dans la these. Un prédicteur de couple constitué d'un réseau neuronal convolutif (CNN) est
connecté a un générateur de nanorotor a réseau antagoniste génératif a convolution profonde

(DCGAN). Un schéma d’équation intégrale de surface électromagnétique (SIE) fournit une



Résumé

méthode numérique pour obtenir la section efficace de diffusion (SCS), I'’expansion multipo-
laire, le couple optique et la distribution d’amélioration du champ électrique des nanorotors
générés. Les structures de nanorotor obtenues a partir de I'algorithme sont réalisées par des
techniques de nanofabrication utilisant la lithographie par faisceau d’électrons (EBL), le dépot
de couches minces et divers processus de gravure et sont mises en ceuvre dans un mode
de réalisation SiO, pour construire des nanomoteurs. Les rotors générés par I’apprentissage
automatique présentent des vitesses de rotation améliorées par rapport aux conceptions
conventionnelles basées sur des structures en forme de V, de tiges ou de gammadions.

La réalisation de structures sophistiquées a I’échelle nanométrique est essentielle pour lier
conception idéale et dispositifs réels. Limportance de la gravure par faisceau d’ions (IBE)
augmente en raison de sa capacité a fabriquer de minuscules écarts et des caractéristiques
nettes pour les réponses plasmoniques. Cependant, comme les dimensions caractéristiques
requises atteignent les quelques dizaines de nanomeétres, des barrieres inévitables, dues au
bombardement physique et a la redéposition, provoquent I’expansion de la structure. Cela
engendre des comportements inattendus des nanostructures. Pour quantifier et résoudre
le probléme, une série de structures ont été fabriquées en utilisant différentes hauteurs de
masque de gravure et, par la suite, analysées en étudiant la section transversale. La recette
optimisée fournit des nanostructures de haute qualité avec des fonctionnalités telles que
congues. De plus, des anneaux de beignets placés autour des nanostructures et une gravure
humide Au réalisée apres le procédé susmentionné ont permis une amélioration supplémen-
taire. Les structures en anneau permettent de supprimer I'expansion pendant I'IBE. L'étape
supplémentaire de gravure humide Au a supprimé les barrieres sur la paroi latérale.

La principale manipulation optique, le piégeage optique, a attiré beaucoup d’attention en
raison de ses applications prometteuses. En plus du mouvement de rotation décrit ci-dessus,
nous introduisons dans cette thése une expérience visant a visualiser les événements de
piégeage dans les ouvertures plasmoniques. L'idée repose sur une combinaison de piégeage
optique et de Foster ou transfert d’énergie par résonance de fluorescence (FRET) entre les
particules fluorescentes piégées (donneur de FRET) et les ouvertures plasmoniques qui ont
été fonctionnalisées avec des molécules accepteuses de FRET. Une solution de billes de
polystyrene teinté (PS) est injectée au-dessus des nanostructures plasmoniques dans une
chambre confinée. Pour la mesure de FRET, un laser est focalisé sur la nano-ouverture a I'aide
d’un objectif. Les billes de PS colorées sont attirées vers la nano-ouverture par des forces
optiques, et le FRET se produit une fois que les billes de PS sont suffisamment proches de la

nano-ouverture plasmonique fonctionnalisée.
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|§ Introduction

Since Ashkin demonstrated the optical tweezer using a highly focused laser beam, optical
trapping has become an attractive research topic thanks to its promising applications [1, 2].
The smallest specimen size and optical power required have been considerably improved to a
few nanometers and a few microwatts [3]. Various materials such as metal, dielectric particles,
single molecules, cells, and DNA have been successfully manipulated with optical traps [4, 5, 6].
However, optical tweezing requires high optical energy to trap sub-micron particles, which
can destroy the specimen, and focusing with an objective lens encounters the diffraction
limit [7]. To overcome these limitations, plasmonic structures, which can provide local field
enhancement and localization, have attracted a significant attention [7, 3]. Optical trapping
with plasmonic structures is realized by various platforms: coaxial structures [8], antennas [9],
apertures [10], arrays [11], and gaps [12]. In addition, exploring optical sorting [13], pulling [14],
binding [15], assembling [16], and rotating [17] have been followed to extend the manipulation
methods. All these intriguing phenomena are possible thanks to optical forces exerted on an
object by the incident light [2]. In this thesis, I contribute to rotational motion and trapping

applications by developing fabrication technologies for such sophisticated geometries.

Among the various methods in optical manipulation, optically-driven motors generating
optical torques on objects have been developed and experimentally verified by researchers in
various configurations [18, 19, 20]. The rotational properties originate from the interaction
between the object geometry and the incident light or the transfer of the angular momentum
of light into absorbing objects. Redirecting the incident light by refraction and reflection
induces the transverse components of the momentum and leads to the mechanical rotational
motion, i.e., the conservation of the momentum of light results in optical torques. Birefringent

particles that change the direction of circular polarization of light obtain angular momen-



Chapter 1. Introduction

tum from the incident circularly polarized light [21]. In addition, plasmonic resonances can
play a role in the additional enhancement of the rotational speed [22, 23, 24]. The develop-
ment of optically-driven motors has progressed with the improvement of nanotechnologies.
Photolithography-based etching at the microscale gave rise to the early motors driven by
momentum exchange by refraction and reflection [25]. Two-photon polymerization realized
even 3D structure [26], and the resolution went down to a few microns. The refraction and
reflection of 3D geometries cause more photons to interact with the structure and induce
faster rotation for a given illumination light [27]. Nanoparticle synthesis for spheres, rods, or
other shapes has been developed and used to realize rotary motors driven by linearly polarized
light or light carrying angular momentum [28, 29, 30]. The recent developments of nanotech-
nology enable sophisticated geometries for plasmonic resonances [23]. The enhancement of
scattering dominant motors is possibly attributed to the plasmonic resonance [31]. When light
is incident on an object, absorbing and scattering occur simultaneously. Therefore, the combi-
nation of absorbing and scattering optical torques leads to stronger torques [22]. In particular,
both absorption and scattering can be enhanced by plasmonic resonances. These promising
factors have attracted great attention from researchers [32]. Yet, the geometry of optical mo-
tors remains intuitively simple, like rods, spheres, V-shapes, and gammadion [33, 31, 29, 23].
Nowadays, many researchers try to improve device performances using machine learning [34].
Thanks to the tremendous calculations and weight updates, this approach provides solutions
beyond the human intuition. On the other hand, I noticed that the optical torque value of
planar metallic nanomotors depends on their geometry. Accordingly, I have naturally been

motivated by the fact that machine learning could be used in the design of nanomotors.

Optical trapping with aperture-type structures has widely been verified in various platforms
and have attracted considerable attention due to its promising applications [10, 35, 36, 37,
38]. In addition to the rotational motion, I studied a combination of optical trapping using
nanoaperture structures and the fluorescence resonance energy transfer (FRET) phenomenon.
FRET occurs when a suitable pair of donor and acceptor molecules have a distance smaller
than 20 nm [39]. With this distance cognitive ability, the performance of optical trapping
can be evaluated by the intensity of the emission signal of acceptors. In the experiment,
donor molecules are functionalized on the trapped particles, while acceptor molecules are
immobilized on the trap site. The energy transfer is the evidence that the distance between
donor and acceptor is less than 20 nm. Various methods are tried and discussed for the

visualization of trapping using FRET.



Thesis objectives

This thesis aims to develop nanofabrication processes to provide nanostructures dedicated to
optical manipulations such as rotation and trapping. To achieve this goal, various nanofab-
rication technologies have been explored. The rotational motion is realized by combining
two works: the optimization of machine learning algorithms to produce nanostructures with
improved optical torques and the development of nanofabrication techniques to produce
nanostructures suggested by the machine learning algorithms. For the optical trapping, pe-
riodic structures exhibiting plasmonic resonances are fabricated using focused ion beam
milling. Accordingly, a detailed numerical analysis of the optical properties of the nanos-
tructures has been conducted to understand the fundamental principles. Finally, the optical
manipulations with the fabricated nanostructures are verified with spectroscopy, rotation,

and trapping measurements.

Thesis organization

A review of the recent advances in optically-driven motors is provided in Chapter 2. A brief his-
torical introduction, as well as the physics and fabrication techniques of motors, are discussed.
Promising applications of motors in various fields are reviewed. Chapter 3 provides a detailed
description of the development of machine learning algorithms for optical torque predictor
and nanostructure generator, numerical analysis of optical properties of nanostructures using
the surface integral equation (SIE) methods, and fabrication techniques used in this thesis.
In Chapter 4, the study of optimization of ion beam etching (IBE) for Au plasmonic nanos-
tructures at the nanoscale is detailed, and the realization of widely used nanostructures with
the optimized process is presented. In Chapter 5, the visualization of optical trapping using
FRET is explored with the purpose of quantifying the trapping performance. A conclusion
is provided in Chapter 6, along with an outlook for future opportunities for research and

development.






¥4 Recent advances in optical rotary

motions at the micro- nano-scale

The material presented here will be submitted for a review article.

2.1 Introduction

Micro- nano-motors have constantly attracted many researchers owing to their great potential
in biology [40], biomedicine [41], nanostructure fabrication [42], micro- nano-robot [43],
and micro- nano-scale manipulation [44] since the concept of tiny machines was suggested
by Feynmann [45]. As nanotechnology and bio-chemical synthesis have advanced, various
methods to realize micro- nano-motors have been proposed and demonstrated with tremen-
dous efforts made by researchers [44, 46, 47, 48, 49]. Micro- nano-motors are translation and
actuation devices converting energy from various sources such as electric and magnetic fields,
chemical reaction, heating, and acoustic waves into mechanical momentum. Depending on

the applications, they have different names: motor, sensor, actuator, swimmer, and tracer.

Applications of micro- nano-motors

The small aforementioned motors are particularly promising in biology and bio-medicine due
to the diverse applications such as delivery, surgery, sensing, DNA stretching, and detoxifi-
cation, [41, 50, 51]. For example, a micromotor rotating in the vitreous of a living rabbit has
already proved that it can be used for precise, wireless, and invasive surgery [52]. The towing
ability of the nanomotor with functional surfaces leads to active and efficient bio-sensing [53].
A torque exertion of about tens of pN-nm at the nanoscale is sufficient to precisely stretch
and overwind DNA [54, 55]. Micro- nano-motors can also serve as a part of micro- nano-scale
machines such as NEMS/MEMS and nanorobots. In general, NEMS/MEMS devices consist
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of mechanical and electrical components[56, 57, 58]. Among the mechanical components,
nanomotors can be inherently used as a physical actuator by which NEMS/MEMS devices
can achieve the desired functionality. The rotational motion of motors can adjust oscillatory
components in MEMS, which is suitable for sensing applications [59]. Micro- nano-motors
are also inherently promising in lab-on-a-chip applications due to their stable rotational
movement at the nanoscale which enables the precise flow control [60]. Conventionally, a
syringe pump is used to control the flow in micro-fluidics. However, one might encounter
difficulties in adjusting the flow rate with the syringe pump due to the oscillating flow [61].
In the case of pressure pumps with multiple entry points, backflow might also be a problem.
Optically-driven motors allow non-destructive actuation to generate the continuous flow in
micro-fluidics such that no additional needle-based liquid injection is required [62]. The flow
at the pN scale made by the nanomotor facilitates the precise control within the chip under
low Reynolds numbers [22]. Nanomotors have many potentials in various fields, just like the
electric motor invented by Michael Faraday and has found applications in automobiles, ships,

and factories has changed the human lifestyle [63].

Various methods to generate rotary motion

The term, micro- nano-motor, refers to the platforms that generate either rotational or propul-
sion motions by converting electric, magnetic, thermal, chemical, biological, or optical ener-
gies into mechanical motions [44]. Let us illustrate the realization of micro- nano-motors with
the following examples. Mycoplasma mobile cells were found to unidirectionally glide with
the speed of 2-5 um/s along microcracks while growing through fission [64]. When attached
to a dielectric motor platform, rotation occurs; even though the mechanism of gliding is not
verified, researchers make use of this behavior. The mobile cells are powerful as the resource
of propulsion due to the self-repair and self-organization. On the other hand, bio-compatible
motors can also make use of flagella to obtain propulsion [65]. When it comes to electric fields,
it can drive micro- nano-sized metallic particles and carbon nanotubes (CNTs). The metallic
nano-objects are aligned along the external electric field to lower the potential energy [66].
The rotation of electric fields induces the rotational movement of the nanomotors [66, 67, 68].
Likewise, magnetic entities that align along the magnetic fields can be driven by rotating
magnetic fields [69, 70]. Magnetically functionalized nanoparticles propagate along the field
gradients [71]. The geometry of the magnetic field-driven swimmer converts the magnetic
rotation into linear propulsion [72]. Chemical motors gain kinetic momentum from various
chemical reactions [47, 73]. The decomposition of the surrounding molecules leads to me-

chanical motion. For example, the light illumination provokes a chemical reaction on the
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Au -TiO; side and results in the photocatalytic decomposition of H,O,. The by-products,
02 molecules, emerge and give rise to propulsion from 0, bubbles [74]. In this case, photo-
chemical energy is converted into mechanical motion. On the other hand, light illumination
can generate the localized surface plasmon heating on the Au side of the motor [75, 76]. A
local temperature gradient leads to the perturbation in the equilibrium of the surrounding
medium, and self-propulsion occurs. For the other types of motors, acoustic motors obtain
rotary motions from the acoustic energy of ultrasonic wave or ultrasound [77, 78, 79], and

there are even thermally-driven motors [80].

Perspective of Chapter 2

There are several reviews about micro-nano-motors with a broad scope [44, 47]. In particular,
optically-driven plasmonic nanomotors have also been reviewed [32]. However, these works
focused only on motors enhanced by plasmonic resonances. Distinctively, I focus here on
physical platforms that convert light energy into rotational momentum in a range from
fundamental momentum exchanges to plasmonic enhancement at the micro- nano-scale
and I provide a comprehensive understanding of optically-driven motors and relevant light
properties. This chapter is not aiming at describing all the details of optical torques but at
giving a manifest view of the distinct properties of optical motors and their applications.
Although the descriptions are provided at a fundamental level, they offer fascinating insights
into essential approaches for realizing optically-driven motors, as well as the advances to this
day. This chapter will be helpful for newcomers in the field of optical motors and researchers

in optical manipulation, micro-fluidics, biology, and chemistry.

2.2 Linear momentum

2.2.1 Linear momentum of light

One of the first recorded observations of the linear momentum of light was carried out by a

German astronomer, Kepler in the 17th

century. He made the assumption that a comet passing
by the earth is gradually obliterated by sun light based on the fact that the tails of a comet
extend off toward the opposite direction of the sun [81]. A comet mainly consisting of ice,
methane, and ammonia appears in the sky every 76 years: Halley’s comet, named after the
person who found it. A comet in space has an orbital movement around the earth. It has two
tails that are off the path of the orbital movement. The first tail, which consists of ion gases,

always linearly stretches out toward the opposite direction to the sun. This is because the solar
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winds, composed of charged particles such as electrons and protons, are emitted from the
surface of the sun due to the solar corona at speeds up to 750 km/s and electromagnetically
pushes away the charged ions on the comet [82]. On the other hand, the second tail is made
of dust and is electrically neutral. The radiation pressure of the sun light nudges a fraction
of dust. The dust particles retain their initial forward motion and result in a more curved tail
than the ion tail since forces generated on the neutral dust particles by the radiation pressure,
which is proportional to the linear momentum of light, are not as strong as the Lorentz forces

on the charged particles.

Linear momentum and energy

The derivation of the momentum of a photon can be conducted in the framework of the
special relativity [45], using the momentum p and energy E relation, E? = (pc)? + (mgc?)?,
where my is the invariant mass and c is the speed of light. Since a photon has no mass, the
second term including mg vanishes. The momentum, then, is expressed as the energy over
the speed of light p = % For a photon, the energy is proportional to the frequency f with the
proportional constant being the Planck’s constant h. Introducing the wavelength A [45], the

photon momentum becomes p = %

We now introduce the Ponyting vector S of a photon, which represents the energy flux of an
electromagnetic wave and is directly proportional to the momentum flux S/c [83], and appears
in the Poynting theorem [84]. According to the Poynting theorem, which represents the energy
conservation law, the change of energy density u over time is equal to a combination of the
divergence of the energy flux and the inner product of the total current density j and the

electric field E, ‘3,—‘; =-V-S—j-E.

In vacuum, there is no current density so the variation of energy u is equal to the divergence of
the Poynting vector. The Poynting vector represents the directional energy flow per unit area,

which is derived from the outer product of the electric field and magnetic field, S = E x H [83].

The Poynting vector 8 is linearly proportional to the linear momentum density g with the
proportional constant, 1/c?>. The momentum density is the momentum of light per unit

volume [45, 83]. The linear momentum density is given by g = E x H/c? = 8/c?.

When light propagates from free space to a dielectric medium, the momentum of light changes
due to the difference of the refractive index between free space and the dielectric medium.
About 100 years ago, a disagreement arose on the interpretation of this momentum change —

the so called Abraham-Minkowski controversy. Abraham anticipated that the linear momen-
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tum of light decreases when it enters a dielectric medium [85], while Minkowski predicted it
increases [86]:

Pabr = hey and  pwmin = nh_w, 2.1

nc c

where £ is equal to h divided by 27, w is the angular frequency and n is the refractive index
of the medium. Experiments have been conducted to clarify the controversy [87, 88, 89, 90].
They found that the experimental results supported both previous predictions. Theoretical
analyses were also examined to interpret the mechanism. The energy-momentum tensor in
the medium can be calculated by reversing the order of the Lorentz force [91]. The analysis of
the radiation pressure experiment elucidated how momentum is transferred to the medium
and divided into electromagnetic momentum and co-traveling mechanical (or canonical)
momentum of the medium [87, 83, 92]. A quantum perspective was also applied to analyze the
effective momentum of light in dielectrics [93, 94]. A hybrid momentum density, g* = %D x B+
% E x H/c?, was also suggested [95]. The theoretical analysis proved that the net momentum in
the world is conserved and both Abraham and Minkowski descriptions are equivalent [96]. The
origin of the controversy lies in the fact whether the mechanical momentum of the medium is

considered [97].

Momentum transfer in the form of radiation pressure

A photon carrying linear momentum reaches the surface of an object and exerts radiation
pressure, P.,q, by which the radiation pressure force is generated [83]. The force caused by the
photon moves the object and the object subsequently gains linear momentum in the same
direction as the incident photon has. The Poynting vector of photon indicates the radiation
pressure. Given the speed of light is constant, the Poynting vector becomes the force F times

the speed of light per unit area A:

_FAx_FAx
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The radiation pressure, P;,q4, can be calculated by dividing the Poynting vector by the speed
of light c. The time-averaged Poynting vector, (8S), is applied to avoid the consideration of
instantaneous fluctuation in time. The radiation pressure with an absorbing object can be
rewritten as Proq = (S)/c. The radiation pressure doubles when the absorbing material is
replaced with perfectly reflecting material. When a mirror-like material reflects the light, the
same amount of radiation pressure as that of the incident light is added due to Newton’s third

law.
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One of the early experiments in lab to observe the radiation pressure exerted by linear mo-
mentum of light was performed by Nicholas and Hull in 1901 [98]. In the experiment, a pair of
perfect absorbing plates are suspended on the ceiling via a quartz fiber in a vacuum chamber.
One of the plates is illuminated by light as shown in Fig. 2.1a and starts rotating as if it were
pushed by a hand. When the other plate is illuminated, the same effect occurs and maintains
the plates rotation. This experiment reveals the existence of linear momentum for light. The
Lorentz force cannot play a role, since the plates are electromagnetically neutral. Light that
reaches one of the plates exerts radiation pressure on the surface. When the absorbing plates
are replaced with perfectly reflecting mirrors, the radiation pressure doubles with reflecting

surfaces since the same amount of the reflected light's momentum is added.
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Figure 2.1: Examples of applications of linear momentum of light. a, Radiation pressure ex-
periment done by Nichols and Hulls [98]. Two mirrors are suspended on a string in a vacuum
chamber. One of the mirrors is illuminated by light and rotates through the radiation pressure.
b, Schematic of the optical tweezer mechanism when a laser is highly focused onto a trapped
particle [99]. The particle is trapped at the location where the gradient force and the scat-
tering force are balanced. ¢, An atom is laser-cooled by light illumination from 6 directions.
The vibrational (thermal) energy is canceled out by the momentum of light. d, Radiation
pressure-driven interferometry: a light mirror is suspended in the pendulum and moves by
the radiation pressure [100]. The length change in the system introduces nonlinearities. e,
Schematics for stationary radiation friction . f, Schematics of a solar sail: a wide and thin
mirror-like sheet connected with a spaceship reflects the sun light and generates the radiation
pressure on its surface [101]. The spaceship acquires the linear momentum for propulsion.

Applications of the linear momentum of light

The optical trapping mechanism can be explained by momentum exchange in ray optics when

the diameter of a trapped particle is much larger than the wavelength of trapping light [102, 1].
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A spherical particle is located on the z-axis, the refractive index of the particle is larger than
that of the surrounding medium and the particle is illuminated by focused incident light
propagating toward the positive z-direction (Fig. 2.1b (left). The actual position of the particle
is slightly above the focal spot, where the net force balances the scattering force. Once a ray of
the incident light reaches the surface of the particle, it forms an incident angle with the normal
at the point where the ray arrives on the particle, as shown in Fig. 2.1b (right). Subsequently,
the ray is refracted further toward the z-axis due to Snell’s law. The refracted light contains
a higher azimuthal component in momentum toward the center of the particle. In order to
satisfy the conservation law, the particle acquires the azimuthal component in the opposite
direction as well as the radial direction. A net force exerted by the momentum change is toward
the focal spot. When the particle is located above the focal spot, the momentum change brings
the particle back to the focal spot. When the diameter of the trapped particle is smaller than the
wavelength of the trapping light, the particle behaves like a point dipole [102, 103]. As before,
the scattering force moves the particle in the direction of light propagation. Furthermore,
optical forces can be enhanced in the vicinity of an optical resonance, leading to resonance

radiation pressure.

The principle of laser cooling is that the momentum transfer of a photon onto an atom either
heats the atom or offsets the vibrational movement. Since the motional energy and the
thermal energy of the material are synonyms in this case, the atom loses temperature down to
mili-Kelvin [104, 105]. The vibrational movement of the atom is not in one direction, so the
laser cooling is realized with 6 lasers to cover all the directions, as illustrated in Fig. 2.1¢c. A
light mirror suspended in an interferometry system can be pushed by the radiation pressure
and stay at the equilibrium point between the radiation pressure force and the gravity force
(Fig. 2.1d). When the length in the interferometer changes, the internal field varies and
introduces nonlinear effects such as optical equilibrium bistability and multistability [100, 106].
Radiation friction can also be realized by the radiation pressure, as was already suggested
by Einstein in 1909 [107, 108]. Consider a plate where constant radiation is incident into the
normal direction from both sides of the plate. When the plate is stationary, the same amount
of radiation pressure occurs on both sides as shown in Fig. 2.1e. However, if the plate moves at
a constant speed in the direction perpendicular to the surface, it produces stronger radiation
pressure on the front side (toward the direction of movement) compared to the backside.
Accordingly, two different forces magnitudes in opposite directions are generated on the plate
back and front and a net force slows the plate down; this net force is stronger with higher

speed.
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In 1970, Carl Sagan asserted that the radiation pressure exerted by the sun could enable
the concept of solar sailing [81]. According to his explanation, a spaceship with a wide and
thin mirror, which reflects photons from the sun, experiences the radiation pressure, gains
linear momentum and can travel in space without any fuel for propulsion (Fig. 2.1f). This
has many advantages such as low cost, long lifetime, constant sun light, cumulative effect
over time, and orientation of the spacecraft [109]. For example, the total energy generated
by the radiation pressure of sun light is close to the propulsion by electric engines: a 800
x 800 m? wide reflecting sheet located as far from the sun as the earth produces 5 N for
propulsion [110]. The first practical application of this technology is IKAROS, which was sent
to space in 2010 [101, 111].

2.2.2 Micro- nano-motors driven by linear momentum of light

The linear momentum of light and the radiation pressure have been reviewed in the previous
section. This section introduces methods of generating rotational motions by means of linear
momentum of light through micro- nano-motors and various examples with comprehensive
understanding. Even though there is no angular momentum in the incident light, the rota-
tional movements of nano- micro-structures can be realized by such optical effects. In other
words, the redirection of the light momentum drives the rotational momentum in the object.

Such motors are indicated as "LM" type in Table. 2.1, where their rotation speed is indicated.

Planar motors larger than the wavelength

Dielectric motors at the microscale have been explored with the advent of microfabrication
technologies [25, 18, 27]. The rotation mechanism can be explained by the refraction or
reflection in ray optics. The geometry of the motors with respect to the rays of the incident
light and the difference of the refractive index between the motor and the surroundings govern
the momentum exchange and cause the optical force. When the optical force is generated, the
viscous drag force of the surrounding medium hinders the motion accordingly. At the steady
state, a damping term with the viscosity in medium determines the rotation speed for a given

optical torque. The rotation speed is linearly proportional to the laser power.

As an example of refraction motors, a cross-like shape micromotor made of fluorinated poly-
imide (refractive index: 1.53 at 1064 nm) was fabricated by EBL and reactive ion etching [25]
(Fig. 2.2a). Ethanol (refractive index: 1.36 at 1064 nm) was selected as the surrounding medium.

A high NA oil-immersion objective (100X 1.25NA) is used to increase the transverse component
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Figure 2.2: Examples of 2D and 3D micro- nano-motors are presented. SEM images of low-
relative refractive index (a) and high-relative refractive index (b) motors fabricated by RIE [25].
¢, A ship-in-a-bottle motor stays in a micro cavity after femto-second laser-assisted etch-
ing [112]. d, Two-photon polymerization-made spiral motor [18]. It has two handednesses
that generate torques in the opposite directions. e, The two spiral motors from d are extruded
and jointed [113]. f, 3D turbine-like motor fabricated by two-photon polymerization [114]. It
generates a helical wavefront from a plane wave. g, The optical torque generation mechanism
in f can be explained by refraction and reflection in ray optics. h, Two-photon polymerization
realizes a 3D Archimedes microscrew motor [27]. i, Schematic of a gammadion plasmonic
motor embedded in a SiO, microplate [23]. j, SEM image of i on top of a SiO, plate. The motor
is fabricated by EBL and isotropic etching. k, Schematic and SEM images of Au aggregate
showing rotational movement under linearly polarized light [29]. 1, 4 pairs of Au nanorods
embedded in SiO; plate [115]. Each of them scatters the incident light unidirectionally.

of the incident light while the longitudinal component exerts the axial force to hold the motor’s
position. The refraction of the transverse components redirects the radiation pressure of the
incident light and generates the optical force on the side surface. Subsequently, the sum of
the optical forces generates a rotational torque. The rotational speed is 80 rpm under 120 mW
illumination. On the other hand, another motor is suggested as an engraved saw-like shape
motor whose inner part is empty, and the ring part has a lower refractive index in Fig. 2.2b.
When the engraved saw-like motor rotates, Cargille immersion liquid (refractive index: 1.61 at
1064 nm) replaces Ethanol. The engraved saw-like motor avoids the simultaneous trapping
of many objects: it presents stable trapping for a long term without gathering other objects,
because the intensity maximum appears at the center of the motor. The refraction of the
transverse component of the incident light manly happens on the side walls rather than the
center body. According to the Gaussian beam profile of the transverse electric TEMyy mode,
the center body that has no contribution to the optical torque is illuminated by the strongest

intensity. The TEMyp mode is replaced with the TEMy;* mode to enhance the rotational speed,
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which has the highest intensity over the beam profile rim. The TEMy; * mode exerts higher
rotational speed with the same laser power. Another example of dielectric planar micromotors
is shown in Fig. 2.2¢ [112]: a femtosecond laser-assisted etching realized SiO, motor which is
rotating in water. On the other hand, motors can also take advantage of reflection to realize
rotational motion [18, 26]. To to do, the two-photon polymerization technique was applied
to produce complex shapes [116]. The polymerization leads to a glass-like material with a
refractive index of 1.56. It has two different parts, the first one is a round and relatively bulky
part for trapping and the second one becomes a thin spiral for the reflection of light. The
rotation direction depends on the handedness of the spiral part and its position within the
trap site, as shown in Fig. 2.2d. The high NA objective is required to maximize the transverse
component of the incident light. There is probable friction between the glass substrate and
the rotor, which slows the rotation speed, when the motor is pulled by the focal spot and
closely approaches the substrate. Even though it has a 3D structure, the torque generation
occurs in the 2D spiral part. An extruded planar structure has also been realized as twin spiral
blades [113]. Two-photon polymerization by a mode-locked laser was used to fabricate this
motor shown in Fig. 2.2e. As we have seen for the previous motors, the handedness of a motor
with respect to the relative position to the focal center decides the rotational directions. When
the center of the motor between two blades is trapped at the focal spot of the laser, the two
blades that have the opposite handedness can rotate in the same direction. Compared to a
single blade motor, the twin blade motor shows improved speeds. A cylindrical structure that
wraps the motor blades is added to generate a continuous unidirectional flow, which reduced

the rotation speed by almost half.

3D Motors larger than the wavelength

In 2D planar motors, the torque generation mechanism was explained by the transverse
component of light. 3D motors can generate further enhanced optical torques due to the
extended degree of freedom in geometry. A 3D turbine-like spiral shape motor is realized by
two-photon polymerization [114] (Fig. 2.2f). The size of the motor is around 30 um. The driving
mechanism is realized by refraction and reflection occurring in a single helicoid. Figure 2.2g
shows that the refraction on the helicoid and the vertical backside and the helicoid’s internal
reflection generate the optical force to rotate the motor. The momentum conservation can
also explain the torque generation mechanism. The spiral phase plate structure of the motor
converts a plane wave passing through it into a helical wave, which carries orbital angular
momentum (OAM). The rotational speed reaches the highest value when the incident plane of

light corresponds to the cross-section of the motor. At this time, the conversion of light into the
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torque can be maximum with minimum waste of light. The rotational speed was 500 rpm with
200 mW in laser power when a 40x objective was used. A 3D Archimedes microscrew motor
consisting of cylindrical stairs is presented in Fig. 2.2h [27]. The two-photon polymerization
technique was used to realize the motor. The radius of the motor is 2 ym, and the height is
5 um. The momentum change due to reflection provides optical torques. This conversion
occurs simultaneously in all directions due to the cylindrical shape. This also gives the motor
the same orientation as the optical axis after being trapped; without the incident laser, the
motor has an arbitrary orientation. The rotational speed was 40 Hz with 200 mW of laser

power.

Motors smaller than the wavelength including plasmonic enhancement

Light refraction and reflection in ray optics have been employed to explain the torque gen-
eration when the motor is larger than the incident light wavelength. But, in the Rayleigh
regime, when the motor has a smaller size than the wavelength, the rotational mechanism
must be described by light scattering. When a linearly polarized incident light illuminates a
specific nanostructure, owing to its geometry, it is possible that the nanostructure scatters
light carrying angular momentum and, to satisfy the conservation law, torques are exerted on
the structure. This light scattering can be further enhanced by the surface plasmon resonances
that provide new opportunities in designing optical applications such as nanomotors [23],
antennas for optical trapping [9], nanorod metamaterials for biosensing [117], and nanoparti-
cles with tunable resonances that depend on shapes [118]. Therefore, optical torques exerted

on objects can be further enhanced at plasmonic resonances [31, 33, 22].

For example, a gammadion Au nanomotor has been demonstrated [23]. It causes the phase
retardation of the scattered light, which means that the re-emitted light carries OAM and, as a
result of the momentum’s conservation low, the motor obtains a torque. The motor consists of
four branches in which the geometry and optical properties of metal determine the resonance
frequencies, as shown in Fig. 2.2i. When light at a resonance frequency illuminates it, a plas-
monic mode is formed and induces phase retardation between the surface currents [119, 120].
Subsequently, OAM is impressed onto the scattered light and the motor rotates accordingly.
Plasmonic enhancement is observed as a function of wavelength in the electric field enhance-
ment. The spectral maximum torque positions also coincides with the enhancement position.
In particular, the rotation direction can be changed as a function of the different plasmonic
modes excited. The local electric field distribution and the time-averaged Poynting vectors

indicate the dependence of the rotation direction. In the gammadion motor, the plasmonic
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resonance at 810 nm generates the rotational movement anticlockwise, and another resonance
mode at 1700 nm rotates the motor in the opposite direction. The nanomotors are embedded
in the SiO, microplates; Fig. 2.2j shows that the motor is on top of the SiO, plate in the middle
of the fabrication process. One motor generates enough torque to rotate the entire body,
which is 4000 times larger in volume. The rotational speed is 0.3 Hz with 1.0 mW/um? laser
power density. Multiple motors can also be implemented in the same microplate and exert
a combined torque, although the latter is not linearly proportional to the number of motors

because inner torques are canceled out in this case.

Asymmetrically combined Au nanorods can generate optical torques with plasmonic reso-
nances as a nanomotor [29]. Figure 2.2k shows the schematic of Au aggregate with incident
light. The anisotropic scattering of the aggregate causes the rotational movement when the
incident light is linearly polarized. The rotational frequency is calculated as 16.16 Hz with
15 mW. As another example of asymmetric shapes for rotation, Au aggregates, fabricated
by pulsed laser ablation, also exhibit a rotational motion[121]. The rotational movement is

caused by the asymmetric shape, which generates anisotropic light scattering.

A combination of unidirectional light scattering units gives rise to rotary motion with plas-
monic modes [115]. A pair of nanorods is detuned to have dipolar resonances and scatter
unidirectional light, which generates lateral optical forces. For the rotational behavior, four
pairs of nanorods are implemented in cardinal points and generate torques as shown in

Fig. 2.21. The rotational speed is 0.25 Hz with 2.0 mW/um? in laser power density.

Rotational movement with alignment

Some other nanoparticles align with respect to the polarization of light, even though they
cannot create rotational motion by themselves [122, 123]. They exhibit a plasmonic resonance
and align in the direction that lowers the total optical potential energy. When a circularly
polarized light beam is introduced, the alignment nanoparticles are repelled toward the
minimum of light intensity [30]. Rotational motion can also be created by orienting the
polarization direction of the incident lights. When the particles are absorbing, circularly
polarized light can transfer the angular momentum to the particles. Moving the focal spot
along a round trajectory enables a trapped part to rotate, for example to control the flow rate

in micro-fluidics [124].
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2.3 Spin angular momentum

2.3.1 Spin angular momentum of light

The spin angular momentum (SAM) of light is described in this section. Circularly polarized
light is the most well-known example of light with SAM. The generation and transfer of SAM are
briefly explained; our purpose is not to look at details in the quantum-mechanical description
but to provide the prior knowledge for the next section on micro- nano-motors driven by SAM.

Experiments to prove the existence and transfer of SAM are also introduced.

Circularly polarized light in classical electromagnetism

The electric field oscillates with a constant frequency in general. The x- and y-components
of the electric field can have phases independent of each other when the field propagates
along the z-axis [45]. We can first think of the superposition of x- and y-components with
different amplitudes but the same phase. In this case, we have a linearly polarized oscillating
electric field. The orientation of the linear polarization depends on the amplitudes. When the
x- and y-components reach their maximum and minimum values simultaneously, they are
in phase. When the phase difference between the x- and y-components begins to occur, the
electric field takes an elliptical shape in a plane perpendicular to the propagating direction.
In the particular case where the x- and y-components have the same amplitude and a phase
difference of /2, the electric field shows a circular pattern, indicating that the light is circularly

polarized [83].

SAM and its transfer mechanism to an object

According to the quantum-mechanical point-of-view, the constituent parts of light are photons.
When the light is circularly polarized, each photon carries SAM o = +h [83]. The quantity
of SAM is h, the reduced Plank constant, and the sign, +, is determined by the polarization
handedness. The SAM direction, +#, is parallel to the propagation direction. The positive
value, +h, means the SAM has the same direction as the light propagation, and the negative

one, —h, is in the opposite direction, as shown in Fig. 2.3a.

The angular momentum of circularly polarized light can be transferred to an object. Electrons
bound to the substance move in a circular motion due to the Lorentz force exerted by the
rotating incident electric field. The angular velocity, w, of the electrons follow the light fre-

quency [125], while the torque generated by the magnetic field vanishes. In order to investigate
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the relation between the energy and the angular momentum, the power transferred from the
light to the substance is considered. The power is the derivative of energy, E, with respect to
time. Simultaneously, the power on an object in rotational motion is a torque time angular

velocity. So the relation can be written as:

E—wr (2.3)
dr ’

where 7 is the optical torque and J is the total angular momentum of light. The optical torque
corresponds to the time derivative of the angular momentum, 7 = %. The energy is linearly
proportional to the angular momentum with w as the constant of proportionality. When the
energy changes over time, the angular momentum also changes. This means the angular
momentum can be obtained when it absorbs energy from circularly polarized light. The rate
is given by:

J=—. (2.4)

When a charged particle emits or absorbs light, it undergoes an angular momentum exchange

of £/ as well as energy and linear momentum exchange.

It is also possible to generate a rotational movement within a birefringent particle by introduc-
ing a circularly polarized light. The birefringent particle can be considered as a half-wave plate
with a suitable thickness and wavelength. The half-wave plate particle can alter the handed-
ness of circularly polarized light [19]. While changing the handedness of circularly polarized
light, the particle obtains a corresponding angular momentum to satisfy the momentum

conservation law [21].

SAM transfer experiments

Since the SAM of light was confirmed experimentally, researchers have conducted experiments
to prove the transfer of SAM to an object. An investigation on the light scattering by gases
proves that photons can contain intrinsic spin in addition to energy and momentum [126].
An absorbing shaft is constantly revolving under illumination by a circularly polarized light
beam, which indicates the transfer of angular momentum [127] (Fig. 2.3b). The conservation
law in angular momentum has been confirmed by observing the angular momentum transfer
through a half-wave plate [19](Fig. 2.3c). Torques can be exerted on an absorbing particle by
the transfer of SAM [128]. A photon carrying SAM enables the excitation of an electron spin
through the SAM transfer [129]. Even light propagating in a waveguide can carry SAM [130].
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Figure 2.3: Examples of SAM of lihgt. a, Rotating electric fields in two different handednesses.
The positive value of SAM, +#, is in the direction of the propagation (left-handed circular
polarization). The negative value of SAM, -/ has the opposite direction to the propagation
(right-handed circular polarization) [131]. b, A steel shaft revolves at a constant speed under
illumination by a circularly polarized beam [127]. ¢, SAM transfer from a circularly polarized
incident light to a birefringent plate. The change of +2 & in angular momentum introduces the
opposite handedness in the transmitted light [19].

2.3.2 Micro- nano-motors driven by spin angular momentum of light

The SAM of light has been introduced in the previous section. In this section, the realizations
of the rotational movement through the SAM of light are observed with various examples of
micro- and nano-motors. We examine under which conditions this movement is possible and
categorize them. Besides, we have a look at the principle of plasmonic enhancement effects

on motors driven by the SAM of light.

Motors with an absorbing body

When an absorbing motor or particle absorbs a circularly polarized light beam, it rotates
due to the transfer of SAM [132, 133, 28]. The transmitted light beam may lose somewhat
circular polarization properties; it becomes linearly polarized when the angular momentum

is completely transferred. Torques exerted on the motor depend on the light intensity and
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the absorptivity of the motor at the wavelength of light. When a circularly polarized light is
intensely focused, the absorbing motor can be trapped and rotated at the focus. If optically
generated torques reach an equilibrium with the drag forces of the surrounding medium, the
rotational movement becomes constant. The handedness of circularly polarized light induces

the same rotation direction for the motor.

One of the early SAM motor experiments has been conducted on a CuO particle [132]. It
had irregular shapes and sizes ranging from 1 to 10 pm. A thin 50 nm CuO film showed 30
% light transmission at 1064 nm. A linearly polarized light beam is polarized circularly by
a quarter-wave plate, such that each photon possesses SAM. The beam is strongly focused
by an objective lens and traps a CuO particle in the vicinity of the focal spot. The rotational
frequency depends on the angle of the quarter-wave plate because the polarization quality

requires a proper angle between the linear polarization and the fast axis of the plate.

The transfer of SAM can also be observed with 2D arrays of polystrene (PS) beads [133]. The PS
beads whose diameter was around 1 pm were immersed in water for the experiment, where the
number of particles in the array was adjustable by varying the height of the stage. A circularly
polarized light beam rotated the PS beads arrays, whereas a linearly polarized beam did not
achieve the same. When circularly polarized light rotated the array, the transmitted light
appeared to be unpolarized. It is clear that the SAM of light was transferred to the PS beads

array and the conservation law of angular momentum was satisfied.

Au nanoparticles can also be considered as motors driven by absorbing SAM [28]. Colloidal
Au particles of 400 nm in diameter showed the rotational motion under circularly polarized
light illumination at the wavelength of 830 nm, Fig. 2.4a. The radiation pressure exerted
on the surface of highly absorbing particles is strong enough to push the particles away
against the gradient force. So, the particle cannot be levitated by a focused single beam.
Instead, the focus of the laser is located near the cover glass within the chamber so that the
displacement of the particle along the optical axis is hindered. Subsequently, the reverse glass
prevents the particle from being pushed away and the particle rotates at a fixed position. The
rotational frequency was measured by an avalanche photo diode with an autocorrelator and
the rotational frequency increased with the laser intensity. The measurement results implied
that higher laser intensity results in higher temperature, which reduced the viscosity and

friction in water.

The optical torques exerted by the SAM of light were indirectly estimated based on the ro-

tational speed of motors and the drag forces caused by the viscosity of surrounding media.
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There was also an attempt of high accuracy direct measurement of optical torques using a

magneto-optic manipulator [134].
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Figure 2.4: Micro- nano-motors driven by SAM of light. a, A spherical Au nanoparticle ab-
sorbs SAM and is set into a rotational motion [28]. b, A triangle-shaped flat motor has a torque
peak from scattering due to multipolar resonances [31]. ¢, A round flat motor presents a dipole
behavior and a torque from absorption while there is no contribution from scattering [31]. d,
A focused circularly polarized light rotates an Au nanorod. The rotation direction follows the
handedness of the light polarization [33]. e, Two torque contributions from absorption and
scattering are shown, with a plasmonic resonance at around 810 nm [22]. f, A calcite particle
converts the handedness of the polarization of the incident light and rotates at a constant
rotational frequency [21]. g, A micromotor is fabricated from a 1D photonic crystal [135]. h,
Two particles rotate in opposite directions to each other and control the flow in the middle [62].
The backflow is suppressed by covering the space between the particles and the wells. i, An
engaged motor system is realized where the rotational torque is generated by the transfer from
polarized light to a calcite particle and delivered to the neighboring SiO» micromotor [136].

Motors with both absorbing and scattering contributions

Two distinguishable contributions of absorption and scattering of light to the realization of
optical torques have been analyzed, comparing round, triangular, and rectangular shapes
thin Au nanostructures [31]. A circularly polarized light beam induces optical torques on
the structures: the round one has continuous rotational symmetry, while the others show
broken rotational symmetries, as illustrated in Fig. 2.4b, c. In the round shape, the scattering
contribution to the optical torque is negligible; only torques from absorption are exerted. On
the contrary, non-rotational symmetries such as triangular and rectangular shapes obtain
torques from scattering as well as absorption. High order multipolar plasmonic resonances
contribute to the scattering torques for the low symmetry nanostructures, while the round

one shows only a dipole mode.
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The theoretical analysis of Au nanorods, which show surface plasmon resonances and rotate
under circularly polarized light, has been reported (Fig. 2.4d) [33]. The maximum torque
generation occurs at the resonances, coinciding with the absorption efficiency, which implies
some optical torques are induced by the absorption of photons carrying SAM. The optical
torque efficiency is not linearly proportional with the absorption power, which means that
scattering also contributes to optical torques. Localized surface plasmon resonances and
extinction spectra are tunable by adjusting nanorods length [22]. Colloidal nanorods ranging
from 130 nm to 170 nm in length with a width of 65 nm have been synthesized and the torque
maximum corresponds to the resonances of both absorption and scattering (Fig. 2.4e). Here,
the scattering contribution dominates the optical torque. As in the case of Au nanoparticles
described previously, the heating due to extremely high power might change the viscosity and
convection properties of the surrounding medium and lead to unstable rotations when a high

power beam is used.

Motors with a birefringent body

In addition, birefringent particles can have rotational motion with circularly polarized light [21,
137, 62]. Refractive indexes of birefringent particles rely on the polarization and propagation
direction of impinging light. A birefringent particle with a suitable thickness can be used as
a half-wave plate for a wavelength. Half-wave plates can convert the handedness of circular
polarization from left to right and vice versa. In order to observe the conservation law of the
angular momentum, the SAM twice, 20, per photon is transferred to the wave plate. Likewise,
birefringent objects can obtain the SAM, by converting the handedness of circularly polarized
light. Unlike absorbing particles, transparent birefringent particles avoid the overheating

issue.

When a birefringent and transparent particle, such as calcite, vaterite, or quartz, is optically
trapped by a strongly focused and circularly polarized light beam, its optical axis becomes
aligned with the trapping laser [21, 137, 138, 139]. Converting the direction of circular polariza-
tion, it rotates at a constant frequency (Fig. 2.4f). An anisotropy structure, like a 1D photonic
crystal, acts as if it were a birefringent motor, as illustrated by the structure made of polymer
and sculpted by EBL shown in Fig. 2.4g [135]. With a Wollaston prism, two counter motors
can be realized and offer a promising concept for practical applications (Fig. 2.4h) [62]. An
engaged micromachine consisting of a block of calcite and a SiO, micro-element has been
demonstrated, which showed both the transfer of SAM to a matter and of the mechanical

torque to another, as illustrated in Fig. 2.4i [136].
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2.4 Orbital angular momentum

2.4.1 Orbital angular momentum of light

Linear and spin angular momenta have been elucidated in the previous sections. Here, OAM
carried by photons and its applications are introduced. Regardless of SAM, OAM exists when a
light beam has a phase distribution in its wavefront or in the cross product of the beam position
from the optical axis and its linear momentum. OAM is a comparatively recent discovery; in a
Laguerre-Gaussian mode in the paraxial approximation, the OAM exists independently of the
polarization state. Since it has unique features, it has been suggesting promising applications

for optical manipulation, nonlinear optics, telecommunications, and quantum mechanics.

Discovery of the OAM of light in the paraxial approximation

The linear momentum is /A per photon, according to the relativity equation [107]. Poynting
recognized that the photon could also carry the SAM when a light beam is circularly polarized.
Allen et al. discovered in 1992 that a beam with a helical wavefront contains OAM unrelated
to the circular polarization, and the phase distribution in an azimuthal plane depends on
exp(ilg) [140]. The topological value / can be any integer number and either negative or
positive; the sign determines the OAM handedness. When [ is equal to zero, the beam becomes
a plane wave and the intensity profile follows a Gaussian beam pattern (Fig. 2.5a). If [ takes
any nonzero integer value, the intensity profile is transformed into an annular pattern which
radius increases with /. A Laguerre-Gaussian (LG) mode is an example of a beam carrying

OAM,; its amplitude distribution in the paraxial approximation and given by [140]:
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where zp, is the Rayleigh range, L',ﬁ' is the Laguerre polynomial, ko is the wavenumber and w(z)
is the beam radius. The dependence of exp(il¢) indicates the existence of OAM in Eq. (2.5).
Since its discovery, the OAM has attracted much attention because of its unique features such
as quantization of the topological value, spatial phase distribution, interaction with SAM
and its association with quantum mechanics [141, 142, 143, 144]. Analysis and works related
to the OAM have been undertaken by many researchers [145, 146, 147, 148]. The study of

Laguerre-Gaussian beam modes in the paraxial approximation could also be extended to

23



Chapter 2. Recent advances in optical rotary motions at the micro- nano-scale

higher-order modes [149].

The main difference between SAM and OAM is that the former is related to polarization, and
the latter is associated with the spatial phase distribution. This means that light carrying
OAM can be polarized so that it has SAM at the same time. In optical trapping and rotation
experiments [150], we can obtain practical insights through quantitative comparisons of SAM
and OAM. Consider a beam carrying both SAM and OAM; when these two angular momenta
have the same handedness and the same amount of momentum, +# and the beam is focused
to trap a transparent particle, the rotational movement occurs by transferring the angular
momenta. If they are set into opposite handedness to each other, the particle stops rotating.
This experiment demonstrates that the OAM with [ = +1, mechanically corresponds to the

SAM with o = +1 [150].

In addition to the paraxial approximation, researchers have made numerous efforts to obtain
a non-paraxial vectorial beam solution for beams carrying OAM based on the full Maxwell
theory [151, 152] and the vectorial Rayleigh-Sommerfeld formulas [153, 154]. Higher-order
Bessel beams are another example of beams carrying OAM [155]. The Bessel beam is a non-
diffractive beam during the propagation [156, 157]. This unique feature of non-diffraction
enables optical conveyer belts [158]. Bessel beams can contain linear, circular, radial and

azimuthal polarizations [159].

Various experimental methods can be used to generate light carrying OAM. Hermite—Gaussian
(HG) modes can be modified into LG modes which carry OAM using 7/2 converter [140]. It is
also possible to change the handedness of OAM with a 7 converter [141]. This corresponds
to the relationship between SAM and wave-plates. However, to create an LG beam with a
higher amount of OAM, more complex HG modes have to be produced first, since each LG
mode corresponds to one HG mode. Spiral phase plates can also produce a beam carrying
OAM [160]. As mentioned above, OAM has a phase distribution in a plane perpendicular to
the beam traveling direction and a spiral phase plate make this phase distribution continuous
in the azimuthal plane. Therefore, the phase distribution becomes a multiple of the period
according to the wavelength of light. Computational holographic methods like spatial light
modulators (SLMs) can readily generate OAM of any [/ value from an incident plane wave [161].
The holographic image is made of the interference pattern of a plane wave and the beam to be
created (Fig. 2.5b). This method is of high quality, reproducible, and can produce any desired

phase and amplitude structures.
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Figure 2.5: Optical properties of optical angular momentum. a, Phase profile, intensity and
interference pattern with a plane wave are presented for / = -1, 0 and +1 [145]. Green arrows
represent the Poynting vectors. When [ = 0, the beam is a plane wave and the Poynting vector is
parallel to the propagation axis. When [ is not zero, the intensity profile becomes annular and
the interference pattern has a spiral appearance. b, Hologram pattern made by SLM generates
the first-order diffractive light carrying OAM from an incident plane wave [145]. ¢, Intensity
profile cross-section and Poynting vector distribution indicating the angular momentum flow
along the annular area [162]. d, A series of particles are trapped by a focused beam carrying
OAM [163]. They are aligned along the intensity maximum and rotate in an orbital trajectory.
The rotation direction follows the OAM handedness.

Poynting vector for a beam with helical wavefront

The origin, properties, and generation methods of OAM have been discussed so far. However,
the spatial phase distribution and the annular intensity of OAM may not be sufficient to
explain why this is one of the angular momenta. Although there are mathematical and
analytical proofs [164], a more intuitive explanation is required. The Poynting vector, which
is the cross product of the electric and magnetic field, depicts the direction and amplitude
of energy flux, which also represents the momentum flow [145]. Each component of linear
momentum density for an helical wavefront beam in the paraxial approximation can be given

in cylinderical coordinates [142]:
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where u is the complex amplitude and k is the wavenumber of light, while p, converges
to zero if the light is collimated. The skew angle, y = I/kr, between the azimuthal and
longitudinal components of the Poynting vector indicates the OAM [ per photon [162]. A
continuous Poynting vector in a beam carrying OAM spirals along the propagation axis, while
the azimuthal component results in the OAM and gives rise to the rotational movement when

it transfers the OAM to an object (Fig. 2.5c¢).

Applications of OAM

Along with linear momentum and SAM, OAM of light can be transferred and set rotational
motions into objects, as illustrated in Fig. 2.5d [163]. According to the azimutal components
of its Poynting vector, the lowest order of LG mode has the momentum flow rotating around
the optical axis. When this beam is focused to trap a particle, the annular intensity profile
enables the orbital rotation moves. With higher OAM integer values, the radius of the profile
and the amplitude of the Poynting vector increase. Interestingly, the LG mode beam can be
circularly polarized and produce SAM on top of OAM [165]. This causes both intrinsic and
extrinsic rotations on a birefringent calcite particle. This function has the advantage that it can
be easily made with a quater-wave plate. The direct conversion from SAM to OAM is possible
in inhomogenous and anisotropic media [143]. These two angular momenta can interact with
each other and lead to various phenomena such as spin-Hall effects, spin-controlled shaping
and spin-directional coupling [166]. These interactions can be enhanced by spin-based
plasmonic effect in circular symmetric slits [167]. Using plasmonic vortex lenses, the SAM of
incident light can be converted into the OAM of surface plasmons [168]. Spin-orbital coupling
generates multi-patterned optical lattices through hexagonal-shaped slits [169]. A series of
hexagonal slits produces plasmonic lattices in which SAM is converted into OAM [170]. The
integer number ! of OAM takes any value and can be encoded for telecommunications [171].
Such an OAM multiplexed system combines multiple beams carrying differernt OAM, which
are superimposed and send the information to a detector in free space. Second harmonic
generation with light beams carrying OAM enables also nonlinear effects: Two identical beams
with OAM, [ = +1, are introduced toward a dielectric crystal and produce an output beam
which has OAM, [ = +2, per photon to satisfy the momentum conservation law, which is
known as up-conversion process. Likewise, down-conversion process is also possible: for
example, a single beam can be converted into two lower-energy beams [145, 172]. In quantum
mechanics, down-converted photons generated by the parametric down-conversion enable
entanglements in both SAM and OAM [173]. In addition, the OAM entangled states can

interact with plasmonic modes in transmission and are transferred into surface plasmons in
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which the spatial modes are conserved [174].

2.4.2 Micro- nano-motors driven by OAM

This section introduces various micro- nano-motors that operate with angular momentum
transfer from OAM light. As we have seen in the SAM section, light absorption and/or scatter-
ing of rotating bodies can be the main source for rotational forces. Motors rotated by OAM also
have the same mechanism and show interesting rotational behaviors that reflect the unique
features of OAM, such as the phase singularity, the quantized topological charge number,
and the annular intensity distribution. Because of these characteristics, beams carrying OAM
are also called optical vortex or helical-wave front beams. In addition, the role of plasmonic

enhancement in motors driven by OAM is also examined.

Motors with an absorbing body

The z-component of the total angular momentum density per unit power for a LG beam
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the handedness of the circular polarization, o, = 0 stands for linear polarization [140]. The

can be calculated by M, = ﬁlul2 +

where [ is the topological index, o, = +1 is for

ratio of the total angular momentum flux to the energy fluxis J/cP = (I+ 0;)/w in the paraxial
approximation [142]. When the LG beam is tightly focused, the quantitative total angular

momentum carried by the beam can be expressed as [175]:
P
Tz=—(+02), 2.7
)

where P is the absorbed laser power. The angular momentum for a linearly polarized (o, = 0)
LG beam is proportional to the power, P, as well as the topological index, [. Considering
not only SAM But also OAM, the total angular momentum that a photon can carry becomes
(I+02)h [176]. The angular momentum of the LG beam can be transferred to objects and
cause the objects to rotate. The transfer method determines the amount delivered and the
rotation direction. When the LG beam is polarized, the o, value is no longer zero and the light
obtains SAM at the same time. If the handedness of SAM is the same as OAM, the total angular

momentum increases, as shown in Fig. 2.6a [177, 178].

In the conventional optical tweezer, the gradient force and the scattering force play major
roles [2]. While the scattering force keeps pushing the particle, the gradient force attracts it
toward the focal spot. The trapping position of the particle is determined from the balance of

the two forces. Likewise, light carrying OAM, such as a LG beam and other optical vortex beams,
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generates both gradient and scattering forces when tightly focused. Besides, the gradient force
is directed toward the annular beam intensity and particles smaller than the annular ring are
trapped and aligned along the ring. The azimuthal component of the scattering forces makes
these trapped particles rotate along the ring [165]. On the other hand, in the case of particles
larger than the beam spot, they are trapped at the optical axis of the beam, and spin in the
beam axis similar to the effect of SAM [175, 176, 20, 163]. Additionally, since the annular shape
of the beam intensity distribution exists in a relatively wide area, stable rotation is possible

even for a combination of several particles (Fig. 2.6b) [179].

=0s

Figure 2.6: Example of OAM-driven micro- nano-motors. a, A 2-pm-diameter Teflon particle
is rotated by OAM and SAM [177]. OAM always has a topological charge of / while SAM
takes o0 = +1 or 0. b, SiO, beads, confined by an optical vortex beam, rotate in the same
direction as the beam handedness [179]. ¢, Two Au nanoparticles are trapped within an
annular beam and rotated by the angular momentum transferred from the optical vortex
beam [180]. d, Schematic of a 10 um rod rotating within an optical vortex beam [24]. The
rotational axis corresponds to the center of the beam instead of the midpoint of the rod. e, A
trimer consisting of Au particles (0.8 — 1.5 um in diameter) is confined by an annular beam
profile [181]. Light OAM is transferred to the trimer and gives rise to its rotational movement.
f, Arrays of optical vortices are created by the holographic optical technique [182]. They
trap and locate microspheres into the middle part of the array. Subsequently, the spheres
unidirectionally move through the central path.

Motors with both absorbing and scattering contributions

Highly absorptive Au particles present unique features when trapped and rotated by a focused
optical vortex beam [180, 183, 181] (Fig. 2.6¢). The annular beam distribution of the vortex

beam generated by the phase hologram can confine Au nanoparticles with a size of about
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100-250 nm to the dark region inside the ring [180]. This confined region can be adjusted by
modifying the wavelength or the topological charge value. These dark areas can also prevent
particles from escaping by avoiding local heating. Particles of a specific size are trapped
along the annular intensity ring and rotate following the handedness of the vortex beam. This
indicates that we can selectively trap and rotate particles depending on their size. On the other
hand, another experimental result shows that when the numerical aperture increases from 0.9
to 1.2 and the particle size doubles, the increased absorption cross-section allows more OAM
to be transferred and more heat to be generated in the particles [183]. The generated heat
helps to rotate faster by lowering the viscosity of the surrounding medium. The relatively large
size makes trapping easier and enables stable manipulation. In addition, the wavelengths
used for manipulation were at the plasmonic resonance, which substantially enhances the

transfer of angular momentum.

A silver wire, whose length is 10 um, becomes set into a rotational motion when illuminated
with a linearly polarized optical vortex beam, as shown in Fig. 2.6d [24]. The rotation axis of
the wire is determined by the optical axis of the vortex beam. The rotational speed increases
with the topological charge. However, when the charge is [ = 1 or 2, there is no rotational
movement. There are two obstacles to rotating the wire: the drag force from the surrounding
viscosity and unexpected plasmonic effects. As a result, the angular velocity of the wire has
a dependency on the orientation and the rotational speed is suppressed when the wire is
aligned with the direction of the linear polarization. This is because of plasmonic interactions
that induce torques opposite to the momentum-transferred torque. For the realization of
rotational movement, the optical torque needs to overcome the plasmonic interaction torque
as well as the viscous drag torque. When the topological charger is larger than 2, the net torque
becomes positive and the wire starts to rotate. The faster rotational frequency is demonstrated

when the charge number increases.

A metallic trimer consisting of 0.8-1.2 um particles can also be confined within the annular
beam and rotate stably (Fig. 2.6e) [181]. However, since the metal particles outside the ring
are strongly influenced by the repulsive force of the focused beam, a collecting method for
each particle onto a specific place was employed. A conventional optical trapping is applied
to place particles in a particular area. Subsequently, a focused vortex beam begins to trap
and rotate the particles while the center of the particles matches the optical axis of the beam.
When the vortex beam is switched off, the constituent particles are randomly dispersed by the

Brownian motion.
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OAM arrays for trapping

Besides the generation of OAM using holograms, it is also possible to locally develop OAM
that plays the same role as a motor [182, 184, 185, 186, 170]. By making OAM arrays, particles
can be moved mechanically, as shown in Fig. 2.6f [182]. Such local OAM can be generated by a
phase plate [184], or by plasmonic metasurfaces [186]. Spin-orbital interactions are also used

to generate OAM locally [170].

2.5 Summary

The fundamental principles of optically-driven micro- nano-motors have been described in
this chapter, underlining the properties of light momenta and their interactions with micro-
nano-objects. Over the last decades, progress in nanotechnology and nano-optics have en-
abled tremendous developments for motors in terms of their size and rotation speed. Various
physical phenomena such as refraction, absorption, scattering, birefringence, and plasmonic
enhancement have been explored for optical torque generation. In order to enhance the
motors efficiency, cooperative platforms involving more than two rotary motion generation
mechanisms would be desirable. For example, combining and maximizing SAM and OAM
torques along with plasmonic enhancement can be performed in a single motor. In addition
to blending the different mechanisms presented in this chapter, various physical benefits from

other fields could also be implemented.

Artificial intelligence or machine learning has attracted much attention due to its promising
ability to generate new images, nanostructures, or metasurface designs [187, 188, 189]. Re-
searchers working on micro- nano-motors have tried many different structures but most of
the time they are as simple as a sphere, rod, cross, gammadion, or random aggregate [28, 22,
112, 190, 121]. What if we apply machine learning for nanomotor design? With tremendous
calculations, machine learning can suggest new structures with improved performances that
are not just a mere geometrical optimization. The predictable limitation of this approach
is the minimum resolution of the current nanofabrication technology. Actually, this is not a
completely new idea in nano-optics and researchers have tried to improve nanoscale optical

devices using machine learning [191, 34].

Metasurfaces possess very interesting applications in optical manipulation [192, 193, 194].
In particular, the ability to manipulate the direction of the reflected light is very useful to
provoke transverse components in reflection for optically-driven motors. OAM can also be

generated by metasurfaces [195]. Furthermore, SiO, sandwiched structures can contain any
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nanostructure shape, even separated islands [115], this can prove a powerful approach to

develop metasurfaces that generate strong optical torques.

New materials such as graphene that exhibit very promising nano-optical characteristics
will probably lead to further improvements for optical micro- nano-motors [196, 197, 198].
Implementing graphene in nanomotors has not yet been discussed and systems that maximize
the plasmonic enhancement and exploit the outstanding properties of graphene will certainly

open new possibilities and interesting applications, different from those reported so far.
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Table 2.1: micro- nano-motors

Type

ref.

Shape

Size

Material

mW-um=2

1 LM 25 Cross 7.0 um Polymer 1.25 0.66
2 LM 112 Cross 11.7 ym SiO, 1.4 0.025
3 LM 18 Spiral 5.5 by 8.6 um Polymer 1.4 6.0
4 LM 113 Spiral 4.0 by 9.0 pm Polymer 1.45 1.1
5 LM 114 Turbine 30.0 um Polymer 25
6 LM 27 Screw 2.0 by 5.0 um Polymer 1.25 11.6
7 LM 23 Gammadion 200 nm in SiO», Au 0.5 18
8 LM 29 Combinedrods 200-500nm Au 1.3 64
9 LM 115 Parallel rods 200 nm in SiO, Au 1.2 1.87
10 SAM 132 Irregular 1-10 pm CuO 100X 30
11 SAM 133 Aggregate 3 um Polystyrene 1.3 2.85
12 SAM 28 Particle 400 nm Au 0.7 4580
13 SAM 22 Rod 200 nm Au 0.7 115k
14 SAM 21 Particle 3 um Calcite 1.3 71.4
15 SAM 138 Particle 1.5-3.5um Vaterite 1.3 68.5
16 SAM 137 Particle 1.0 pm Quartz - 81.0
17 SAM 135 Turbine 6.5 um Polymer - 0.09
18 SAM 62 Particle 5.0 um Vaterite 1.3 -
19 OAM 175 Powder 1.0-5.0 pm Al,O3 1.3 15-150
20 OAM 20 Particle 20.0 pm CuO 1.3 70.5
21 OAM 112 Sphere 2.0 um Teflon 1.3 24
22 OAM 179 Sphere 1.0 pm SiO; - 420
23 OAM 178 Particle 5.0 um Polystyrene 1.2 127
24 OAM 180 Particle 100-250 nm Au 0.9 1.9
25 OAM 183 Particle 200 nm Au 1.2 70.5
26 OAM 181 Particle 0.8-1.5 pm Au 1.49 0.63
27 OAM 24 Wire 10.0 pm Ag 1.2 0.67
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Some of the results in this chapter are in preparation for publication.

3.1 Introduction

The optical manipulation of microscopic/mesoscopic particles has been exploited vividly
since the inception of optical tweezers in 1986 [1, 2, 17]. As one iconic example of mechanical
systems operated by light, optically-driven micro- nano-motors have been realized by means of
light absorption or scattering [44, 32]. Optical spinning motors, which convert light energy into
rotation [32], have attracted significant attention due to their promising applications as bio-
sensors [40], micro- nano-machines and robots [43, 41], micro- and nano-electromechanical
systems [57] for microfluidics [60, 199] and nanoscale surgery [41]. Apart from optical rotors,
self-propulsion motors driven by chemical [47] and magnetic [72] energy have also been
widely studied for the environment [200, 201], drug delivery [202], lithography [42] and sensing
applications [203].

The first scientific observation of optically-driven rotational movement has been demonstrated
by transferring the spin angular momentum (SAM) of light to an absorbing material [19]. Since
then, various absorbing optical motors have been explored [30, 28, 31]. Another example
of harvesting SAM for rotation is birefringent particles that convert the handedness of the
circularly polarized incident light and gain rotational momentum [21, 62]. On the other hand,
light may also possess orbital angular momentum (OAM), which differs from SAM in that itis a
property that stems from the spatial variations of the field rather than its polarization [140, 148].
Naturally, motors and manipulation applications based on OAM have also been widely studied,

thus diversifying optical manipulations [182, 204, 181, 205].
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At the same time, together with the developments of fabrication technologies at the microscale,
the realization of non-absorbing optical micromotors has benefited from increased precision
and design flexibility. For example, two-dimensional dielectric micromotors that rotate by
refracting the azimuthal component of a focused beam have been fabricated by etching [25].
Additionally, three-dimensional motors have been realized with a significant degree of geo-

metrical freedom at the microscale using two photon polymerization [113, 27].

Furthermore, the recent advances in nanofabrication [206] have enabled the realization of
subwavelength features, especially in plasmonic metals [207, 3]. The resonant optical enhance-
ment produced by plasmonic nanostructures has found many applications to enhance optical
trapping [9, 3], absorption [208], scattering [209], fluorescence [210], spectroscopy [211] and
heating [212]. It can also be applied to nanomotors such that the plasmonic modes drive
the rotary motion [23, 213]. Plasmonic enhancement attributed to localized surface plasmon
resonances (LSPRs) supports light scattering and absorption, which can both induce a force
on the illuminated structure through momentum exchange [214, 215]. For the absorption, the
amount of angular momentum transferred from the incident light to absorbing nanomotors
depends on the LSPR properties of the nanomotors. Consequently, the rotational speed of
SAM and OAM absorbing motors can be enhanced by plasmonic resonances [33, 24]. On
the other hand, the geometry adjustment in a nanomotor allows the optical torque to be
further enhanced by scattering [22]. In metallic structures, multipolar LSPRs can selectively
enhance the conversion efficiency and make the scattering optical torque predominant [31].
When the scattering torque is stronger than the absorption torque, it is possible that the
optical torque drives a nanomotor in opposite direction to the polarization handedness of the
incident light [216]. Scattering torques are also favoured to avoid excessive heating. However,
so far, the geometries that have been explored to induce strong scattering torques were based
on intuitive designs such as rods [22], crystals [217], planar triangle structures [31], gamma-
dions [23], or elementary spirals [216]; with a maximum optical torque reaching a theoretical
value of 300 pN nm/mW um~2 [216]. Here, we develop an appropriate method to overcome

the limitations of intuitive designs and reach significantly higher torque values.

Thanks to the tremendous computational power that has been available since the middle of
the 2010s, artificial intelligence has been able to tackle highly complex scientific tasks [218].
For example, machine learning has produced interesting results in fields such as big data
analysis [219], medical diagnosis [220], image classification [221], natural language process-
ing [222], and deep fakes in media [223]. Recently, machine learning algorithms have been

used to design optical devices such as metagratings [224], nanoantennas for nonlinear op-
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tics [225], optical tweezers [226], waveguides [227], periodic gratings [228], and dielectric color
filters [229], demonstrating that machine learning algorithms can be successfully used in
nano-optics [230, 191, 231]. With a sufficient amount of data and well-designed algorithms,
the machine comes up with solutions as if it had physical insights [34]. Those solutions are not
just optimized but expand outside of the dataset boundary. Although the results of machine
learning are remarkable, one should keep in mind that transposing them to the real world

represents another challenge due to the nanofabrication limitations.

In this thesis, plasmonic nanomotors which rotate under the illumination of linearly polarized
light are designed by machine learning and experimentally demonstrated. A nanomotor
consists of a gold (Au) planar nanorotor and a SiO, embodiment. First, we use machine
learning algorithms to design nanorotors with exceptionally high torques. A torque predictor
made of CNN [232, 233] is connected to a DCGAN [187] nanorotor generator, to compose the
nanorotor structure generator. The SIE method is then used to study the electromagnetic
properties of the proposed nanomotors, especially their optical torque [234, 235]. After an
extensive nanofabrication optimization process to reach the level of details associated with the
designed nanostructures, the most promising nanomotors are fabricated and characterized

experimentally.

3.2 Nanomotor structure design using artifical neural networks

3.2.1 Methods

To generate nanorotors with higher torques beyond intuitive human insight, machine learning
algorithms were built based on well-known CNN and DCGAN, and optimized in accordance
with the goal. This work has been done with Tensorflow on Google Colaboratory, which is a
cloud-based Jupyter notebook environment on GPUs (NVIDIA Tesla P100 PCIe and T4). An
initial random dataset consisted of 4’400 pairs of blade images and their torque values (see
the “Random dataset geometry” section in the Methods). SIE was dedicated to calculate their
torques (see the “Numerical analysis with SIE” section in the Methods). A torque predictor
constituting CNN was trained to have the ability to predict a torque value from an input blade
image. After that, the predictor evaluated torque values of newly generated blades in DCGAN.
The evaluation influenced the minimax game as the third loss function, forward loss, along
with the conventional discriminiator and generator loss functions. After the training, output
nanorotors statistically revealed the improvement of optical torques under illumination as

well as rotor-like shapes.
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Figure 3.1: Original geometry from the random dataset. a, Example of a pair of ellipse plots
(red and blue curves) originated from random coefficients. b, Roughness is randomly added
to both curves. ¢, Curves are closed, reconfigured, and smoothed. d, Interpolygons of the two
curves are selected, flipped, and aligned. e, The difference between both polygons produces a
random blade shape.

Random geometry generator The random dataset used for the machine learning training is
made of random spiral shapes. The spiral shape is achieved by subtracting two different
ellipses with arbitrary sizes and roughnesses. To reach the required geometrical degree of
freedom, uniformly distributed random numbers (function rand(), MATLAB R2018b [236])
have been used for the used to define the ellipse parameters. First, two random coefficients

are set as
ax = ap+ray
(3.1)
ay = 2ap + rap,
where ris a random number between 0.0 and 1.0, and ay is the constant number 3 x 1077,
which corresponds to the rough nanorotor dimensions we are aiming at. These coefficients

define the ellipse in the x—y plane:

X = aycos(t) cos(f) — ay sin(t) sin(0) 3.2)
3.2
¥ = ay cos(t) sin(0) + ay sin(z) cos(0),

where 0 is the ellipse tilt-angle, and tis Nr &, ty is a random angle between 9° and 18°,
Ne{1,2,....,10}. Two ellipses with different random coefficients are set (Fig. 3.1a). To include

roughness, the ellipses are further modified using random functions as detailed Fig. 3.1b:

x'=xv-0.1rag
(3.3)
¥y =xy-0.1ray.

Subsequently, a spline interpolation renders the elliptical curvature smooth, and the curvature
is closed by connecting the initial and final points. Two elliptical curvatures are rearranged
and aligned (Fig. 3.1¢,d) and one is subtracted from the other one to form a spiral shaped
blade, Fig. 3.1e. The blade is repeatedly attached on a disk and the extrude function completes

the final structure.
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Torque predictor The network for a torque predictor is illustrated in Fig. 3.2a. A CNN containing
residual networks has been selected to build the torque predictor [232]. With deeper learning
by adding layers, the residual networks provide enhanced performances, suppressing the
degradation and vanishing gradients due to the skip connections. The residual CNN includes
13 Blocks (each consisting of one 2D convolutional layer, Batch normalization, and the Leaky
ReLu activation function) and six skip connections completed with a flatten layer and two
dense layers. It takes an input blade image (128 x 128), and provides an output torque value
(1x1). The Adam optimizer [237] with the learning rate of 2.310~% and the mean squared error
(MSE) loss function have been selected for the optimization [238, 239]. The optimization of the
predictor algorithm was conducted until the torque predictor gave strong positive correlation
(> 0.7) between real and predicted torque values from the validation dataset (Fig. 3.4b inset).

The weight update of the torque predictor is halted after it reaches the required correlation

value.
a CNN with residual skip connections b DCGAN with a torque predictor
Input image (128, 128, 1) Generator
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Figure 3.2: Schematics of the machine learning algorithm. a, Residual CNN optical torque
predictor consisting of 15 bock layers and 6 skip connections. A block contains a convolutional
layer, batch normalization, and leaky ReLu activation function. It receives an input image
(128 x 128) and gives an output torque value (1 x 1). b, ADCGAN nanorotor structure generator
is constituted by coupling a conventional DCGAN with the torque predictor in a. The torque
predictor gives rise to an additional loss function, forward loss Lp.

Lp = X|P(G(2)]*

Nanorotor generator The network for a nanorotor structure generator is illustrated in Fig. 3.2b.
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DCGAN has been selected to design the nanorotor structure generator since it exhibits more
stable and deeper training thanks to the convolutional layers compared to GAN [240]. The
discriminator is composed of three convolutional layers with the kernel (5 x 5) and the strides
(2x2and 1 x 1), aflatten layer, and a dense layer. It receives an input image (128 x 128 x 1) and
gives an output value (1 x 1). LeakyReLU was used as the activation function and the dropout
rate is 0.3. The generator consists of one dense layer and three transposed convolutional layers
with the kernel (5 x 5) and the strides (2 x 2); it receives an input noise (200 x 1), and generates
an output image (128 x 128). The discriminator and generator loss functions are made of
cross entropy. The optimizer for both is Adam with a learning rate of 1.0 10~%. The nanorotor
generator is constructed by combining the conventional DCGAN and the torque predictor.
Once the torque predictor is involved into DCGAN, it begins to influence the adversarial
feedback loop as an additional loss function, forw_loss, which gives low losses for high
torques. The gradient of “Total loss”, coef_g * gen_loss+ coef_f * forw_loss, is used to
optimize the weight update in the generator during the training, and is adversarial to that of
disc_loss. After training, nanomotor generator produces further enhanced optical torques
(Fig. 3.5). The coefficient coef_f gradually increases to suppress the porous surface during

the training (Fig. 3.3).

3.2.2 Results and discussion

To prepare a dataset for machine learning, 4’400 nanorotors made of 30 nm thick gold
nanostructures were generated by a random function varying the angle, length, and width
(Fig. 3.1) [241]. For each structure, the corresponding torque value was calculated with SIE to
form input pairs consisting of an image and its torque. Fig. 3.4a (left) shows an example of
randomly generated single blade structure as a 128 x 128 binary image. A complete nanorotor
structure is built by repeatedly attaching six blades to a central disk with a uniform angular
spacing, as shown in Fig. 3.4a (right). Note that the torque calculations are conducted on
the complete nanorotor structure. The torque increases with the number of blades, while
the spectral torque peak position remains. The number of blades is set to 6 because the
nanofabrication becomes excessively difficult for more than 6 blades (Fig. 3.6). This dataset is

divided into a training set with 3’520 structures and a validation set with 880 structures.

The goal of the machine learning is to produce nanorotor structures that exhibit stronger
optical torques than the training set. To do so, a torque predictor is built from a CNN with skip
connections [232] and is implemented in DCGAN to provide an additional objective loss: a

forward loss. A CNN, which extracts features from an image in multiple hidden layers and
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Figure 3.3: Examples of 6 generated blades as a function of epoch. a, coef_f is constant
and fixed as 1.4 during the training. Generated images tend to have unfavorable porous
surfaces and background noise during the training. b, With a gradual increase in coef_f,
porous surfaces and background noise are suppressed in the generated images. c, After the
training, porous areas (red dashed circle) and background noise (blue dashed circle) are de-
tected in a (left), whereas binary image quality is much improved in b (right).

tries to find a suitable weight matrix in fully connected layers [233], is trained with the training
set. Once the training is done, the torque predictor receives a binary image (128 x 128 pixels)
as input and provides a torque value (1 x 1) as output (Fig. 3.4b (top)). The validation set test
indicates a strong correlation of 0.78 between the SIE calculated torques and the predicted
torques, as shown in the inset of Fig. 3.4b (top right). The trained torque predictor is coupled
to a DCGAN to form a nanorotor generator. The DCGAN generates new images which contain
features from real images through the adversarial characteristics when the generator and
discriminator loss functions are properly designed [187]. Implementing a torque predictor
helps the machine acquire insights into the relationship between a geometry and its torque; it

is essential to design a forward loss function which is directly affected by the torque values of
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Figure 3.4: Machine learning algorithm for nanorotors generation. a, Example of a 128 x 128
binary blade image and a complete nanorotor structure consisting of 6 blades and a central
disk (scalebar 100 nm). b, Schematics of torque predictor and nanorotor structure generator.
The predictor is made of CNN and trained to predict a torque value (1 x 1) from an input image
(128 x 128). The inset on the top right is the correlation between predicted and SIE calculated
torques from a validation set excluded from the training set. A nanorotor generator is made
of a DCGAN and a trained CNN. The algorithm tries to optimize not only the discriminator
and generator losses but also the forward loss, which is inversely proportional to the predicted
torques from the generated structures. ¢, Objective losses as a function of epoch. The generator
and discriminator losses are reduced as a function of the epochs (left). A forward loss term
is added and interacts with the conventional losses (right). d, Probability histograms of
torques for the random dataset used for training (left) and for the generated nanorotors (right)
(Fig. 3.5).

the newly generated nanorotors. The detailed training configuration can be found in Fig. 3.2.
The generator in the networks receives a random noise input vector (200 x 1) and produces an

image (128 x 128) according to its weight matrix.

Without the forward loss (Fig. 3.4c (left)), the DCGAN conventionally works such that generator
and discriminator losses approach the asymptotic line at a so-called Nash equilibrium and
produce nanorotor structures irrespective of torque values [240]. In this case, since it just
reproduces the features of randomly generated nanorotor stuructures, the torques distribution
resembles the random dataset (Fig. 3.5). To generate structures with improved torques, the
forward loss is involved with the generator and discriminator losses, and influences the

generator weight matrix training. Forward and generator loss functions are combined and

40



3.2 Nanomotor structure design using artifical neural networks

0.08 T T T T T T

PH of random dataset
007 F — PDF of random dataset

PH of conventional DCGAN
—— PDF of conventional DCGAN
0.06 F PH of 1% iteration
—— PDF of 1% iteration

PH of 2™ iteration
= PDF of 2" iteration

PH of 3" iteration
= PDF of 3 iteration

o

=)

o
T

Probability histogram & density function
o o o
S 8 ¥

o
[S)
=

103 102 107 100 10! 102 108 104
Torque [pN nm/mW pm=]

Figure 3.5: Statistical analysis of output torque improvement. Probability histogram (PH)
and probability density function (PDF) of the random dataset (grey), the output of conven-
tional DCGAN without forward loss (yellow), and the outputs of nanomotor generator with
different iterations (green, blue, and red) are present. According to PDF of the random dataset,
the random function in Fig. 3.1 produces nanorotors with torques around 1.0 pNnm most.
The conventional DCGAN without forward loss produced slightly increased torques since
it produces further randomized structures compared to the random function. When a for-
ward loss term is added to the DCGAN, the output torques are improved, the PDF becomes
right-shifted at the 15! iteration. The 2"¢ and the 3™ iteration show even better torques, peak
positions at 100pNnm, and narrower curves in PDF compared to that of random dataset.
There is not much difference between these two iterations, which implies the end of learning.

adversarially operate against the discriminator loss function. The relative value weight of the
forward loss compared to the generator loss changes by adjusting a forward loss coefficient
during the training. At the beginning, the algorithm focuses on the generation of nanorotor-
like shapes; then, as the coefficient of the forward loss gradually grows, it gradually increases
the torque associated with the generated nanorotors. The forward loss coefficient is zero
for epochs 0-10, 0.8 for epochs 11-20, 1.2 for epochs 21-30 epoch, and 1.4 for epochs 31-50
(Fig. 3.4c (right)). Consequently, the forward loss decreases as the epochs go by, and the
generator and discriminator losses move away from the previous asymptotic line since the
nanostructures with improved torques have different geometric features compared to the
random training set. After the training, the nanorotor generator provides rotor-like structures

with higher torques.

Figure 3.4d (left) shows probability histograms of torques for the random training dataset. For

those random geometries, the maximum torque is 232 pN nm/mW um ™2, and most of them —
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Figure 3.6: Blade number dependency of the optical torque. A blade generated by the ran-
dom ellipse functions is combined with a disk. The optical torque increases with the number
of blades while the rotor keeps the same distance between blades. Note that the torque spectra
remain almost the same with the number of blades.

corresponding to the broad peak in the left panel of Fig. 3.4d — are around 1 pN nm/mW pm 2
On the other hand, the nanorotors created by the trained generator network reach a torque
0f 2’799.3 pN nm/mW pm_z (right panel). Furthermore, on average, the machine-designed
nanorotors exhibit a torque two orders of magnitude larger than the random dataset. Based

on the nanofabrication constrains, four rotors were selected for the experiments (Fig. 3.7).

Figure 3.7: Nanorotors with sub 10 nm features. a, The nanorotor attains an extremely high
theoretical torque 2'799.3 pNnm under a given illumination, 1.0mW/um? (scalebar 100 nm).
Unfortunately, this geometry requires sub 10 nm features (red boxes) that are beyond the
feasible nanofabrication resolution. Other examples of nanorotors with small features and
high torques: b, 1'987.7pNnm and ¢, 1'786.0 pN nm, respectively.
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3.3 Numerical analysis of generated structures

3.3.1 Methods

The electromagnetic response of a system is described by Maxwell’s equations. In this work, the
SIE method, which efficiently solves Maxwell’s equations in their surface integral form [234], is
used to study various optical properties such as SCS, multipoles moments, polarization states,

electric field intensity distribution, Poynting vector flux, optical forces, and torques.

Surface current calculations on an object. The SIE solution provides electric and magnetic
surface currents on each part of the triangular mesh that discretizes the surface of the scat-
tering object (the plasmonic nanorotor in this case) [242]. With the surface currents, the
parallel components of the fields can be directly obtained by the cross product of the cur-
rents and the outward vectors, and the perpendicular component of the fields can also be
derived from Maxwell’s equations [235]. Adding the two components for each field, the electric
and magnetic fields on the surface can be expressed in terms of the surface currents. Using
Rao-Wilton-Glisson (RWG) basis functions [243], SIE can expand the surface currents over
triangular discretized meshes with the vertices of the triangle and the coefficients related to

each vertex.

SCS calculation and multipole decomposition. At specific frequencies, the optical light-matter
interaction can be especially strong, corresponding to the excitation of electromagnetic reso-
nances in the system. These resonances are especially strong in plasmonic systems like the
nanorotors studied here [244]. They appear as peaks in the SCS and are related to the material
properties and the geometry of an object. With the SIE, the surface fields can be directly
calculated by the surface currents. And, the scattering and extinction cross-sections are given
by integrating the Poynting vectors of the incident and surface fields [245]. The multipole
moments of the scattered field can be analysed by using vector spherical harmonic (VSH)
basis functions [83]. A sum of VSHs represents the complex electromagnetic far-field, and
integrating the complex scattered field on a large sphere (whose radious is 10pum) allows us to

find the decomposed multipole moments [246].

Optical force and torque calculations on a scatterer. Optical forces for arbitrary shapes under
illumination have been numerically computed with Maxwell’s stress tensor and the outward
normal vector to the closed surface. The time-averaged optical force can be calculated by the
time-averaged Maxwell stress tensor. From the SIE solutions, the Maxwell stress tensor can be

directly expressed in terms of the surface currents [247]. Once the local optical forces acting
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on each triangle of the mesh are computed, the optical torques at the center of mass can be
calculated by the cross product of the position vector from the center to the centroid of the

mesh triangle and the force vector [235].

Electric and magnetic field calculation near a scatterer. The surface currents obtained from
the SIE method can also be used to calculate the near-fields surrounding a scatterer [248].
Vectorial solutions of the scattered electric and magnetic fields are obtained directly from
the SIE solutions using Green functions. The distribution of the electric field intensity may
then be computed by calculating the fields at local points (in this case the resolution is 2nm).
Time-averaged Poynting vectors, which represents the power flow and may also be related to
the momentum flow, at each point are calculated by the cross product of electric and magnetic
fields. Such flow are useful to understand how a nanorotor scatters light. Moreover, we can
associate the collective contributions of each Poynting arrow to the rotary motions of the

nanorotor.

Polarization state of the radiation. The polarization of the light scattered by the nanorotor
was investigated to understand the origin of the optical torque. The polarization states are
calculated using the Stokes parameters as a function of wavelength and then represented on
a Poincaré sphere [249]. Since most of the scattered light is linearly polarized from 600 nm
to 1700 nm, we conclude that there is no SAM, which indicates that OAM accounts for the

angular momentum of light observed in the vicinity of the nanorotor.

3.3.2 Results and discussion

The selected Au nanorotor geometries are presented in Fig. 3.8a. The blue, red, green, and
purple color frames on the generated images identify the individual rotors throughout. The
SIE numerical technique was used to compute the SCS, multipolar decomposition, near-
field distribution, time-averaged Poynting vector, optical force and torque for each geometry
(see the “Numerical analysis with SIE” section in the Methods) [248, 235]. The nanorotor
surface was discretized using a triangular mesh with a typical side length of 4 nm, which
provides accurate numerical results for an operating wavelength around A = 980 nm [242]; the

experimental data from Johnson and Christy were used for the dielectric function of Au [250].

Figure 3.8b shows that the generated nanorotors exhibit a plasmon resonance around A =
980nm, as desired. The SCS multipoles decomposition shows that the electric dipole is
dominant, while the magenetic dipole or higher-order multipoles are negligible in the studied

wavelength range. It is remarkable to note that all the designed structures are resonant at
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Figure 3.8: Numerical analysis of the four chosen nanorotors. a, The selected nanorotor ge-
ometries generated by the trained nanorotor generator. The blue, red, green, and purple colors
identify the chosen geometries and will be used throughout (scalebar 100 nm). b, SCSs and
multipoles expansions calculated with the SIE method for vertically polarized illumination
at normal incidence; the electric dipole is the dominant multipoles and the rotors exhibit a
plasmon resonance around A = 980nm. ¢, Electric field intensity distribution (colormap) and
time-averaged Poynting vectors (blue arrows) for the nanorotors at A = 980nm for vertically
polarized incident light. d, optical torques calculated with the SIE method.

A =980nm, although this constrain was not included in the machine learning algorithms.

To gain insights into the mechanisms that lead to an optical torque in those nanostructures,
we show in Fig. 3.8c the electric field intensity and time-averaged Poynting vector distributions
in the x—y plane at the center of the structures. The Poynting vectors are generated by electric
and magnetic fields exerted by the multipolar responses under the illumination of light [251].
Hotspots at the edges of each blade are observed at the resonant wavelength [252]. The
Poynting vectors — representing a flow of photons with their momentum - point in opposite
directions on each side of the structure, thus indicating the origin of the optical torque. Note
that the centrifugal and centripetal components of the Poynting vectors do not produce any

optical torque whereas the remaining components do contribute since the scattered photons
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carry momentum. The nanorotor rotates to satisfy Newton’s third law; hence, the rotation
originates from the scattering optical torque, not from the absorption optical torque. The
latter is a well-known principle, where the rotation direction follows the handedness of the
incident circularly polarized light. However, it cannot explain the optical torque generated in

the nanorotors considered here because these structures do not exhibit circular birefringent

properties.
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Figure 3.9: Polarization independency of the selected motors. a, SCS calculations demon-
strate that the response is independent of the illumination polarization. The colors identify
the chosen structures. b, Optical torques also do not depend on the polarization.

The time-averaged optical force on matter can be calculated by the surface integral of the time-
averaged Maxwell stress tensor [247]. (Fig. 3.8d). The SCS properties, scattered light Poynting
vectors, and the optical torques infer that the resonant optical scattering with plasmonic
enhancement in the planar Au nanorotor induce angular momentum in the scattered light
which did not exist in the incident light, and the reaction on the nanorotor results in the

scattering optical torque.

Note that for incidence normal to the nanorotor plane, the generated torque and SCS reso-
nance are independent of the incident linear polarization orientation. The optical torque peak
position and amplitude remains unchanged for different orientations of the incident light
polarization, which indicates that the rotor would continuously rotate under the constant

application of a linearly polarized incident wave (Fig. 3.9).

The scattered light polarization state represented on the Poincaré sphere over the visible
and infrared ranges shows nearly linear polarization (Fig. 3.10), implying that it possesses

almost zero SAM. On the other hand, one may understand the existence of optical torques by
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Figure 3.10: Poincare sphere over the visible and infrared ranges. The scattered light com-
puted for one nanorotor remains linear polarized over visible and infrared ranges. This
indicates that the angular momentum of light has no SAM but OAM.
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Figure 3.11: Angular momenta of fields near nanorotors. The cross products of location vec-
tors from the center of nanorotors to points around the nanorotors and its Poynting vectors
are calculated for incident, scattered, and total fields. The Scattered and total fields involve
the angular momenta associated with optical torques while the incident fields has no angular
momentum.

considering that the cross product of the location vector from the center of the rotor r and
the time-averaged linear momentum density (p) = 65"Re[E x B*] produces the time-averaged
OAM density (j) =r x (p). It follows that the total angular momentum generated near the
nanostructure can be calculated by volume-integral of the time-averaged angular momentum
density of the total fields. Since the linear momentum density is linearly proportional to the
Poynting vector (S), the total angular momentum is thus given by [, G)dV = é Jyrx(Sydv.
The z-components of the angular momentum reveals the reversed responses to the optical
torque, which implies that the OAM induced by the off-centered Poynting vectors in the

vicinity of the nanostructures mainly contribute to the optical torque on matter (Fig. 3.11).
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Chapter 3. Optically-driven Au nanomotor designed by machine learning

3.4 Nanofabrication

3.4.1 Process flow

The entire nanofabrication process for free-standing nanomotors was carried out in the class
100 clean room at the the Center of MicroNano Technology of EPFL (CMi). The fabrication

details are as follows.

Si0: - Si Au - Ti - cr HsQ

Film deposition EBL with HSQ lon beam etching Cr wet etching SiO2 deposition
) i} } P
EBL with PMMA . . . . . . - . .
& lift-off with Cr Cr deposition SiO: anisotropic etching Cr wet etching Si isotropic etching

Figure 3.12: Process flow for nanomotor fabrication. Au nanorotors were fabricated using
standard electron beam lithography (EBL). The HSQ masks protected the Au layer during IBE
process. The plasmonic nanorotor was sandwiched between two 300 nm SiO, layers. Another
EBL process, directional Cr deposition, and lift-off process were followed to form reactive
ion etching (RIE) masks. After the lift-off process, RIE fabricated SiO, embodiments. Cr wet
etching process removes the remaining Cr layers. The XeF, isotropic etching system etched
the sacrifical Si layer, and detach the nanomotors at the last step from the fused silica substrate.
More details are found in the “Nanofabrication process flow” section in the Methods

Substrate selection and cleaning. Fused silica wafers (Siegert Wafer GmbH) were chosen as the
fabrication substrates. The diameter was 100 + 0.5mm and the thickness was 525 + 50 pm.
It consisted of amorphous SiO,, 100%. The root mean square value was 12A. There was no
specific orientation. The degassing issue was not considered due to the high SiO, purity. The
substrate wafer was cleaned with a sequential acetone-isopropanol and oxygen plasma (PVA

Tepla Gigabatch; power: 200W, O, flow: 200sccm, pressure: 0.5 mbar, duration: 5min).

Si and SiO, deposition. 200nm of Si and 300 nm of SiO, layers were sequentially deposited
on the substrate by sputtering in Pfeiffer Spider600. The deposition of the Si layer was con-
ducted by a DC source (power: 1000W, Ar: 15sccm, deposition rate: 58nm/mn). For SiO»,
reactive sputtering was executed with a RF source (power: 800W, Ar: 29sccm, deposition
rate: 105nm/mn). The temperature of the holder increased up to 350°C during the sputtering

process. At the initial stage, a target cleaning recipe with a dummy wafer was performed for
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3.4 Nanofabrication

5min for both targets. To compensate the time when the effective power reach the set point,
10s were additionally added, assuming the deposition rate linearly increased with the power.
Therefore, the deposition time was 2min 4 s for Si and 5min 20s for SiO,. The Si was used as a
sacrificial layer to release the motors from the substrate at the end of the process flow. The

SiO; layer was the bottom part of the SiO, embodiment for nanomotors.

Ti, Au, and Cr metal film deposition. The deposition of the 1 nm of Ti, 30nm of Au, and 10 nm of
Cr was sequentially carried out on the substrate by electron beam evaporation (Leybold Optics
LAB 600H, electron gun: Ferrotec EV M8; 10kW, room temperature, pressure: 1.510~% mbar).
The Ti layer was used for a good adhesion between SiO, and Au films [253]. The thickness of
Au layer corresponded to that of the nanorotor geometries for the optical torque calculations
in Fig. 3.8. The Cr layer was added for two reasons: it provides significantly better adhesion
of HSQ on gold, and as a sacrificial layer for the HSQ etch mask removal after the ion etch

process.

EBL process with HSQ. The nanorotor geometries were written by EBL process (Raith EBPG5000,
thermal field emission, 100KeV). HSQ, a negative electron beam resist with lowline edge rough-
ness and sub-10nm resolution, was chosen to form the etch mask for nanorotor structure. The
substrate was baked at 180 °C for 5 min, followed by 1 min of cooling at room temperature. HSQ
(XR1541 002, DuPont) was spin-coated at 4000rpm to form a 50 nm film. After drying for 1 min
in air and loading the substrate into the EBL chamber, it was exposed to define the nanoro-
tor shapes. HSQ is sensitive to the electron beam doses; over- and under-exposures should
be avoid to obtain a proper shape as designed. A dose test for nanorotors was performed
between 3300 and 6300mC/cm?, with the proper dose depending on the chose geometry.
After exposure, the wafer was developed with TMAH25 % (Tetramethylammoniumhydroxide,
Honeywell), for 2min in a protective hood. The sample was rinsed abundantly with deionized

water to remove the developer for 10min. Fig. 3.13 displays the HSQ nanostructures.

Figure 3.13: HSQ masks after development. The colors indentify the selected structures. HSQ
masks for the nanorotors are presented. The optimized EBL dose enables feature smaller than
20 nm (scalebar 100 nm).
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Chapter 3. Optically-driven Au nanomotor designed by machine learning

IBE process. Actual nanorotor structures were realized by Ar IBE (Veeco Nexus IBE350, ICP
source with RF plasma: 1.8 MHz and 2kW maximum, pressure: 10~* mbar for operation and
10~" mbar for base). The uniform and well-collimated ion beam led to directional etching. Cr,
Ay, and Ti were etched successively outside of the HSQ mask. The process was terminated
when the 1nm Ti starts being etched (Ti is immediately removed according to the etch rate).
The stage was tilted at —10° and rotated to minimize re-deposition on the sample sidewalls.
Keeping local heating under control during the process was important maintain the etching
quality. To this end, a low etch rate (etch rate: 15.4nm/min for Cr, 30.5nm/min for Au, and
10.2nm/min for Ti) was selected to prevent the melting of the nanostructures. Heat dissipation
was further promoted by performing 6 cycles of 10s low etching followed by 1 min of cooling.
The process was monitored by the secondary ion mass spectrometry system, which traces
atomic masses of materials being etched in real time. Note that a low etch rate prevents the

redeposition of material, which causes fences [254].

Cr wet etching. After the IBE, a Cr wet etching process removed the Cr together with the HSQ
mask on top (Cr etchant, TechniEtch Cr01, (NH4)2Ce(NO3)g + HCIO4, etch rate: 65nm/min).
The etching time was 125 for a Cr thickness of 10nm. Then, the substrate was rinsed with

deionized water 3 times. Au nanorotors were henceforth revealed on the substrate.

SiO, deposition.: A 300nm of SiO, layer was deposited on the substrate to cover the Au
nanorotors and form the upper part of the nanomotor SiO, embodiment (sputtering in Pfeiffer
Spider600).

PMMA double layer spin-coating for EBL. The SiO, cubic embodiment was realized by PMMA
double layer and EBL lift-off process. The substrate wafer was baked at 180°C for 5min to
dehydrate the surface. After 1 min of cooling at room temperature, it was spin-coated with A4
495kDa PMMA (Micro Resist Technology GmbH) at 6000 rpm and baked at 180°C for 5min.
A2 950kDa PMMA (Micro Resist Technology GmbH) was spin-coated at 2000rpm on top to
form a double layer structure and baked at 180°C for 5min. The heights of A4 495k PMMA and
A2 950k PMMA were 120nm and 90 nm, respectively. This double-layer resist facilitates the
lift-off [255].

Cr conductive film deposition. EBL writing required a conductive substrate. However, the
PMMA double layer was non-conductive. An additional Cr layer was deposited by sputtering
on the substrate (Alliance-Concept DP 650, room temperature, pressure: 5.0 1073 mbar, Ar:
30sccm, DC source, power: 200W, deposition rate: 7.7A/s). The thickness of the conductive

film was chosen as 10nm to ensure conductivity and visibility for EBL alignment.
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EBL process with alignment. The PMMA layers are positive resists for EBL. The electron
beam dose was selected as 800mC/cm? after a dose test. EBL enabled the alignment of the
Au nanorotors and SiO, embodiments with an accuracy as good as sub 10nm [256]. The
alignment process consisted of 3 steps: overall alignment by the manual stage on the sample
holder, automatic pre-alignment by global markers, and automatic local alignment by local
markers. After the electron beam exposure, the Cr conductive layer was removed by wet
etching. The exposed regions were developed by a developer (MiBK:IPA 1:3) for 1 min and

rinsed with isopropanol for 1 min to remove some residual developer.

Cr metal film deposition and lift-off process. 50nm of Cr, to be used as mask for the subsequent
etching step, was deposited on the substrate by electron beam evaporation. Instead of a
sputtering, a directional deposition was required to achieve a good yield. Subsequently, lift-off
process was conducted with acetone in a glass container overnight or sometimes for a few

days.

SiO, anisotropic etching. To form the SiO, embodiments, the excess of dielectric material was
etched away using a SPTS Advanced Plasma System. This required a Cr conductive layer on the
backside for electrostatic clamping. After loading the substrate and checking the leak-up-rate
(less than 200 mtorr/min when the electrostatic clamping is sufficient), the directional plasma
etching started with a C4Fg/He gas. The etch rate was 440 nm/min. The end point detection
system monitored the process in real time and indicated the time to stop etching (Fig. 3.14).

After the anisotropic etching, the Cr layers were removed by Cr wet etching.

Figure 3.14: SEM image of massive production of nanomotors. a, Array of nanomotors
(Scalebar 10 um). As explained in Fig. 3.12, the SiO; array is formed by RIE directional etching
with Cr masks, showing a nearly perfect yield. b, Magnified image, the protrusions on each
SiO; cube indicate the embedded nanorotors (scalebar 1.5 pm).

Si isotropic dry etching. A XeF, etch system, which isotropically etches Si with a XeF; gas in

pulsed mode, was used to remove the Si sacrifical layer to free the nanomotors from their
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substrate. Once a sample was loaded, the chamber was evacuated and purged 30 times with
N, gas for 5s to dehydrate the substrate. The dry etching was conducted after these purges,
under the following conditions: a duration of 30 s, a pressure of 2000 mTorr, and 20cycles.
After the etching, N, purges were used again to clean the chamber for safety. The XeF; etching

process was optimized to avoid the motors detaching from the substrate.

Transfer from the fabrication substrate to a measurement cover glass. To facilitate the ex-
perimental measurement, nanomotors were moved from the fabrication substrate into a
micro-chamber. First, a clean cover glass was prepared with a volume spacer (Sigma-Aldrich,
GBL654002). A droplet of deionized water containing nanomotors was moved from the fabrica-
tion substrate to the clean cover glass with a micro-pipette. To increase the transfer yield, the
volume of a droplet decreased down to one tenth of the entire volume of the micro-chamber,
and the transfer procedure was repeated 10 times. Another cover glass covered the spacer and

completed an isolated micro-chamber for the experimental measurement.

3.4.2 Results and discussion

The entire fabrication process and details are found in Fig. 3.12 and the Methods. Briefly, the
four selected nanorotors were fabricated using EBL with the negative tone HSQ resist, which
provides the very high resolution required to fabricate some of the very small nanorotors’
features [257, 255]. Although the EBL raster size can be chosen as small as 1 nm, the smallest
nanostructure feature size for the developed electron beam resist is in the order of 10nm. After
dose optimization, we were able to realize exquisite HSQ nanostructures that reproduced
their design extremely closely, as shown in Fig. 3.13. This is of paramount importance for this
work since we wish to let machine learning guide the experiments. The HSQ structure is then
used as an etch mask for a 30 nm thick Au film. The actual nanorotors are then realized by
Ar ion beam etching (IBE), followed by the removal of residual HSQ and Cr adhesion layer by
wet etch, Fig. 3.15a indicates that these nanostructures match very well the designs obtained
by machine learning shown in Fig. 3.8a. Some minute expansions are detected along the
nanorotors’ side walls; they occur due to the fencing effect of the IBE [254]. Even so, the
fabricated nanostructures exhibit a minimum feature size of 17 nm, which is close to the best

that can be achieved with nanofabrication technologies.

In addition to the Au rotor, a suitable nanomotor embodiment is required to prevent such
a nanoscale motor to be subject to Brownian motion or to become unstably trapped in the
optical beam due to its high aspect ratio (width / thickness = 8.0). A SiO, cube satisfies these

requirements and has been successfully used for other nanomotors in the literature [23, 115].
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Figure 3.15: Selected nanorotors and their embodiement in SiO, cubes. a, SEM images of
the fabricated nanorotors (scalebar 100 nm). b, 25° tilted-view of a nanomotor array, each SiO»
cube contains an individual rotor (the round bumps indicate their locations). ¢, Cross-section
of a nanorotor embedded in its SiO, cube, the Au nanorotor shape inside is recognizable (the
cross-section was obtained by focused ion beam milling, requiring a 150 nm Pt protective
layer deposited on the top to preserve the morphology).

Embedding a nanostructure in SiO, has the advantage of maintaining its details and hence
its optical response. The SiO, cube that surrounds the nanorotor was patterned by EBL.
Figure 3.15b shows an array of nanorotors embedded in SiO», the small protrusion in the
middle of each structure is caused by the embedded Au rotor and demonstrates the excellent
alignment of the SiO, cube with the Au rotor. The optimized fabrication process over large
areas has an almost perfect yield and typically 90’000 nanomotors can be fabricated at once
on the same substrate (Fig. 3.14). The cross-section of a motor is shown in Fig. 3.15¢ with a
52° tilt. The Au rotor structure can be recognized in the middle of the SiO, cube. Although
part of the rotor was cut by focused ion beam milling for imaging purpose, the spiral shape of

the remaining part is well recognized. This indicates that the nanorotors are not damaged and
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maintain their shape during the nanofabrication process.

3.5 Experimental measurement

3.5.1 Setups

Two different measurement setups were utilized for the scattering intensity measurements
and the rotation measurements. For the former purpose, back-scattered light was collected
using a dark-field illumination mode [258]. The latter one included the laser illumination from
top to avoid the disturbance of the gravity, and a bright-field mode to analyze the rotational

motion.
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Obj. lens
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Figure 3.16: Dark-field scattering intensity measurement setup. White light is introduced
from the bottom and focused by the objective lens. Reflected light from the specimen is
directed by the mirror and guided toward a CMOS camera and a spectrometer.

Scattering intensity measurement setup. A reflection type dark-field optical microscope setup
was used for the single nanorotor spectrum measurement (Fig. 3.16). The setup mainly
consisted of the incident light source, 60X oil-immersion objective lens (NA 1.45), 3 mirrors, 2
tube lens, a CMOS camera, and a spectrometer. The incident light beam from a halogen lamp
was transferred into the microscope via an optical fiber, collimated, and reflected by a central
mirror whose diameter was smaller than the back pupil diameter of the objective. The focused
incident beam was incident on the sample, and the back-scattered light was collected by the
same objective. The scattered light from a nanorotor was transmitted to a CMOS camera or a

spectrometer, depending on the position of the movable mirror.
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Figure 3.17: Schematic of the rotation experiment setup. A 976-nm laser is collimated and
deflected by a pair of mirrors, which are focused on the specimen for the rotation measure-
ments. The sample holder is mounted onto a 3D stage and imaged using a CMOS camera,
with a LED providing the illumination.

Nanomotor rotation measurement setup. An optical experiment setup was built to perform the
rotation measurement (Fig. 3.17). The requirements were a monochromatic laser illumination
for the wavelength of 980 nm, a high NA objective lens to focus on the sample, precise sample
stage control, and an imaging component. To fulfill these requirements, a modular optical
tweezers system (OTKB, Thorlabs) was selected and used for the measurements. A 976-nm
laser beam was transferred into the system through a single-mode optical fiber. Then, the
beam was collimated, expanded, and illuminated from the top of a 100X oil-immersion objec-
tive (Nikon, NA 1.25, WD 0.23 mm). The focused beam passed through oil, cover glass, and
deionized water in order to reach the specimen. The camera with a tube lens was positioned
after the objective and a dichroic mirror. A white light beam for imaging was introduced from
the bottom and focused by a 10X condenser (Nikon, NA 0.25, WD 7.0 mm). The cage system
held the elements and provided the same optical axis for stable measurements. A 3-axis piezo
stage with a kinesis controller was installed on the top of the 2-axis linear translation stage (13

mm travel), and precisely moved the sample holder.
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Figure 3.18: SCS and rotation measurements. a, SCS [pmz] simulations (black lines) and ex-
perimental scattering intensity [a. u.] measurements (red lines). The color frame indicates the
geometry, as in Fig. 3.15a. b, Example of capture rotation motion; the motor rotates clockwise
(scalebar 1 um). ¢, Rotation speed as a function of the laser power intensity, for the four
selected geometries. The error bars correspond to the measurements of 5 different samples.

3.5.2 Results and discussion

To investigate their optical scattering properties, nanorotors simply fabricated on a SiO, sub-
strate and covered with a SiO, layer (without cubic embodiment) were measured individually
using a darkfield optical microscope setup (Fig. 3.18a and Fig. 3.16). The measured scattering
intensities (red lines) agree very well with the SCS simulations (black lines) and exhibit a
main peak around A = 980nm. The slight difference, in the order of 13-24 nm, between the
measured resonance wavelength and the theoretical one can be explained by shrinkage or

expansion of the effectively fabricate nanostructures (Fig. 3.19 and Fig. 3.20).

For the rotation measurements, the nanomotors were transferred into a micro-chamber
containing deionized water. The measurement setup in Fig. 3.17 is described in detail in
Methods. The chamber is illuminated from the top with a linearly polarized laser beam
(A =980nm through an 100x 1.25NA objective, Nikon). The optical power density at the
sample location for the measurements ranges between 1.0 and 2.6 mW/um?. White light
for imaging is also introduced from the bottom using a 10x condenser and the rotation
measurements are performed in bright field mode on the top of the bottom cover slip. The
SiO; platform is advantageous for the rotation measurements, as it suppresses Brownian
motion, stabilizes the nanomotor for normal incidence, produces gravitational pull, and

provides a symmetric environment for the nanorotor. The rotary motions are recorded and
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Figure 3.19: Torque calculations on missfabricated structures. a, The torque for an ideal
structure does not have dependency to the polarization of incident light. b, This is not the
case for a miss-fabricated structure missing one blade, which also exhibits and additional
mode around 1200 nm, implying that destroyed structures have different spectral responses.
¢, When two blades are lost from the ideal structure, the torque values decrease and show
additional resonances.
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Figure 3.20: Torque calculations on expanded structures. To study the influence of nanofab-
rication accuracy, one of the selected motors is presented with relative size factors (Ideal = 1.0,
Expansion 1 =1.107, Expansion 2 = 1.323, and Expansion3 = 1.480). The larger the expanstion,
the lower the generated torque. A red-shift in the torque spectrum is also observed.

analyzed, as shown in Fig. 3.18b. The rotation direction is clockwise, which is consistent
with the negative torque retrieved from the numerical analysis. We observed the continuous
rotation as well as the rotation speed increase with the optical power and the distance between
the focal spot and the motor. When a focused laser beam is focused and introduced in
the vicinity of a nanomotor, it is optically trapped around the focal center (Representative
videos [241]), and starts continuously rotating under illumination. Figure 3.18c shows the
rotation speeds measured for the selected rotors as a function of the illumination power [241].
Among the four different rotor geometries investigated, the blue motor exhibits the fastest
speed for a given optical power density. There could be mainly two reasons for that. One is
that it shows the highest torque according to the SIE calculations in Fig. 3.8. Another is the
difficulty in achieving completely the identical structure as the design. Compared to other
motor shapes, the red one retains the geometrical features in terms of the fact that each blade

keeps the distance to one another despite the expansion. (Fig. 3.15 and Fig. 3.20). Further
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advances in nanofabrication that allow feature sizes less than 10 nm would be required to

verify this issue.

3.6 Summary

We have used machine learning to design optically-driven nanomotors and shown that ma-
chine learning as a global solution is beneficial for generating nanorotor structures with
extremely high torques. The nanorotor generator, which combines DCGAN and a torque pre-
dictor, has suggested geometries that exceed the conventional intuitive structures and exhibit
much higher optical torques compared to planar nanomotors reported so far in the literature.
The experimental realization of some of these nanomotors has demonstrated that complex
designs could be translated from the virtual computational world into effective nanoscale

devices.

Careful process optimization has enabled the remarkable control of geometrical features down
to 17 nm. However, the machine learning algorithm has also suggested nanorotor geometries
with even higher torques that would require smaller feature sizes (Fig. 3.7). We can therefore
anticipate that in the future, as nanotechnologies develop further, they will enable additional

degrees of freedom to unleash the full potential of machine-driven designs.

Dark-field measurements have confirmed that the nanorotors exhibit resonances near the
wavelength of 980 nm at which the machine learning algorithm aimed, indicating that the
nanorotors scatter most strongly at the wavelength. In rotation experiments, each motor has
performed rotational motion under linear polarization and presented a linear increase in
rotation speed with laser power density, indicating that the rotary motion can be steered by

the light intensity.

Plasmonic nanomotors can play an important function as transducers between optical and
mechanical energies. The improved nanomotors presented here perform this function in an
especially efficient way and can be used for optical manipulations in biology, energy harvesting,
and advanced micro-fluidics. In addition, the suggested designing protocol consisting of
CNN and DCGAN paves the way for the utilization of artificial intelligence to design nano-
optical devices that overperform intuitive structures such as disks, triangles, rods, and other

elementary shapes.
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3.7 Future work

3.7.1 Pump in microfluidics

As an application of nanomotors, the generation of rotary motion has promising potential
in microfluidics and lap-on-a-chip (Fig. 3.21). In order to fabricate a suitable microfluidic
channel, there are several choices such as polydimethylsiloxane (PDMS) channel, 3D printing
with two-photon polymerization, and the anisotropic etching process. PDMS is a polymer
commonly used for the fabrication of microfluidic chips. The fabrication of the PDMS channel
is a series of mold fabrication, PDMS pouring, baking for curing, demolding and surface
activation for bonding which becomes further complicated as the required size decreases
down to the sub 5 um scale. For channels with a few micrometers, filling the channel with
water can be done by capillary forces. However, PDMS is a hydrophobic material and only one
facet is a hydrophilic glass when the PDMS channel is attached to the cover glass. Also, for
optical measurement, the oil immersion objective is optimized for the thin cover glass whose
refractive index is 1.51 different from that of PMDS (1.43). 3D printing materials have the
same issues as PDMS had above. To overcome the issues aforementioned, anisotropic etching
technology can be selected for microchannel fabrication. It readily enables sophisticated
adjustment in channel cross-section. For example, the width of a channel depends on laser
writing patterns or masks while the depth is controlled by the etching time. Once we obtain
microchannel patterns on a bottom glass, it can be combined with a flat top glass thanks
to molding at a 520 —10° in oven. Consequently, a glass microchannel where the surfaces
are hydrophilic is completed. The fabrication process flow of microchannels is illustrated in
Fig. 3.22.
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Figure 3.21: Flow control of a nanomotor in a microchannel for pumping. A microchannel
whose width and height are comparable to a nanomotor can be built using an etching process.

The capillary force fills the microchannel with nanoparticles suspended in water.
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Figure 3.22: Etching process flow for microchannels.
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Ion beam etching (IBE) optimization

for plasmonic nanostructures

Some of the results in this chapter are in preparation for publication.

4.1 Introduction

Electron beam lithography (EBL) combined with subsequent lift-off or ion beam etch (IBE)
processes are, nowadays, well-established nanofabrication schemes [259]. Following the trend
to smaller dimensions, small-scale effects such as surface diffusion but also redeposition
become more and more dominant, which compromises the quality of the output [255]. Com-
pared to IBE, lift-off approaches using positive tone resists such as PMMA provide bumpy
topologies with fuzzy edges due to surface diffusion, especially for highly mobile materials like
gold. For plasmonic structures comprising small features it has been confirmed that using IBE
the resulting nanostructures are more uniform and show better agreement with their targeted

shape.

In addition, further optimization on IBE has been conducted to suppress parasitic sidewall
fences that occur during the etching process [260, 261, 262]. During that process, the pre-
defined mask protects the materials underneath and, ideally, the final structures represent
an accurate projection of the shape of the etch mask. However, species released by physical
sputtering processes have, typically, energies in a range with high sticking probability [263].
Therefore, and due to the angular distribution of the sputtered material [264], the ejected
material is partly redeposited on the sidewalls of the etch mask and etched structures. The
angular distribution of the ejected species depends on the ion energy [265] and the type of the
sputtered material [261]. Actually, taking advantage of redeposition, 3D nanostructures with

high aspect ratios have been fabricated [266, 262]. In this context redeposition phenomena
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are of notable interest since various materials such as Au, Cu, Ni Pt, Pd, Sn, and oxides have
particularly sticking properties [262]. Undesired redeposition leading to unwanted structural
variations can be minimised at the microscale by adjusting the incident angle and rotating
the sample [267] while further sophisticated techniques are required at the nanoscale [254].
Redeposited species fence the lateral sidewalls and block and deviate the ions leading to
extended dimensions at the bottom of the structures [268]. As in the microscale range fencing
can be suppressed to a large extent by tilting and rotating the sample. However, for features in
the ten’s of nm range this tactic cannot completely solve redeposition issues. Particularly for
plasmonic applications, enlargement due to fences might be a critical issue since plasmonic
field enhancement, coupling, resonances and modes are very sensitive to the geometry of the

structures [266, 255].

Material removal by ion bombardment occurs at ion energies above a few tens of eV [269].
An energy of a few hundreds of eV are applied using standard IBE processes [270], whereas
FIB milling requires much higher energies, typically 30 keV, in order to obtain suitable beam
diameters [271]. For FIB, similar to IBE, redeposition may represent a bothersome issue, which
is quite well studied in the context of FIB milling [271, 272, 273, 274]. Montecarlo simulations
revealed manly two redeposition mechanisms, namely direct redeposition and secondary
scattering [275]. Redeposition at the bottom side, arising from secondary scattering, reduces
drastically the effective etch rate [276]. Experiments milling Si with Ga* show that redeposited
materials on the sidewalls, caused by direct redeposition, are of amorphous nature containing
Ga™ but also an amorphous layer without Ga* has been observed because the impinging ions
induce a collision cascade that breaks the long-range order of the poly-crystalline film [273].
The energy of ions involved in IBE processes is too low for causing substantial ion implantation.
In contrast, using FIB techniques generates significant Ga* implantation close to the surface
of the substrate [277] which influences the electrical properties of the sample due to knock-on
damage and spatial defects [272, 278]. Surface damages associated with FIB process lead to
a distorted morphology, which cripples the fabrication of small nanofeatures, whereas IBE
is suitable for downsizing structures [279]. The redeposition rate is strongly affected by the
confinement, particularly by the aspect ratio of the structure, and the milling rate for both FIB
and IBE [274]. Reactive ion milling using FIB and IBE processes provides a possible strategy to
reduces considerably the redeposition of sputtered material [280, 281]. However, this strategy
is efficient only if the reaction products are volatile and can, therefore, desorb into the gas
phase. This does not happen for some inorganic compounds such as gold since their products
may adsorb on the surface. A further strategy, recently proposed, to prevent the fencing issue,

is addition of a supplementary layer to protect the region of interest [282, 283]. For IBE of Pt, it
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has been shown that a fenceless Pt structure can be produced by careful adjustment of the
thicknesses of the Pt and photoresist layers. In addition, mixing Ar with Cl, generates water

soluble chlorine compounds which can be removed applying a subsequent rinse step [268].

In this work, an optimised Ar* IBE process is presented to fabricate gold nanostructures,
having features down to 10 nm, starting from a gold film with a thickness of 30 nm. Fencing due
to redeposition, as described above, is one of the major hindrance for successful fabrication
of structures with features in the 10 nm range. In the configuration studied in this work
a gold film as thin as 30 nm has been used and exposed Hydrogen Silsesquioxane (HSQ)
served as a hard mask for the IBE. A sacrificial Cr layer, acting as adhesion layer and serving
for subsequent HSQ stripping, has been added. The thicknesses of the HSQ and Cr has
been thoroughly adjusted in the course of this work. Polymerised HSQ [284], upon e-beam
irradiation, exhibits similar optical properties than SiO, [285, 286]. The refractive index of
HSQis 1.450 at A = 632.8 nm. In this regard, the minimum thickness of Cr is considered for
applications where the Au structure is completely embedded in a SiO; structure [255]. The
fences on the sidewalls evolve from redeposition of sputtered material stemming from the
vicinity of the HSQ mask. Therefore, the structures of interest can be screened through addition
of surrounding HSQ structures. Such dummy structures lower redeposition going along with a
reduction of undesired fences. Rotating and tilting the sample during the IBE process turns
out to further reduce sidewall redeposition. Finally, once the structural configuration, with
respect to redeposition, is optimised, the feasibility of applying an Au wet etch process to

ultimately reduce the fencing effects is considered.

This optimisation process has been applied to patch-type antennas, flowers, T-shapes, spi-
rals, gammadions, and arbitrary shape structures. Therefore, this study provides a general
fabrication strategy to greatly improve quality, reproducibility and reliability of even more
complex nanostructures with feature sizes on the order of 10 nm. In addition, it gives valuable
insights into the mechanism by which the structure expands due to redeposition during IBE.

This general approach can be applied to nanofabrication with other sticky materials.

4,2 Method

EBL and IBE methods are well described in the previous paper of our group [255]. Briefly, HSQ
(FOX16, DuPont) negative tone resist is exposed to e-beam irradiation (EBPG5000, Raith) and
subsequently developed. The remaining polymerised HSQ serves as a hard mask for the Ar*

(IBE IBE350, Veeco Nexus, Inductively coupled plasma (ICP) source with RF plasma: 1.8 MHz
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and 2kW maximum) applied afterwards. IBE etching has been performed applying an ion
energy of 150 eV per second (300 V and 500 mA) at a pressure of 10~ mbar. Rotation speed
and tilt angle have been 10 rpm and 5°, respectively. A 3 grid optics enables collimated uniform
Ar™" irradiation over the entire sample surface. In the following, if not stated otherwise, the
thickness of the Au layer is fixed at 30 nm and a 1 nm thick Ti layer has been added. Fig. 4.1

displays the overall process flow.

Si0: o TR B Hsovcr

) A =) =

Figure 4.1: Fabrication process flow for plasmonic nanostructures. Au plasmonic nanos-
tructures were patterned using standard EBL and IBE processes. The HSQ masks are formed
by spin-coating and electron beam exposure. After development with TMAH 25 %, Ar ion
beam etching removes the unprotected material. The remaining HSQ mask can be removed
by Cr wet etching process if necessary.

L OO D ON e

Figure 4.2: Representative plasmonic nanostructures. Six widely used plasmonic nanostruc-
tures such as nanoantenna, nanoflower, T-shape, spiral-shape, gammadion, and a more
complex randomly generated, central symmetric wheel structure are selected. The nanoan-
tenna and nanoflower structures are nanoparticle trapping sites when they generate hotspots
in response to the incident light. They reduce the laser power density requirement density due
to the plasmonic resonance properties. The T-shape structure is used for second harmonic
generation. The spiral shape structure has optical responses sensitive to the handedness of the
circularly polarized light. The gammadion shape shows chiral responses with non isotropic
environment in the z-axis. A challenging structure whose minimum feature size is sub 10 nm
is randomly generated in order to approach the limits of the current nanofabrication facilities.
All the nanostructures are realized starting from a Au layer with subsequent EBL and IBE.

In this section, the variation of the degree of expansion with respect to the height of the HSQ
and Cr layer is investigated. Furthermore, the impact of dummy structures, as described

above, and Au wet etch post-processing is described.
During the etch process the HSQ mask is partially removed which reduces its influence in the

64



4.3 Results and Discussion

course of the etch process. At the end, the residual HSQ mask is removed by wet etching the
Cr (TechniFEtch ACI2, KI + I, based, MicroChemicals GmbH) adhesion layer between the Au
and HSQ layers.

Six representative plasmonic structures have been selected: nanoantenna [3], nanoflower,

T-shape [287], spiral [288, 289], gammadion [290], and more complex nanostructures (Fig. 4.2).

The entire fabrication process is carried out using facilities in a ISO 5 (class 100) cleanroom
environment. Parameters such as type of resist, structure density and ratio exposed to non
exposed area influence the most adequate electron dose to use. Therefore, dose tests have been
performed to find the proper doses for each structure. It has been found that suitable doses
which reproduce the original design in HSQ are 4500, 3900, 3600, 3600, 4750, and 4750 micro
C/cm? in order from Fig. 4.2. Once the HSQ mask is correctly patterned, the conditions for IBE
can be optimized. To suppress non-uniformity and reduce redeposition the sample holder has
been rotated and tilted in the etching chamber, respectively. The tilting angle is 5° with respect
to the vertical and the rotation speed has been 10 rpm. The etching process has been carried
out at low power and sequenced into a repetitive cycle of 10 s of etching and 1 min of cooling.
While repeating the cycle, the species of interest in the sputtered plume has been monitored
using secondary ion mass spectroscopy (SIMS). The initial heights for HSQ and Cr have been
75 and 10 nm, respectively. The thickness of HSQ has been determined to be sufficient to
withstand the etching process using the corresponding etch rates Ry SQ = 40 nm/min, Rqu =
72 nm/min and R¢r = 30 nm/min. 10 nm of Cr guarantees good adhesion between Au and
HSQ and proper removal of residual HSQ using Cr etchant (TechniEtch Cr01 (NH4)2Ce(NO3)6
+ HClO4, Microchemicals GmbH).

4.3 Results and Discussion

Gammadion and wheel structures as shown in Fig. 4.2, have been selected for optimisation
of HSQ and Cr heights since they contain sub 10 nm features and gaps fitting the addressed
challenges. Fig. 4.3 shows the unprocessed HSQ masks and structures after the etch process in
the left and right columns, respectively. The HSQ/Cr heights are 75/10 nm, 75/1 nm, 45/20 nm,
45/10 nm, 45/1 nm, and 25/1 nm starting from left to right in Fig. 4.3. Although, the top views
of bare HSQ structures exhibit no significant variations for all thicknesses, the structures after
the etch process differ considerably from the original design, depending on the heights of the
HSQ and Cr layers. The comparison of Fig. 4.3a and b indicates that for a HSQ thickness of 75

nm, a reduction of Cr layer from 10 nm to 1 nm decreases fences and significantly improves the
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contour of the inner and outer slopes. For HSQ thickness of 45 nm the etch process completely
destroys the nanostructures when using a Cr layer of 20 nm as illustrated in Fig. 4.3¢c, whereas,
with a Cr layer of 10 nm the structures have been withstood. This is because the HSQ thickness
was not large enough for 20 nm Cr and 30 nm Au. As the Cr thickness decreases, the quality
of the nanostructures improves, and the enlargement is further suppressed (Fig. 4.3d and e).
When the HSQ thickness is further decreased to 25 nm while keeping the Cr layer at 1 nm, a
shrinkage of the structures sets in since the HSQ thickness is not large enough to provide a
reliable mask for the wheel structure with its features below 10 nm (Fig. 4.3f). However, for the
gammadion structure with a width of 40 nm, the final shape approaches the HSQ mask very

closely.

Figure 4.3: Top view of nanostructures with different heights of HSQ and Cr. The electron
beam dose for HSQ exposure was 4750mC/cm? for each case. The height conditions for
HSQ/Cr are 75/10 nm (a), 75/1 nm (b), 45/20 nm (c), 45/10 nm (d), 45/1 nm (e), 25/1 nm (f).

To reduce the complexity of the problem of structural enlargement, a simpler structure, namely
nanoantennas, has been investigated (Fig. 4.4). Two 300 x 300 nm? HSQ squares, separated by
a 40 nm gap, have been written using EB. IBE has been carried out for two different HSQ/Cr
configurations, namely 75/1 nm and 25/1 nm. The 75/1 nm, shown in Fig. 4.4a shows a much
smaller gap due to redeposition effects. The cross-section reveals that the outer part has
redeposited Au on the sidewall of HSQ (Fig. 4.4b). The zoomed-in view in Fig. 4.4c clearly
shows that redeposition leads to an enlargement. In contrast, with a thinner HSQ layer, 25
nm, (Fig. 4.4d), the 40 nm gap remains. However, as indicated by the cross-section in Fig. 4.4d,
the final structures end up in trapeziodal shapes. Due to higher etch rate at the corners with
respect to planar surfaces with small ion incident angle, the shape of the mask changes in the
course of the etch process. Consequently, when using thin masks the corners of the structures

are laid bare, which causes truncation or faceting of the structures [291, 292].

A cross-section analysis of the wheel structure has been carried out for 3 different HSQ
thicknesses with 1 nm of Cr: 75 nm, 45 nm, and 25 nm (Fig. 4.5). The cross-sections reveal,
especially for a 75 nm mask, fencing effects are more pronounced at the outer than at the
inner enclosed sidewalls. The volume to etch inside the inner boundaries is very small and

therefore only little amounts of sputtered material can be potentially redeposited onto the
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Figure 4.4: 54° Tilted view and cross-section of nanoantennas. a, 75 nm HSQ/ 1 nm Cr masks
are used for IBE. b-c¢, Cross-section of a shows that the outer sidewall of HSQ masks are covered
by redeposited Au materials. d, 25 nm HSQ/ 1 nm Cr masks are used for IBE. e, The sidewall
deposition is not observed due to the consumption of the HSQ mask during IBE. (Scalebar:
200 nm)

inner sidewalls. (Fig. 4.5a). In the 45/ 1 nm configuration fences are suppressed due to the
lower thickness of HSQ (Fig. 4.5b). Using a thinner mask, the angle for the sputtered material
to escape is increased and, therefore, less material can be redeposited onto the sidewalls.
The thinnest HSQ layer is almost completely consumed before the IBE process is complete

(Fig. 4.5¢) and, consequently, faceting, as described above, becomes visible.

Figure 4.5: Cross-section of arbitrary shape with/without fences. a, 75 nm HSQ/ 1 nm Cr
masks are used for IBE. The outer part of the HSQ masks are covered by redeposited Au. The
inset is the nanostructure before the cross-section analysis. b, 45 nm HSQ/ 1 nm Cr masks are
used for IBE. In the cross-section, the partially consumed HSQ structures are observed after
IBE. The fences on the sidewall are supressed. ¢, 25 nm HSQ/ 1 nm Cr masks are used for IBE.
In the cross-section, the HSQ structures are barely observed due to the consumption during
IBE. The shape of Au represents an isosceles trapezoid.

The aforementioned results give valuable insights to optimise the IBE process. First, thinner
mask and Cr layer lead to more accurate nanostructures. Second, small features require thicker
masks. Third, thin masks induce faceting since the mask starts to be completely consumed at
the edges. Ergo, optimisation of redeposition and faceting need diametrical requirements, low
and high mask thickness to minimise fence and facet effects, respectively. The nanostructures
introduced in Fig. 4.2 are realized using IBE under optimized conditions, namely, 45 nm of

HSQ and 1 nm of Cr for the dimer and wheel structures and 25 nm of HSQ and 1 nm of Cr
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for the nanoflower, T-shape, spiral and gammadion structures. The results are displayed in
Fig. 4.6.

Figure 4.6: Nanostructures with optimized HSQ and Cr heights. Sub 10 nm gap nanoan-
tenna (a), nanoflower (b), T-shape (c), spiral shape (d), gammadion (e), and arbitrary structures
(f) are fabricated using EBL and IBE. The original design is represented in Fig. 4.2. 45 nm
HSQ/1 nm Cr masks are used for a and f. 25 nm HSQ/1 nm Cr masks are used for b, ¢, d, and e.

The achieved sub 10 nm gaps of the dimer (Fig. 4.6a) and the wheel shape (Fig. 4.6f) appear
well-defined using the 45 nm HSQ/1 nm Cr configuration. Using this configuration, fence
and facet effects are substantially suppressed and very accurate structures, including the
sub 10 nm features, emerge. In plasmonic systems such as nanoflowers (Fig. 4.6b), spirals
(Fig. 4.6d) and Gammadion shapes (Fig. 4.6e), near-field coupling strongly depends on the
distance between the individual structures. To achieve the required optical response, fencing
effects should be minimised to a maximal extent. This has been accomplished using a 25 nm
HSQ/1 nm Cr configuration. Using the same mask configuration the structural integrity of the
T-shape (Fig. 4.6¢) is attained, which plays an important role for its polarisation dependent

response.

Figure 4.7: Role of additional dummy structure in the vicinity. a, HSQ structures of 45 nm
HSQ/ 1 nm Cr masks are prepared for IBE without ring (top) and with a ring (bottom). b,
Nanostructures of a are presented after IBE process. Although fencing is somewhat suppressed,
itis not that obvious. ¢, IBE is further performed to figure out the effect of the dummy structure.
The difference within red dashed rings on the top and bottom indicates that covering materials
around the nanostructures prevents the materials nearby from being redeposited.
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After the optimisation of thickness of the HSQ and Cr layers, redeposition stemming from the
surrounding material is prevented by adding a circular dummy structure close to the structure
of interest. A doughnut structure was additionally introduced around the wheel structure
to test this hypothesis. For the resulting HSQ mask of the wheel structures, after e-beam
exposure and development, the additional dummy structure does not reveal a significant
impact. (Fig. 4.7a). However, after performing IBE, it can be observed that the original
structure changes due to redeposition (Fig. 4.7b). This becomes more obvious after IBE has
further been performed. It becomes evident, that the additional dummy structure adopt the

role of a shielding obstacle (Fig. 4.7c).

Au films deposited by electron beam evaporation exhibits preferentially a poly-crystalline
morphology. In contrast, redeposited Au due to Ar* bombardment during IBE is supposed to
be amorphous and, therefore, exhibits a faster etch rate compared to the more stable poly-
crystalline morphology when applying a wet etch process. To remove undesired redeposited
material a subsequent wet etch step with a highly diluted (300:1) Au etchant has been applied
for 5 s. Prior to the wet etch fences due to redeposition can clearly be observed Fig. 4.8a, c.
After applying the Au wet etching process for 5 s, the redeposited Au on the outer part vanished
(Fig. 4.7b, d).

Figure 4.8: Auwet etching to remove the sidewall fences. a, IBE was conducted with HSQ
structures of 75 nm HSQ/ 1 nm Cr. The outer fences due to redeposition are observed. b,
After 10 s of Au wet etching process, the sidewall fences are removed. ¢, Top view of a shows
the fences inner and outer parts. d, Top view of b reveals the original rim of the HSQ mask.
However, a residue in the form of a melted shape is observed around the mask.
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4.4 Summary

Following our previous paper which described a comparison of IBE and lift-off process for
plasmonic nanostructures, this chapter elucidated even further subtle effects related to IBE
for sophisticated nanostructures. To do so, we considered not only the common parameters
such as ICP energy, electron beam doses, stage rotation speed, tilt angle, and cooling time but
also the heights of HSQ/Cr masks, dummy structures, and Au wet etchant. We have detailed

the origin of fences that appear during IBE and strategies to avoid them.

According to the results obtained, HSQ/Cr heights can be adjusted to suppress structural
expansions during IBE. This provides us with a useful guideline when fabricating nanostruc-
tures. Since the sub 10 nm features require a sufficient thickness of HSQ, we have to choose
whether to save the bulk part with a thin HSQ thickness or the sub 10 nm features with a
slightly thicker HSQ, depending on the purpose desired. After the height optimization, Au wet
etching and doughnut dummy rings have been considered. Both approaches provide further

improvements.

This chapter has presented solutions to minimize expansion due to fences redeposited during
IBE by capturing basic, but easy-to-miss, details when performing IBE. Therefore, it will be a
very useful method for those who want to increase the degrees of freedom in the fabrication of

nanoplasmonic structures or to implement challenging nanostructures.
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5] Optical trapping with fluorescence

resonance energy transfer (FRET)

5.1 Introduction

Since the introduction of optical trapping using a focused beam, discovered by Ashkin in 1986
at Bell laboratory, the so-called optical tweezer has become a significant technique in the fields
of optics, chemistry, and biology [1]. The optical tweezers make use of the forces generated
by an intensively focused light to trap and manipulate small objects such as nanoparticles,
molecules, DNA, and biopolymers [293]. A small object scaling from tens of nanometers to
few micrometers in the vicinity of the highly focused light is drawn by gradient forces. The
gradient force is generated by the intensity gradient that is the origin of the trapping potential,
while the direction of the gradient force is toward the center of the light focus. [2]. Plasmonic
nanoantennas that give rise to a locally confined field enhancement can significantly improve
trapping stiffness [3]. In addition to particle trapping, assemblies within a volume using
optical tweezers have attracted researchers due to their promising applications [294]; for
ecample, opto-thermoelectric manipulation demonstrates both trapping and assembling of

particles [295, 296].

In the case of tightly trapped or assembled particles, the distance between the trap site and
the particles can be sub 20 nm or even zero. The goal of the fluorescence resonance energy
transfert (FRET) experiment was to measure the distance between a trapped particle and a
surface, using the distance-dependence of the FRET efficiency [297, 298]. To achieve that goal,
we have investigated various trapping platforms, such as plasmonic trapping using a nanohole
array, a single nanoaperture, corrugated gratings, and the opto-thermophoretic trapping of
two PS particles. To make a link between FRET and optical trapping, FRET pairs are selected

and prepared with the surface functionalization technologies using the carbodiimide peptide
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bond synthesis method. Valuable applications in tight optical trapping and assembling can be
considered thanks to the ability to qualify the trapping and assembling performances via the
FRET signal.

5.2 Theory

5.2.1 Optical trapping with plasmonic nanostructures
Subwavelength aperture

One of the plasmonic nanostructures is a small aperture in a thin metal film. When the diame-
ter of this aperture has a subwavelength dimension, it can interact with an electromagnetic
wave at a resonance determined by the geometry of the aperture and the optical properties of
the incident electromagnetic wave. In 1944, Bethe theoretically studied the behavior of light
as it passes through a single subwavelength aperture (Fig. 5.1), smaller than the wavelength
of the light in a perfectly conducting thin metal film [299]. According to his description, the
transmitted intensity dramatically decreases with the 4™ power of the light wavelength, (r/1)*.
In the case of a perfect metal, the transmission efficiency through the aperture in a metallic
film is given by:

n =64(kr)*/27m?, (5.1)

where r is the hole radius and the wave vector of the incident light, k, is 27/A. According
to Beth's equation, it is clear that the transmission efficiency, 1, can decrease significantly
when the wavelength of light, A, becomes much larger than the radius of the hole, r. In
addition, the transmission efficiency can be further reduced when the thickness of the hole is
considered. Beth’s theory describes a dramatic reduction in transmission efficiency, 7, in the
cutoff wavelength condition, A > 4r. If the wavelength A, is smaller than r, the transmission
efficiency, which represents the flux of photons per unit area, will converge to 1. The cutoff
wavelength, which is used as a reference point for this reduction, is summarized by Cohn [300].
In other words, the transmission of light with a wavelength larger than the cutoff wavelength is
supposed to be suppressed. For a circular hole of radius r, the cutoff wavelength is determined
by the following expression, A, = 3.4r. It may increase in real structures because of the

skin-depth, which represents the penetration of the light in the wall of the aperture [301].

Note that the transmission efficiency near the cutoff wavelength in Fig. 5.1 is greater than 1.
There is a resonance phenomenon that leads to transmission efficiency enhancement at the

resonant wavelength. The presence of localized surface plasmon (LSP) was also proved by
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Figure 5.1: Single nanoaperture and its transmission spectrum. a,SEM image of a subwave-
length aperture in a 200 nm thick Au film (scale bar: 150 nm). b, Transmission spectrum for an
aperture with the cutoff wavelength. The inset shows a simulation result for the aperture.

theoretical studies[302, 303]. In experiments, we can also see a peak in Fig. 5.1 that doesn’t
exist in Beth’s theory[304]. This resonant peak can be understood as the excitation of a LSP
mode occurring in the edges of the hole. In the case of rectangular apertures, LSP modes are

still present and depend on the polarization direction of light[305].

The transmission efficiency can be enhanced further by adding structures that can provide
the enhancement [306]. When we have a periodic grating around a single aperture, the grating
plays the role of coupling the incident light of a specific wavelength into the surface plasmon
polaritons (SPPs). As a result, transmission efficiency through the aperture is enhanced and a
characteristic spectrum appears. The propagating wavelength at the resonance is determined
by the periodicity of the corrugation, which provides the required momentum to allow for SPPs
along a surface in the dispersion relation plot. In addition, if the corrugation pattern is also on
the other side of the metal film, a transmitted light with much less divergence and enhanced
intensity than a single aperture can be produced. This is because the light transmitted from
the aperture is coupled to the periodic structure of the output side and scatters the surface
wave modes into a light propagating in free space. This causes interference with the light

passing through the aperture, resulting in a better defined beam.

Periodic array of apertures

When it comes to a periodic array of apertures (Fig. 5.3), the ability to easily tune and enhance
the transmission spectra by adjusting its periodicity allows us to have many applications [307].

One simple example is a color filter that can select the transmitted color by adjusting the
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Figure 5.2: Nanoaperture with periodic corrugations. A single apertures surrounded by pe-
riodic corrugations (left). Transmission spectrum of a single hole surrounded by periodic
corrugations (right, hole diameter 300 nm, period 650 nm) [306].

period of the geometry [308]. This color selection is enabled by the periodicity of the array
providing the momentum required for the coupling process where the incident light couples
to SPPs. In other words, if the periodicity changes, the momentum provided by the periodicity

of the array is modified, and the required incident wavelength to generate the SPPs changes

accordingly.
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Figure 5.3: Transmission spectrum of an array of apertures. The triangular aperture array
was fabricated on a 225 nm thick Au film (aperture diameter 170 nm, period 520 nm). The
collimated white light was used as a light source. The inset shows the SEM image of the actual

array [309].

In 1998, A study on this surprising light behavior has been demonstrated and named as an
extraordinary optical transmission (EOT). For a two-dimensional periodic array, the coupling
of each nanoaperture with the incident light gives rise to a much stronger transmitted light
intensity than expected[310]. The EOT comes from the interaction between constructive

interferences and surface plasmons. In EOT, the transmitted spectrum has several modes,
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which are associated with the surface plasmon modes and depend on the periodicity of the
array. The peak positions of the EOT due to periodicity in the transmission spectrum can be

obtained by the following equations.
kspp = Kin+ kg, (5.2)

where lzsp p is the wave vectors of the SPP and l;i n is the x-component (parallel to the surface)

of the incident light wave vector. The wave vector of the reciprocal lattice, kg, is given by:
kr=nb;+mb;  (i,j=0,1,2,--), (5.3)

where nEl and mEZ are the primitive vectors for a square lattice with IEll = IEZI =2n/ay. To
make an approximation, a surface plasmon dispersion relation for a smooth film is applied,

ignoring the fact that the apertures on the film may change the properties in the plasmon

- w [€sey
lksppl=—{/ ————— (5.4)
cV es+em,

Based on the above equations, (5.2) and (5.4), we can derive a formula for the predicted peak

dispersion:

positions at normal incidence 68 =0 [311].

.. a €s€
Amax(i, j) = ‘20 '2\/ M (5.5)
Vic+jeVeEstem,

where ay is the periodicity of the square aperture array; i and j represent integer mode indices,

and €g and e, are the dielectric constants for the substrate and the metal, respectively. As
we discussed before, in Eq. (5.5), the positions of the peaks can be designed and tuned for
specific wavelengths [312, 309, 313]. Figure 5.3 shows the transmission of the periodic array of
apertures in experiments, which exhibits the two modes (1,0) and (1, 1). However, the peak
positions predicted in Eq. (5.5) do not correspond to the actual positions. This is because the
equation does not consider the scattering losses due to the presence of the nanoapertures and

ignores the resonance shift due to the interference phenomenon [314].

To display the difference between the theory described above and the real experiments, the
zero-order experimental transmission intensity distribution as a function of photon energy
and ky is presented with the predicted energy dispersion of surface plasmons (solid lines) and
the locations of Wood’s anomaly (dashed lines) in Fig. 5.4. The x-component of the incident
wave vector along the plane of the sample, ky, varies with the incident angle, as described in

Eq. (5.2). The maxima and minima in zero-order transmission spectra respectively represent
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Figure 5.4: Transmitted intensity with surface plasmons and Wood’s anomaly. The trans-
mitted intensity is shown on a gray scale, the solid line is related to the excitation of a SPP on a
flat surface, and the dashed lines are predicted by the Wood-rayleigh anomaly equation [311].

the surface plasmons and locations of Wood’s anomaly, which corresponds to the predicted

solid and dashed lines.

Plasmonic structures for optical trapping

To overcome the fundamental limitations of the conventional optical tweezers, plasmonic
nanostructures can be utilized to increase the local optical intensity through the confinement
oflight [315, 316, 317], surpassing the diffraction limit. These characteristics lower the required
optical power while maintaining accuracy in trapping nanoparticles. The conventional optical
tweezers that are discussed in the previous chapters trap nanoparticles on a laser focal spot
with a gradient force predominating over the scattering force. On the other hand, the gradient
force and the trapping potential change with the 3" power of the particle size, so high laser
power is required to trap small particles stably. Plasmonic tweezers that lower the required high
power to trap nanoparticles have been studied in various forms such as nanoholes [318], pairs

of gold particles on glass substrates [319], and nanopillars protruding from a gold film [320].

Nanostructures with plasmonic resonances mentioned above are particularly useful for con-
trolling light at the nanoscale. They can be engineered to be effectively coupled with the
propagating light and to concentrate the light onto a highly localized optical field. This is
usually called hot spots and is represented in Fig. 5.5a by two red dots at each end of the gold

nanorod. While making the confinement effect and trapping potential deeper, plasmonic
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Figure 5.5: Example of an plasmonic optical tweezer. a, Schematic of optical potential
emerging from the light illumination on a gold nanorode. The half-wavelength bar shows the
approximate size scale [321]. b, Dispersion curves of LSP (blue line) and SPP (Red line).
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structures give more opportunities for optical trapping at the nanoscale.

Two different surface plasmons, SPP and LSP, distinguished according to their generation
mechanism and their propagation, are examined to see how each is coupled with incident
light and generates an intense and confined surface wave. Both modes require a negative
dielectric function that originates from the electron plasma in a metal. First, the LSPs require
a subwavelength structure and exist in a limited frequency range, according to their finite
dimensions as shown in Fig. 5.5b. The spectral position of their resonance is closely associated
with structure dielectric function, size, and shape. LSPs can be directly coupled with the
incident light, unlike SPP. When it comes to the SPPs, these propagating surface waves are
supported by the free electrons in the metal surface and represent evanescent modes that
exponentially decay when moving away from the surface. To generate SPPs, a special technique
is required to overcome the momentum mismatch between free propagating planewaves and
the SPPs, as illustrated in Fig. 5.5b. This is usually done by placing a glass prism with a higher
refractive index on the metal surface and causing total internal reflection. An efficiently
coupled SPP mode leads to intense and confined surface waves whose intensity close to the

surface is much larger than that of the incident light.

Figure 5.6 shows a schematic for optical trapping of 100 nm PSs using a 310 nm subwavelength
aperture. It achieved more than an order of magnitude reduction in intensity for optical
trapping, compared to conventional optical tweezers. For the experiment, the Au film with
the aperture was installed in a liquid chamber with 0.05 %w/v polystyrene spheres (PSs). The
chamber was mounted upside down. A 1064 nm wavelength laser was used and focused
on the aperture by a x40 microscope objective (0.65 NA). The beam spot size was 2 um, and
the optical power density was 1.0 mW/um?. The fact that the transmission resonance of the

aperture is sensitive to the local refractive index can be used to track whether the particle is
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trapped near the aperture. Once a PS is trapped, the transmitted intensity jumps up because

PSs have higher refractive index than the surrounding medium.

Figure 5.6: Example of optical trapping using apertures. a, Schematic diagram of trapping
PSs in water with an aperture in a metallic film from [10]. b, Double nanohole structure in an
Au film for trapping of 12 nm silca nanospheres. The gap size is approximately 15 nm [36].

Optical trapping of PSs of 50 nm and 100 nm with a single aperture was proved above. To trap
much smaller particles such as 12 nm silica nanospheres, another structure called double
nano hole (DNH) was presented by milling two apertures close to each other so that there is a
tiny gap as shown in Fig. 5.6. The gap size in DNH was 15 nm in a 100 nm thick gold film. For
the experiment, the confined 80 pm height chamber was made including DNHs on the film
and water solution containing 12 nm silica nanospheres. A x100 oil immersion microscope
objective (1.25 NA) was used to provide 1.1 um beam diameter and less than 10 mW optical
power was used. Then, trapping events were observed in the time evolution of the transmitted

intensity, showing abrupt jumps.

5.2.2 FRET theory

FRET is a mechanism depicting energy transfer between two fluorophores, donor and ac-
ceptor [39]. The emission energy of the donor is required to be comparable to the excitation
energy of the acceptor, as shown in Fig. 5.7a. The donor can be excited by an incident light
whose energy is larger than the bandgap (S; — Sp). Excited electrons at the higher energy and
vibration states may lose some energy and return to the lowest singlet exited state (S;) due
to vibrational relaxation. When it come to a single dye molecule, the excited electrons at
S; relax back to the ground state (Sp) with simultaneous fluorescent light emission. On the
other hands, with an acceptor molecule nearby, FRET may occur and transfer the energy to
excite electrons in the acceptor molecule. Subsequently, fluorescent emission of the acceptor
molecule occurs. The distance between both fluorophores must be less than 20 nm and the

mechanism is governed by a short-range dipole-dipole coupling.
The FRET requires an overlap between the emission spectrum of donor and the excitation
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Figure 5.7: Principle of FRET. a, Band structure of donor and acceptor molecules. b, Spectral
intensity of excitation and emission spectra of donor and acceptor. ¢, FRET efficiency is as a
function of the distance between donor and acceptor. d, Schematic of FRET mechanism.

spectrum of acceptor (Fig. 5.7b). The energy transfer rate, k;, given by [297]:

1075 k2J (V) kp

k[=8.785>< r6u4

(5.6)

where k is the mutual orientation of the dipole moments for both fluorophores, J(1) is the
spectral overlap between the emission of the donor and the excitation of the acceptor, k¢
resents the fluorescent transition, r is the distance between both fluorophores, and p is the

refractive index of the surrounding medium. Fig. 5.7c shows the efficiency Epgrr defined as

6
RO

6 6’
R0+r

ErRer = (5.7
where Ry is the Forster distance (FRET is also sometimes called Forster resonance energy
transfert). FRET pairs can be chosen accordingly, by considering the spectral overlap, the
Forster distance, and the energy transfer rate. The schematic of the FRET mechanism between

donor and acceptor is depicted in Fig. 5.7d.
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5.3 Methods

Process flow

For the optical measurement, a micro-chamber containing plasmonic structures and solution
is built with a spacer. The process flow is sequentially presented in Fig. 5.8. First of all, SiO»
substrates are cleaned with Acetone and IPA. 1 nm of Cr for the adhesion and 100 nm (or 200
nm) of Au films are deposited on the substrate. FIB milled nanoscale structures. A buffer
layer (-OH functionalized multi walled carbon nanotubes 30-50 nm) can be implemented
to avoid the quenching of emission from dyes on the surface. Subsequently, the surface
functionalization immobilizes molecules with dyes. The micro-chamber is completed by
putting a 120 pm spacer on the side, filling up with solute (functionalized PS beads) and

solvent, and covering with a top cover glass.

Step 1 : Substrate cleaning with Acetone and IPA W susglass

Aufilm
Cradhesionlayer

Step 2 : Au deposition (+ Cr adhesion layer)

Step 3 : Nanostructure fabrication by FIB

Step 4 : Buffer layer to avoid quenching B sufferlayer(NTorsio;)

Step 5 : Surface functionalization Molecules

Step 6 : Spacer installation for gap W spacer

e s solution (water solvent)
B seacer

B suferlayer (CNT orsio;)
Aufilm

M cradhesionlayer

M suB glass/ Coverglass

Step 7 : Polystyrene beads injectoin and packaging

WRiiil

Figure 5.8: Process flow for optical trapping and FRET experiment.
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Plasmonic structures fabrication using focused ion beam (FIB) milling

The FIB system (Nova 600 NanoLab) in CMi is a dual beam SEM/FIB for nanoscale charac-
terization and analysis. It joins ultra-high resolution field emission SEM and FIB etch and
deposition. The eucentric working distance for both SEM and FIB is 5 mm. An oil-free vacuum
system is applied to allow for operation at ultra high vacuum, 1071 mbar. The electron source
is a Schottky field emitter with a voltage ranging from 200 V to 30 kV and a beam current less
than 20 nA. The resolution goes down to 1.1 nm. Secondary electrons and back scattered
electrons are detected. For the ion beam, the liquid Gallium ion emitter is used with a voltage
ranging from 5 kV to 30 kV and a beam current of 20 nA. The minimum resolution is 7 nm. A
CDEM detector is used for direct ion detection. A gas injection system enables the machine to
conduct insulator deposition, Pt deposition, insulator etch, and selective carbon mill. FIB is

used to fabricate nanoaperture structures in this project.

FRET pair preparation

The Thiol-Au bonding with Mercaptoacid (C,H3,0,S) leads to carboxyl groups (-COOH) on
the surface [322]. The functionalization using carbodiimide crosslinking chemistry has been
selected to immobilize dye molecules on the surface [323]. EDC (CgH;7N3) is one of the most
used carbodiimide compounds to support carboxyl-to-amine crosslinking [324]. The chemical
reaction between EDC and carboxylic acid groups results in the formation of an O-acylisourea
intermediate which can be replaced by nucleophilic reaction from primary amino groups. The
primary amine, then, constructs a peptide bond with the carboxyl group. The by-product of
the reaction, which is a soluble urea derivative, is detached. The efficiency of EDC crosslinking
is maximum in an acid buffer (around pH 4.5). MES buffer (4-morpholinoethanesulfonic
acid) has been used for the carbodiimide reaction. NHS (C4;H5NO3) can be often added in
EDC carbodiimide crosslinking to enhance the efficiency. The coupling of NHS to carboxyls
forms an NHS ester that is much more stable compared to the O-acylisourea intermediate.
The ester enables the conjugation to primary amines to be more efficient at around pH 7.4.
For the coupling of dye molecules on PS beads, carboxylated PS beads with 100 nm, 200 nm,
and 500 nm in diameter are purchased from Polyscience, Inc. The carboxylic acid group of the
beads are also coupled to the amine group of Atto dyes (Atto-tec) by the carbodiimide method
(Technical data sheet 238C, Polyscience).
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Buffer layer deposition

Generally, when a fluorescent molecule and a metal surface have a distance of 5 nm or less, the
fluorescent light emitted from a molecule experiences a close-range quenching phenomenon
in which the metal absorbs energy [325]. To avoid this quenching issue, a thin buffer layer can
be used between the fluorescent groups and the metal surface. One such buffer layer candidate
is multi wall carbon nanotubes (MWCNTs). MWCNTs with carboxyl (-COOH), whose thickness
is 20 nm, are used to functionalize the Au surface. To immobilize MWCNTs, thiol molecules,
which are hydrophilic and attract CNTs containing -COOH, are used to functionalize the Au
surface with apertures. The dicyclohexylcarbodiimide method bonds the carboxyl groups of
thiol and MWCNTs [326].

Measurement setup
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Figure 5.9: Schematics of experimental measurement setup. a, Transmitted light intensity
measurement setup, which is designed for optical trapping with nanoapertures. b, Confocal
laser scanning microscopy setup built with a pinhole and PMT detectors [327].

A measurement setup for the optical trapping is built based on the commercial microscope
(IX71, Olympus) with objective lenses (NA0.7, 60X, Olympus and NA0.35, 20X, Spindler &
Hoyer) and a powermeter (1918-C, Newport), as illustrated in Fig. 5.9a. White light from a
halogen lamp is introduced from the bottom. The 1064 nm laser (Roithner LaserTechnick) is
guided to the objective lens and is focused onto plasmonic nanostructures in a microchamber.
The powermeter behind the microchamber measures the transmitted light intensity. A camera
is installed to record the experiment. A reference powermeter is placed to control the trapping
signal. A dark-field setup has also been used for opto-thermophoretic trapping (Fig. 3.16.
Figure 5.9b shows a schematic of a confocal microscope. A pinhole aperture in front of the

photomultiplier (PMT) detector blocks out-of-focus light so that it enhances optical resolution
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and contrast. For the confocal microscopy measurement, Leica SP8 FLIM and Leica SP8 STED
3X setups are used in BIOP, EPFL.

5.4 Experimental results

5.4.1 Plasmonic nanostructures and their spectral properties

Figure 5.10: SEM images of nanoapertures. a, Subwavelength aperture is milled in a 200 nm
thick Au film (scale bar: 150 nm). b, Tilted view of an 11 x 11 array of nanoapertures is
presented. The period of the array is 600 nm (scale bar: 150 nm). ¢, Top view of the same array
is displayed (scale bar: 1.5 um).

We fabricated nanoplasmonic structures and investigated their optical properties in experi-
ment and simulation. A 300 nm single nanoaperture was selected to reproduce self-induced
back-action trapping in [10] (Fig. 5.10a). The cutoff wavelength of the nanoaperture is 990 nm,
and the transmission dramatically decreases for longer wavelengths. Figure 5.10b and ¢ show

an array of nanoapertures, which exert the EOT effect.

The characterization of the aperture arrays for different periodicities has been done experi-
mentally and numerically in Fig. 5.11 for different periods between 440 nm and 760 nm, and
the diameter of aperture varying from 200 nm to 400 nm. Figure 5.11a shows that surface
plasmon modes are red-shifted with a larger period, which corresponds to the simulation
results by SIE in Fig.5.11b. This is because the periodicity is proportional to the positions of
the modes in transmission as shown by Eq. (5.5). In Fig. 5.11¢ and d, the aperture diameter is
also varied for experiments and simulations. The diameter does not change the positions of

the modes but it increases the intensities in transmission.

To understand the optical trapping of nano particles with a periodic array of apertures, a
computation has been done with SIE. A simple structure has been designed so that a 350 nm
aperture in a 100 nm thick Au thin film exists on a 680 nm x 680 nm glass substrate. After the
geometry definition, triangular meshes are generated on the surface to discretize its surfaces.

We decrease the mesh size near the aperture rim to obtain accurate results. For the refractive

83



Chapter 5. Optical trapping with fluorescence resonance energy transfer (FRET)

indices of Au and Silicon dioxide, Johnson and Christy data are used[250].

The SIE system calculates electric and magnetic currents, assuming the simple structure is
a unit cell and repeats in both directions. The incident light, whose wavelength is 765 nm,
polarized in x- or y-direction propagates along the -z direction. In Fig. 5.12 the cross-sections
of the computed near-field distributions of the total intensities are drawn in the x-z plane.
In the x-polarized electric field, two hot spots are seen along the rim of the structure, which
corresponds to the trapping sites. Meanwhile, relatively weak fields are observed in the vicinity
of the rim with the y-polarized incident electric field. The electric field hot spots lead to strong

gradients that can trap particles.

Another way to generate SPPs is to fabricate corrugated grooves around an aperture. The
normalized transmission intensity peak can be adjusted with the periodicity of the grooves
(Fig. 5.13). The enhancement of transmitted light derives from the coupling of the incident
light to SPPs through the grating near the aperture. Note that a single nanoaperture without
corrugated gratings also includes surface plasmons. The plasmonic modes are distinct from
SPPs propagating on a grating because they are LSPs on the nanoaperture ridge [304]. The
LSP excitation results in broad peaks in the transmission spectra. The enhancement in
transmission is not strong compared to that of SPPs exerted along a corrugated grating,

therefore its spectral modes can be invisible with SPPs.

Surface functionalization with CNTs

In the process flow Fig. 5.8 "Step 4: Buffer layer” is conducted after "Step 3: Nanostructure
fabrication by FIB". The order of step 3 and step 4 may be swapped if necessary. Figure 5.14
CNTa is a SEM image of nanoapertures array with MWCNT buffer layer that is made by the
swapped order of step 3 and step 4. A droplet of 0.1 mg/mL MWCNT solution with ethanol
solvent is dropped on a 200 nm thick Au film on a glass substrate. After the functionalization,
nano structures are fabricated on the area where CNTs are deposited by FIB milling. As a result,
no CNT appear on apertures whereas CNTs fully cover the metallic surfaces. Figure 5.14 CNTb
and CNTc are SEM images of the results after functionalization using thiol between step 3 and
4. The difference in density of CNTs comes from an additional process, oxygen plasma, right

after CNT deposition. The oxygen plasma is applied to reduce somewhat the -COOH groups.

The transmission spectrum of the array of apertures with noCNT, CNTa, CNTb, and CNTc are
plotted as a function of wavelength in Fig. 5.14. Without CNT (black curve), three peaks at 580

nm, 720 nm, and 830 nm are observed due to EOT modes, corresponding to the experimental
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Figure 5.11: Extraordinary optical transmission. Experimental (a) and computed (b) trans-
mission of 440, 520, 600, 680 and 760 nm Period arrays with 300 nm diameter apertures in
a 200 nm thick Au film. Experimental (c) and computed (d) transmission of 600 nm period
arrays with 200, 250, 300, 350 and 400 nm diameter apertures in a 200 nm thick Au film. The
experimental results are measured by Jobin Yvon TRIAX 550 Spectrometer.
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Figure 5.12: Field intensity distribution. a, X-polarized light and b, Y-polarzied light in x-z
plane. Hot spots are observed at the edges of the aperture rim along the direction of the

polarization.
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Figure 5.13: Transmission of a nanoaperture with periodic corrugation. The peak position
varies with the period of the corrugation (left). One nanostructure example is imaged by SEM
(top right). The table indicates the period and the optical response (bottom right).
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Figure 5.14: Transmission spectrum with carbon nanotube deposition. The aperture diame-
ter is 300 nm and the period is 680 nm. The film thickness is 100 nm. Without CNT, plasmonic
modes of EOT are present (Black line). CNTa indicates that FIB milling fabricates apertures
after CNT film deposition (Red line). CNTb and CNTc obtained CNT films after FIB milling,
with different CNT concentrations (Blue and Green lines).
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and simulated results in Fig. 5.11. The intensities in transmission dwindle with CNT layers
while the overall trajectory is kept due to the almost flat absorption spectrum of MWCNT. CNTb
type where CNTs fully cover the apertures and the metal surface has the weakest transmission,
as the incident light is incapable of reaching the metal surface. The type of CNTa has fully
opened apertures, and CNTs still cover its metal surface. In the red line on Fig. 5.14, the
intensity in transmission slightly increases, and the spectrum has a valley at 770 nm. In the
case of CNTc, the hydrophilic thiol groups are reduced such that the concentration of CNTs
becomes less dense than others. Even though some CNTs exist on aperture, two clear peaks at
680 nm and 840 nm and one weak peak at 750 nm are seen in transmission in the green curve

in Fig. 5.14.

There are two remarkable features in these results. One is a red-shift of EOT modes with the
CNT functionalization, and another one is a decrease of the 750 nm peak in the green curve.
We expect that the red-shift comes from the larger dielectric constant of CNT than air. For the
decrease, the difference between local and propagating surface plasmon modes is probably
related to the phenomenon. We assume that two local modes at 580 nm and 830 nm still
survive and a propagating mode at 720 nm diminishes the most because of CNTs covering the

metallic film.

5.4.2 Optical trapping for FRET

Figure 5.15: Schematic of FRET experiments. A metallic film is functionalized with FRET
acceptors and has an aperture in the center (left). When a focused laser beam is turned on, a
particle coated with FRET donor is trapped in the vicinity of the aperture (right). When the
two FRET pairs are close enough, FRET occurs and release the emission of acceptors.

As described in the Motivation section and calculated in SIE (Fig. 5.12), the confinement
of the field intensity is exploited with plasmonic nanostructures for optical trapping. This
phenomenon means that the trapping place and the trapping target get closer. When they are
close enough, FRET can occur as described in Fig. 5.15. For this, FRET pairs were first selected

and I checked then to see if the energy transfer between them took place.
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Control experiment for FRET
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Figure 5.16: Specification of the selected donor and acceptor FRET pair. Spectral overlap re-
gion exists over the emission of acceptor and the excitation of donor. (a) and (b) regions are the
regions of interest for the measurements (left) and the FRET control experiments (right). Thin
films of donor and/or acceptor are spin-coated on the glass substrate. Two laser wavelengths
are selected as 470 nm and 561 nm to excite both donor and acceptor. PMT has two ranges,
from 530 nm to 550 nm and from 650 to 680 nm. A FRET response is detected at PMT range
from 650 nm to 680 nm with the 470 nm laser.

Excitation and emission spectra of the donor and acceptor are presented in Fig. 5.16 (Left).
The deviant crease lines indicate spectral overlap for FRET. The photomultiplier tubes (PMT)
have two detection ranges, one is from 530 nm to 550 nm (a) and the other is from 650 to 680
nm (b). Two dyes are dispersed in ethanol and are spin-coated on glass substrates. Figure 5.16
(Right) shows that a 470 nm laser can excite donor molecules and get the signal from (a). The
same laser is used to excite the acceptor molecules. However, there is no significant signal
from (a) and (b). With a 561 nm laser, it shows the signal almost everywhere due to the surface
functionalization. A mixture of donor and acceptor molecules gives the signal from (a) and
(b). According to the FRET theory, the excited donor transfers its energy to the acceptor and
radiates no light. Nevertheless, the donor aggregate still shows the signal since the upper parts

of the aggregates are far from the acceptors on the surface.

Optical trapping

Variations in the transmission intensity can track the presence of particles in the vicinity of

the nanostructure because of the change of surrounding refractive index near the structure.
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5.4 Experimental results

PS beads used for trapping have a refractive index n = 1.57, which is larger than that of water,
n = 1.3. PS beads trapped make the nanostructure appear larger, thereby increasing the
transmitted intensity [10]. A 1064 nm laser beam is focused by a X60 (0.70 NA) objective
and keeps illuminating more than 30 min to be stabilized before the trapping experiment
starts. The power intensity linearly increases as the percent of output power grows. The
beam diameter used in the measurement was around 2 um. The reliable power density
for the optical trapping in the literature is approximately 0.16 - 0.32 mW/um? (0.5 mW to
1 mW, in intensity within 2 um of beam diameter) [10]. We observe in Fig. 5.17 that the
illumination power is sufficient for trapping. In Fig. 5.17 the laser is exposed on the sample
chamber, and the transmitted intensities are measured. The overall power is approximately
three orders of magnitude weaker than that of the incident light because of the chamber
and sample. Nevertheless, the transmitted intensity still linearly increases with the laser
intensity. It is found that sudden jumps are observed in the time evolution of the intensity.
Two distinguishable states occur. When the trapping laser is on again after release by a shutter,
the intensity always starts at the low state. It implies that PS beads immediately move away
from the trap site due to the Brownian motion. With a higher refractive index than water, a PS
particle trapped in the aperture enables the aperture to appear larger, which provides for more
transmitted light at longer wavelengths than the cutoff point. Figure 5.18 shows a sequence of

optical trapping and exhibits the enlargement of the aperture due to trapping.
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Figure 5.17: Optical trapping of PS beads. The time evolution of transmission intensity is
plotted. When the laser shutter is on, initial transmission intensity is close to (a) position
(Blue dashed line). After a while (40 s in the case of the first "laser on”), an abrupt increase in
intensity is detected around (b) position (Red dashed line).
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Laser on Laser off

Figure 5.18: Sequence of optical trapping of a PS bead. Nanoparticle (NP) and nanoaperture
are indicated by white and black arrows, respectively. a, the NP is in the vicinity of the
nanoaperture. b-c, the NP is dragged toward the nanoaperture when the laser is on and
focused around the nanostructure. once the NP is trapped, the black hole of the nanoaperture
becomes bigger and darker. d, without laser, the NP is released.

Optical trapping for FRET

Os 20s 40s 60s 80s Transmission

PMT range:
650 nm —
680 nm

SEM
Figure 5.19: FRET experiments with confocal microscopy. PMT ranges are set according to

Fig. 5.16. A nanoaperture array and a bull’s eye structure with functionalized surfaces are used
to perform the experiments.

In the confocal setup (Fig. 5.9b), the optical trapping experiment for FRET was conducted
(Fig. 5.19). On the far right, SEM images show the nanofabrication results. The brighter
parts of the transmission column indicate the enhancement of transmitted light through the
plasmonic structures. The red dashed lines indicate the position of the trap site. PMT with
arange for the acceptor detected no signal: it was difficult to measure the FRET signal. Two
possibilities can be considered for that, the first one is the absence of the FRET phenomenon,
and the second one is that the signal was too weak to be detected. The first hypothesis means
that the distance between both fluorophores is too large to transfer their energy (> 20 nm).
We decided to conduct another trapping mechanism, opto-thermophoretic manipulation, to

check the distance issue.

This trapping mechanism can control the particle-particle gap from a few nanometers to tens
of nanometers [295] (Fig. 5.20). Two donor and acceptor dyes are separately functionalized

on PS beads. Although dark-field imaging can distinguish two greenish and reddish colors
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Figure 5.20: FRET experiments using opto-thermophoretic trapping. a, Two different dyes
are implemented on the nanoparticles before the opto-thermophoretic trapping experiment.
b, The trapping laser is on, and two particles are combined.

from donors and acceptors, it still doesn’t show the FRET signal. So we can think about the
aforementioned second possibility. Subsequently, we have tried to increase the exposure
time up to 10 min to obtain more signal. Nevertheless, the detection of the FRET signal
was not possible. A series of robust measurement tools, a combination of dark-field and
confocal setups with flexibility for various laser wavelength injection and a high-performance
spectrometer, would be required to pursue these experiments further. Adjusting the distance
between the particles and the trap site might be challenging, so it would be better to start
experiments for particles assembling onto the surface. This would give us maximum efficiency
for the FRET exchange 5.7. Optical assembling for FRET would solve the two issues mentioned
above, which indicates that the distance between the FRET pairs becomes almost zero and the

FRET efficiency is maximized [328, 329, 330].

5.5 Summary

The visualization of optical trapping with FRET has started with the motivation that it would
have useful applications in optical trapping and manipulation. The theoretical studies on
aperture-type plasmonic nanostructures, optical trapping, and FRET mechanism have been
described. Nanoaperture arrays and a single aperture with corrugated gratings have been
selected and fabricated to trap particles with donor molecules. Acceptor molecules have been

immobilized on the trap site for FRET.

The different methods for these experiments have been described in detail. FIB milling has
fabricated plasmonic nanostructures for trapping experiments. SEM images have shown
outstanding yields in nanofabrication. The periodicities of the array and bull’s eye structure
have controlled their spectral responses. To avoid the quenching issue, buffer layers have been

implemented between the fluorescent dyes and the metallic substrate. The FRET pair selection
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has been carried out, considering the spectral overlap, the FRET signal distinguishability, and
the energy transfer rate. The carbodiimide method using EDC and NHS has formed peptide
bonds between carboxyl and amine groups. A microchamber has integrated the plasmonic
structure, and FRET pairs with a 150 um height spacer. For the measurement, a standard

optical microscope, a dark-field setup, and a confocal microscope were used.

The experimental results have shown that optical trapping with plasmonic structures was
successful. The time evolution of the transmitted intensity abruptly increased when a particle,
whose refractive index was higher than the surrounding medium, was trapped. In bright field
imaging, the nanoaperture appeared larger with a trapped particle. The FRET pair control
experiment proved that FRET occurred when the pairs were close enough. Unfortunately,
the combination of optical trapping and FRET has not yet been successful. Also, the Opto-
thermophoretic trapping hasn't been able to show the FRET effect. To move forward, optical

assembling would be meaningful prior to optical trapping for FRET.
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Conclusion and outlook

This thesis has mainly been dedicated to developing nanofabrication technologies in order
to implement optical manipulations such as the rotation and the trapping of particles at the
nanoscale. In particular, rotary motion can be realized in various configurations such as
reflection, refraction, absorption, and scattering, although the main principle is as simple as
to transfer light momentum into mechanical momentum. I reviewed published papers in
chronological order to see how advanced the technology has been so far and what needs to
be done to move forward. Then, I found the fact that there is some degrees of freedom in the
geometry of nanostructures for rotational movement. Machine learning technologies that
currently influence diverse science fields have become mature enough to be implemented.
Accordingly, I have tried to apply machine learning algorithms to generate nanostructures
with improved optical torques by developing a torque predictor and a nanorotor generator.
Subsequently, I have faced difficulties in realizing the structures suggested by the nanorotor
generator due to the inherent fabrication limit in up-to-date nanofabrication technologies.

Nevertheless, to reach the best results, the IBE process has been optimized as much as possible.

In Chapter 2, a comprehensive literature review has been carried out to show the chrono-
logical advances of optically-driven micro- and nano-motors. First, the physical properties
and applications of three light momenta driving motors were elucidated. Subsequently, the
energy transfer methods from each light momentum to mechanical motions of the motors
were described in detail. Intriguingly, it was apparent that these advances were made possible
by advances in micro- and nano-fabrication, as the required feature size gradually decreased.
Furthermore, the plasmonic resonances observed at the subwavelength size in metal struc-
tures have also been applied to enhance the devices efficiencies. As an outlook, new directions

such as machine learning, new materials, and metasurfaces were also presented. Those three
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methods proposed to improve the motor’s performance are very promising and synergies can

be built among them.

In Chapter3, optically-driven nanomotors are designed by machine learning algorithms,
numerically analyzed with the SIE method, and realized using nanofabrication technologies.
All the tasks started from a computation calculating an optical torque from a specific geometry.
The torque value remains with any orientations of incident polarization, which is suitable for a
rotary motor. To generate nanorotor structures with improved torques, a torque predictor and
a nanorotor generator have been considered. The torque predictor consisting of convolutional
layers has been trained to predict a torque value from an input image. The random number
function in Matlab was used to produce the random set of motor geometries for the training.
The nanorotor generator was created by combining a conventional DCGAN with the previously
trained torque predictor. The combined torque predictor provides torques of newly generated
motors as an additional objective loss function during the training. After several iterations,
the trained nanorotor generator produces nanorotor designs with improved torques of more
than two orders of magnitude on average, compared to the randomly generated motors.
The optical properties of generated motors have been computed using SIE to figure out the
torques origin. A maximum optical torque was observed at the plasmon resonance, when field
intensity hotspots are excited around the sharp geometrical features of the rotor. Complicated
Poynting vector distributions are observed near these hotspots. The angular momentum
of the scattered light, corresponding to the integral of the vector product between location
and Poynting vectors of the scattered light around the nanorotors, exhibits the opposite
responses to the optical torque while the incident light possesses no angular momentum.
This implies that momentum exchange occurs between the scattered light and the nanorotor.
After the optimization of the machine learning algorithms and the numerical analysis using
SIE, the fabrication process flow for free-standing nanomotors was developed. Top-down
approaches using EBL have been applied to the fabrication of the motors. To realize the
nanorotors with feature sizes around 10 nm, the IBE process was used with HSQ masks
patterned by EBL. For nanomotors, a lift-off process with PMMA and anisotropic dielectric
etching was used to form SiO, embodiments. Finally, an isotropic dry etching process released
the nanomotors from the substrate. Nanomotors exhibit much improved rotational speed
with a given laser power density in the measurement. However, some of them showed lower
performances compared to the theoretical calculations. According to SIE calculations for
damaged structures with expansion or shrinkage, this performance degradation might come
from an imperfect structure. I believe that it will be solved with the advent of improved

nanofabrication technologies.
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The optimization of the IBE described in this thesis (Chapter 4) has become an essential step
to make a bridge connecting an ideal suggestion from machine learning algorithms and an
actual real nanostructure. Without the optimization, the angular distribution of material
during etching leads to fences on the sidewall due to the redeposition of etched materials
nearby, although the EBL with HSQ resists provides almost perfect nanostructures as designed.
I optimized the IBE process to manufacture plasmonic structures such as antennas, flowers,
T-shapes, spirals, wheel motors with arbitrary design, and gammadions. Consequently, the ex-
tent of this fencing was sensitive to the thickness of the HSQ and Cr layers. Dummy structures
and Au wet etching suppressed the formation of fences. The optimized configuration will be

beneficial to precisely fabricate plasmonic nanostructures and metasurfaces.

Besides, the visualization of optical trapping with plasmonic structures using FRET (Chapter
5) has been attempted experimentally. The trap sites, nanoaperture structures, have been
fabricated using FIB milling on Au films with periodic configurations. Using the carbodiimide
crosslinker, FRET pairs, donor and acceptor, were immobilized on trapping particles and trap
sites. The optical trapping with nanoapertures has been carried out within a microchamber.
The transmission intensity suddenly increased due to the increase in the surrounding refractive
index when a particle with a higher refractive index than water is trapped in the aperture. Two
FRET pairs were selected considering the energy transfer rate and purchased from an industrial
company. Although each experiment has proved successful, the results of the combined
experiment have yet to meet the target. The two main reasons that may be presented for this
are the following: First, optical trapping may not be able to shrink the distance between the
two FRET pairs sufficiently, and second, the emission intensity from the acceptor is too weak
to be measured by microscopy. To confirm these issues, an optical trapping experiment can
be replaced with an optical assembling experiment in which particles are completely attached
to the trap site. This is a completely new experiment, and all the requirements have to be

thoroughly looked at from the onset.

As an outlook, machine learning has rapidly developed and applied to diverse fields since it
revealed its great potential in the middle of 2010. Therefore, it will certainly contribute more
and more to optimizing various optical properties in nano-optics. On the other hand, the
solutions suggested by machine learning contain no physical insights that explain the basis
of the improvement. Therefore, various methods for interpreting this are also expected to
develop at the same time. In this thesis, the machine learning algorithms improved the optical
torques for planar Au nanostructures. An interesting extension would be the same thing in 3D.

Dielectric and metallic motors described the state-of-the-art in Chapter 2 have developed from
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2D to 3D, enhancing their performances. The optimization of the algorithm and fabrication
for 3D plasmonic motors might be challenging but worth trying. One can easily imagine that
other optical devices, such as metasurfaces and phase gratings, can also be improved further
thanks to the globality of machine learning algorithms. The input parameters that I paired
were a nanorotor geometry and an optical torque value. The latter can be replaced with any
other optical property. The fundamental limits of the nanofabrication have restricted the
realization of all the suggestions from the nanorotor generator, although the IBE optimization
led to nanostructure feature sizes close to 10 nm. As the resolution of the nanofabrication
is gradually improving thanks to the tremendous efforts made by research and industry, the
feasible nanofabrication resolution will end up satisfying the suggestions from the machine

learning algorithms.

In conclusion, this thesis unfolds a diverse range of possible future directions, where the dif-
ferent technologies I have introduced could be further improved and applied for applications

in nano-optics, nanomotors, trapping, and nanofabrication.
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