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Abstract

Trapping, manipulation, and sensing of particles at micro- and nanoscale have obtained
a fundamental role for several applications and particularly in biomedical environments,
such as oncology, proteomics and biology. Among life science application domain, the
ability to trap matter at microscale, such as cells and bacteria, up to single molecule,
protein and virus of few nanometers, allows to investigate many diseases (e.g. cancer
early diagnosis, motility of bacteria and cells activity), and also the effects of new drugs
on a single pathogen like a virus, prion or virion, in addition to the analysis of proteins
interaction.

Optically-based techniques have been largely used to realize devices for trapping,
typically called “optical tweezers”, due to their several advantages compared to other
trapping methods. Optical tweezers provide traps with high spatial resolution, and
particularly contact-free manipulation, so obtaining a relevant decrease of risks of
damage and disruption of the trapped matter. Such properties are very important for
trapping of living matter in biomedical applications, in order to avoid changes of surface
properties or alterations in the behavior of the target object, so affecting the results of
the experiments.

A limitation of bulk optical tweezers is related to low values of optical forces that can
be exerted, which poses a challenge for the manipulation of life matter at the nanoscale.
In the last years, nanotweezers based on different technologies have been proposed in

order to improve the trapping efficiency.



Higher values of optical forces have been obtained with integrated optical devices, and
particularly photonic and plasmonic resonant cavities have demonstrated to enable
trapping of living matter at the nanoscale, so interesting a strong research effort and
becoming attractive for commercial devices.

In this work, an integrated photonic/plasmonic cavity, based on a bowtie nanoantenna
vertically coupled to a 1D PhC cavity, has been proposed as hybrid nanotweezer, aiming
at enhancing light-matter interaction and improving the trapping efficiency. The cavity
provides ultra-high Q/V values with optical forces in the pN range for dielectric particles
smaller than 100 nm. Such performance corresponds to high stability of the optical traps
of beads at the nanoscale with long trapping time, potentially including also biological
matter.

A good matching between simulated and experimental results of the hybrid cavity
performance have been obtained. The suitability of the proposed device as an efficient
hybrid nanotweezer has been demonstrated experimentally by the stable trapping
condition of Au beads up to 200 nm observed for several minutes with sub-mW optical

powers.



Introduction

Trapping techniques for manipulation of objects at micro and nanoscale have been
strongly investigated in the last years, assuming a crucial role for many life science
domains, such as medicine, biology, pharmacology and chemistry [1,2]. They have
improved the performance obtained by other commercial techniques, which typically
require bulky configurations and high power values [3].

Many trapping techniques have been proposed, which are suitable to trap and
manipulate particles and living matter from several microns to few nanometers. In
particular, optically-based detection schemes have demonstrated the best compromise
in terms of high efficiency, compact volume and low value of energy consumption.
Furthermore, devices used for optical manipulation provide stable trapping events for
nanoparticles with a real time analysis, so covering the need of life scientists to
manipulate smaller biological samples [4-6].

Optical tweezers are very advantageous for their ability to detect and manipulate target
objects without a direct contact. The lack of touch or binding minimize risks of damage
and disruption, preventing to affect surface properties of living matter, which is
fundamental in biomedical applications, for example to investigate proteins interaction
or virus properties [7].

It is very difficult to obtain high trapping efficiency with optical tweezers with bulk
configurations, which are based on focusing a laser beam by optical lenses in order to

improve light-matter interaction in small volumes [8]. This represents a critical issue for



these devices, limiting their use in several applications in medicine, biology and
chemistry, for which the trapping at nanoscale is necessary.

Recently, the spread of new technologies, fabrication techniques and materials has
enhanced the integration of several devices on a single chip (Lab on a Chip), so allowing
the realization of nanotweezers integrated with microfluidic channels [9]. Nanotweezers
provide higher values of trapping forces, enabling the trapping at nanoscale and
facilitating their use in nanomedicine (this term is related to the medical application of
nanotechnology, including the study of nanomaterials, nanomachines for surgery,
nanodevices for biosensing and nanodrugs for therapeutic applications) [10].
Nanotweezers have demonstrated to confine high energy values in very small volumes,
which is a necessary condition to reach high trapping efficiency [11]. Therefore, such
devices allow to trap selectively particles from few micrometers, such as small cells and
bacteria [12,13], up to a single bead of few nanometers (i.e. proteins, DNA chains, small
virus) [14,15]. It is very useful to diagnose human diseases, giving accurate information
about its progression. In fact, the early detection of low values of concentration and
small size of cells, such as cancer ones, bacteria or virus, facilitates a fast and careful
medical prevention [16,17]. This would strongly decrease the mortality rate and also the
expensive financial costs of health system for several diseases, i.e. cancer and genetic
illnesses, related to the expenditure on care, emergency and surgeries, outpatients and
drugs [18].

In the last years, optical nanotweezers have been also used in genetics and proteomics,

due to their ability to trap matter at the single molecule level, allowing the study of co-



protein interactions, protein-DNA and antigen-antibody bindings, detection of DNA
strains and virions [19,20]. Such behaviour enables the analysis of the evolution of a life
cycle of a single virus in order to define the disease’s progress and to control the effects
of drugs at single molecule level, so improving the efficiency of medical treatments
[21]. This also justifies the rising and wide spread of the research interest towards
nanotweezers, which is growing remarkably also due to their promising applications
related to detection and analysis of genetic functionality and integrity, which is the basis
of most human diseases. Furthermore, the direct trapping of particles of few nanometers
without the need of labelling and tethering of target molecules is a strong advantage in
comparison with the performance obtained by other commercial techniques [22]. Labels
typically alter surface characteristics and activities of trapped objects (i.e. due to
photobleaching and thermal effects) and tethering requires available binding sites for
the surface attachment, modifying its properties and compromising the genetic
information [23]. Several techniques and methods have been proposed to overcome
these challenges, such as calorimetry, holographic techniques, enthalpic arrays and
interferometric configurations, but they require large volumes, low sensitivity and long
preparation times [24]. Therefore, the device integration with a real time analysis is
prevented, making such methods unsuitable for several biomedical applications and
particularly for the realization of point-of-care devices, unlike the compact and efficient
nanotweezers [25].

The success of nanotweezers is also related to their versatility to be used for several

applications and not limited only at biomedical environment. In fact, the trapping and



manipulation of carbon nanotubes and graphene flakes have been used in electronics to
realize chemical sensors, for example for the desalination of membranes, field emitters
and integrated circuits [26,27]. The control on motion and spin of beads has been also
investigated to explore the transitions between the classical and quantum world [28,29].
Nanoantenna used as plasmonic tweezers have been also proposed to obtain advances
in magnetic recording for data storage and nanocamera, due to their ability to strongly
confine electromagnetic energy and to provide heated regions in a volume at the
nanoscale [30].

A description of several techniques and configurations of nanotweezers proposed in
literature to enable trapping of particles at micro and also nanoscale has been included
in the next chapter, so describing their performance, potential applications and
limitations. Trapping methods with optical signals have been briefly discussed in
Chapter 2, in order to put only in evidence the real and effective advantages of optical
tweezers to the other methods. In Chapter 3, a discussion on theory and physical aspects
of optically-based trapping techniques has been included, focusing on the different
regimes as a function of geometrical and physical properties of the objects to trap.

A detail description of several configurations of optical and plasmonic nanotweezers
proposed in literature is discussed in Chapter 4, focusing on the advantages obtained
with hybrid nanotweezers as the best compromise among those configurations.

The design and numeric results of an ultra-high Q/V photonic/plasmonic cavity is

proposed in Chapter 5. The experimental activity with the fabrication processes and



techniques and the optical characterization is discussed in Chapter 6, demonstrating the
good matching between numerical and experimental results.

In Chapter 7, the efficiency of the photonic/plasmonic cavity as hybrid nanotweezer for
submicrometer particles has been verified, so demonstrating also the suitability of the
proposed configuration for trapping at the nanoscale.

Finally, potential applications and future prospects of optical nanotweezers have been
discussed to investigate environments where their spread is advantageous, such as

biomedicine, and their effective impact in the worldwide market.



CHAPTER 2

Trapping techniques

Different techniques have been proposed and developed for trapping, probing and
manipulating small particles at micro and nanoscale, such as optical [31,32],
hydrodynamic [33,34], magnetic [35,36], acoustic [37] and dielectrophoretic traps
[38,39]. An overview on different trapping techniques and configurations is reported to
comprehend the physical mechanisms, their performance and drawbacks.

Finally, a brief description of optical tweezers with bulk structures for trapping at the
microscale and their market review has been proposed. A detail description of integrated
optical nanotweezer configurations, that enable trapping at the nanoscale, has been

reported in Chapter 4.

2.1 Hydro-dynamical trapping

Propulsion forces that enable to transport objects can be obtained in a microchannel in
which a liquid continuously flows inside [40]. The strength of these forces is strongly
related by the shape and size of the channel and by the object’s properties, because they
affect the pressure of fluid in the channel. Different configurations of microchannels
have been proposed to obtain sorting and trapping of particles at microscale [41]. In
particular, the flow velocity strongly influences the intensity of forces acting on the

particles, while the channel configuration affects their direction. Therefore, the flow



streamlines change as a function of particles’ size and fluid properties. This can be used
to realize the separation of different objects and also their trapping in specific positions
[42].

Different configurations of microchannels with a rectangular or circular transversal
cross-section have been proposed to control particles’ motion [43]. For example,
multiorefices and microholes have been integrated in these structures to modify the fluid
streamlines [44], in order to create microvortices, where particles can be attracted and

then trapped as in a reservoir (see Fig. 2.1).

Iniet _ Flow

Fig. 2.1. (a) Microparticles migrating through the multiorifice microchannel [43] and (b)
trapping of LNCaP cell by nanoholes [44].

Trapping and manipulation of a single particle is challenging with hydrodynamic
techniques. Recently, several devices with particular configurations of microchannels,
that enable to predict the flow profile in each single trap, have been proposed. Kobel et
al. in [45] demonstrated the trapping of a single cell with an optimized trap architectures
with efficiency > 90% and a rate of cell loss of about 20%. Similar performance has

been obtained by engineering the size and shape of the trap (see Fig. 2.2).
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Fig. 2.2. (a) Schematic of the microchannel with a trapping site and (b) experimental verification of
trapping of a single mammalian cell in particular condition of fluid motion.

Another important advantage of this configuration is that each trap region enables the
confinement of a single cell, preventing other cell to remain inside, because of the
change in the fluid motion around the trapped cell. Furthermore, the authors have
demonstrated to obtain long trapping events, enabling the mother cell division in two
small daughter cells directly in the trap. One of two daughter cell remains in the trap,
while the other one is transported and then trapped into the next empty trap section, so
allowing the detection and analysis of both of them to study their properties and their
genetic code.

Despite the simple configuration of such devices and the ability of manipulation up to a
single cell, characterized by high reliability and strong trapping efficiency, its limitation
is related to the minimum size of the target object that can be trapped. High performance

have been demonstrated with living cell at least of tens micrometers, but a stable and
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long trapping condition is very difficult with objects of only few micrometers or smaller.
More complex design of trapping structure has been proposed to overcome such
limitation, enabling to reduce the minimum size of the objects that can be immobilized
in the single trap. For example, Probst et al. in [46] have demonstrated to stably trap a
single Escherichia coli with a particular structure of the traps realized in the
microchannel. The particular pattern proposed has been optimized to trap bacteria with
a rod-shape, like E. coli, obtaining an efficiency of about 60% with single traps up to

87% with double traps (see Fig. 2.3).
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Fig. 2.3. Configuration of a single bacteria trap with (a) a rectangular and (b) cylindrical mechanical
support. (c¢) SEM pictures of single and double trap sections before (top) and after (bottom) bacteria
trapping. (d) Probability to confine bacteria in each single and double trap.

Several applications can require a pre-filtering of objects with different size and
properties, aiming at carrying the target objects to the trapping sites to obtain a higher
trapping efficiency. Tweezers exploiting the hydrodynamical trapping are very

advantageous to satisfy such requirements, because the action of sorting and trapping
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can be obtained in an on-chip system. Sorting of different particles has been obtained
by using channels with bifurcations and pinched regions [47], while a separation
between the target objects has been demonstrated by multiorifice structures [48]. The
multiorifice includes contraction and expansion cavities to provide two separate focused
streams of particles with different size at the outlet, with enormous advantages for
biological analysis, as demonstrated by Bhagat et al. in [49], where an extremely rare
concentration of circulating tumor cells (CTCs) have been separated by the other
particles flowing in the blood.

The drawback of hydrodynamic traps is related to the mechanical action of trapping, so
requiring a direct contact of the target object with the trap, which can cause the damage
or disruption of biological matter [50].

Several techniques have been proposed to allow non-contact trapping with
hydrodynamic forces. In Ref. [51] two contra-directional laminar flows are used to
create a stagnation point with a null flow, enabling trapping of nanoparticles up to 100
nm for few minutes. However, large displacements of about some microns for the
trapped nanoparticles have been observed, which correspond to lower values of trapping
stiffness compared to performance obtained with other techniques, such as the optical
approach. Furthermore, some imperfections in the pattern of microchannel can delete
the stagnation point, so obtaining only a radiation force on the particle that follows the

fluid streamline.
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2.2 Magnetic trapping

Magnetic field can be used also to control and manipulate with high efficiency the
motion of sub-micrometer particles. Trapping of single cells and living matter have been
also demonstrated by applying magnetic field with a desired spatial distribution. Such
technique usually requires the binding between the target object to trap with large
magnetic beads to allow an active control on their motion [52]. A typical configuration
of systems used for magnetic trapping is shown in Fig. 2.4b. The tweezer is based on an
array of several magnets and coils, that exert a magnetic field between magnets along a
specific path, as a function of intensity of the magnetic field and the distance between
magnets (Fig. 2.4a) [53]. The metal beads with functionalized surfaces are used as
carriers for trapping and manipulation. By applying magnetic gradient fields, the
magnetic markers can be easily manipulated, so enabling the motion of matter to detect

in specific binding sites [54].

(a) (k)

Fig. 2.4 (a) Schematic of a magnetostatic potential energy above an array of microdisk-magnets
[53] and (b) motion of magnetic beads in forward and backward directions with a counter
clockwise and clockwise direction of the magnetic field, respectively [52].
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The direction of the magnetic particles is strongly affected by the properties of the
applied magnetic field, as shown in Fig. 2.4b, where a forward and a backward motion
can be obtained by applying a counter-clockwise and clockwise magnetic field,
respectively [52]. Moreover, efficient separation of particles can be easily obtained with
magnetic traps, by changing the driving frequency. In fact, beads move together at the
same velocity for low driving frequencies, but above a critical threshold both drag
properties and magnetic moment change, which corresponds to a net separation of
magnetic beads as a function of their properties and size.

The main advantages of magnetic trapping are related to high values of stability for
motion, the ability of separation and trapping of small objects, that allows to repeat
measurements many times, and high scalability for the device integration on lab-on-a-
chip systems with an improvement of sensitivity [54]. However, a similar behaviour
also provides higher sensitivity to external parameters, such as changes in the viscosity
and velocity of the fluid, high non linearity of magnetic forces and, particularly, a
significant heating effect and the necessity of tethering of magnetic materials, that could
also affect the properties of target objects to trap, such as cell viability. [55]. The strength
of the magnetic field to apply is inversely proportional to the bead’s size, in fact large
magnetic field is required to trap small particles, which corresponds to high current
electromagnets that can produce a relevant heating and risk of damage biological matter.
Such limitation has been partly overcome by using soft magnetic structures in place of

supermagnetic beads, which are less sensitive to heating [56,57], but this still represents
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the main drawback for the spread of a large use of magnetic tweezers for trapping at the

nanoscale.

2.3 Dielectrophoretic trapping

Dielectrophoresis has been discovered by Pohl in 1960s [58]. This physical effect is
based on the polarization of a particle under the influence of an electric field, so creating
a dipole moment under the effect of the electric field gradient, as shown in Fig. 2.5.
Particles can be either attracted or repelled from the region with the strongest energy
gradient and the resulting force is called dielectrophoretic (DEP) force [59]. The
intensity and the gradient of the applied electric field and bead’s properties are the main
parameters to define the force strength, while the particle’s polarizability affects the
positive or negative force behaviour. A positive DEP (pDEP) force corresponds to
particles” motion to the region of high electric field strength (see Fig. 2.5), while

negative DEP (nDEP) is related to opposite movements [60].

Fig. 2.5. DEP trapping of particles (charged and neutral) under (a) a uniform and (b) non-
uniform electric field [60].

This effect has been largely used to manipulate the motion of beads at microscale,

simply controlling the intensity of the electric field and the position of the point source.
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Moreover, a higher control and also lower power dissipation have been already
demonstrated by using AC voltage and insulator based DEP (iDEP) configuration,
which include dielectric pillars that modify the distribution of electric field lines, so
creating high field gradient in specific spatial positions [61].

DEP manipulation has proved to be very useful for trapping at microscale because it is
contact-free with particles, fully controllable by changing frequency and magnitude of
the electric field applied and it is also easy to interface with conventional electronics
and to integrate in systems on chip [62]. In particular, efficient trapping of objects in a
range of 1 um — 1 mm has been proved. The dielectrophoretic effect has proven to be
also suitable for trapping and manipulation of biological matter, such as cells and
bacteria. However, particles with a size outside this range are difficult to trap due to the
relevant gravity force for larger ones and the strong Brownian motion for objects at
nanoscale. This is a drawback for dielectrophoresis technique, because very high values
of electric field are necessary for a stable trapping condition, which corresponds to a
voltage of several tens of volts with conventional configurations of electrodes [63].
The progress in nanofabrication allows values of gap of few nanometers between the
electrodes, which corresponds to high values of electric field strong enough to trap nano-
objects, but with lower values of applied voltage [64]. This behaviour enables trapping
at nanoscale with DEP tweezers. Manipulation of small proteins and virus have been
demonstrated, up to particles smaller than 100 nm [65] and detection of very low
concentration of biological matter, such as DNA, up to 5 fM with voltage V <20 V [66-

68].
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A relevant improvement of dielectrophoretic tweezer performance have been also
demonstrated by using the light-induced dielectrophoresis (LIDEP), for which electrical
contacts are created by the illumination of a photoconductor layer [69]. These
optoelectronic tweezers provide manipulation of particles at micro and nanoscale with

stronger trapping force and also lower AC voltage values [70,71].

2.4 Acoustic trapping

Acoustic forces have been largely used in biological applications for trapping,
separation and sorting of particles and living matter at microscale [72,73]. This approach
requires ultrasonic transducers deposited on the surface of a piezoelectric substrate,
which generate surface acoustic waves (SAW) [74]. The ultrasonic standing waves have
nodes and antinodes with a periodic spatial distribution where a mechanical pressure is
exerted, so enabling trapping or repulsion of particles [75]. The position of the nodes
and antinodes are affected by the frequency of the acoustic wave, which can be set to
obtain the nodes in a specific position of the microchannel, so enabling microparticles
separation. In fact, the magnitude of the acoustic forces depends on the particle size,
density and compressibility, so particles with different size can be repositioned in
different positions of the microchannel, obtaining an efficient sorting [76].

The first acoustic tweezers were based on the propagation of bulk acoustic waves
(BAW) by using bulky transducers. This approach had several drawbacks, such as

difficulty of integration in microchannels, due to the large volume of transducers, and
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also the necessity of microchannels in silicon or glass, and not with the conventional
polymers (i.e. PDMS), because of their excellent acoustic reflection properties [76].

A stronger improvement of acoustic tweezers performance has been obtained by using
surface acoustic waves (SAW), which propagate along the surface of an elastic material
and confine higher energy values far from the surface of the substrate, so enhancing the
interaction with the target objects to trap [73]. In Fig. 2.6 the operation principle of
acoustic tweezer based on SAW proposed in [77] by Guo et al. has been reported. The

system generates 3D trapping nodes for matter manipulation at microscale .
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Fig. 2.6. (a) Configuration of a SAW-based tweezer proposed in [77] and (b) numerical
simulation of the mapping of the acoustic field around a particle in a 3D trapping node. (c)
Distribution of acoustic forces exherted on microparticles inserted in a microchannel.

The enhancement of the energy confinement provides the control and manipulation of
a single microparticle and cell, unlike the BAW-based tweezers that can usually
manipulate a cluster of particles [78], with also lower values of input power at least of
a factor 20 in comparison with the bulky configurations, and several orders of magnitude
with other trapping techniques, such as optic, electronic and optoelectronic ones [74,

79].
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The resolution of the acoustic tweezers is the main drawback of such devices, because
trapping is limited to microscale, making not possible manipulation of smaller objects.
Therefore, acoustic tweezers have demonstrated to be very suitable for biological
applications, such as trapping of bacteria and cells, due to high values of acoustic forces
in pN range with very low power values, but at the same time trapping of proteins, virus
and other biological matter and particles at nanoscale results too challenging to obtain
by SAW-based trapping devices [74]. In the last years, trapping of sub-micron particles
with low concentrations by using SAW has been investigated. Manipulation of such
small particles has been obtained by trapping microparticles in the acoustic trap prior to
the target objects at nanoscale, as proposed by Hammarstrom et al. in [80], who
demonstrated to trap polymer beads of only 110 nm, by using 10 um particle previously
trapped. Such behaviour is due to a secondary acoustic force, given by the particle-
particle interaction. This contribution is proportional to the volume of the particles that
interacts, therefore a seed particle at microscale is necessary to exert an acoustic force
strong enough to enable manipulation at nanoscale. This improvement of acoustic
tweezers performance can be obtained at the expense of a previous trapping of large
seed particles, so requiring a slower trapping process, unlike electric and optical traps

with a faster process of manipulation at nanoscale.
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2.5 Optical trapping

Optically-based techniques have demonstrated to exert high values of trapping forces,
which are strong enough to control the motion and trap of objects at the microscale up
to tens nanometers [3,81]. The pioneristic works with optical tweezer were introduced
more than 30 years ago, in order to manipulate biological matter of few microns (e.g.
cells), becoming very useful in several environments, such as medicine, biology, physics
and chemistry [4].

The ability of trapping small object is given by a tightly focused laser beam, so obtaining
high values of optical gradient in the beam waist. This provides to exert an attractive
force, that pulls the bead approaching the laser beam to the region with the strongest
energy confinement [82].

The theoretical background of optical trapping and a detailed description of the state-
of-the-art of optical nanotweezers proposed in literature have been discussed in detail
in the next chapters. Bulk configurations of optical tweezers have been proposed since
thirty years ago to trap particles at the microscale up to mesoscopic objects [83].
Nowadays, such technology based on tight focusing of laser beam is mature, leading to
the commercialization of several devices for multipurpose applications [84-88]. The
advantages of such systems are related to high performance with reduced power
consumption and low costs, compared to other instruments based on a different trapping
approach. In Fig. 2.7, some configurations of commercial devices for optical trapping

are shown.
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Fig. 2.7. (a) NanoTracker 2 of JPK instruments to trap and track particles from several um
down to 30 nm [84]. (b) BioRam system of CELLTool to trap cells and to analyse their
properties by Raman Spectroscopy [85]. (¢) PALM MicroTweezers of P.A.L.M. Microlaser
technologies/ Zeiss for trapping and dissection biological matter at the microscale [86]. (d)
NanoTweezer of Optofluidics for metal nanobeads and sub-micrometer biological matter with
an integrated PhC cavity.

The free-space optical bulk tweezers have demonstrated to trap living matter, such as
cells and bacteria, also allowing the manipulation with a control on their motion and
dissection (Fig. 2.7a-c). It is also possible going further to the nanoscale, but such

systems are not very efficient and require high values of optical power, due to a

restricted optical gradient that they can provide. Instead, manipulation and trapping of
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particles smaller than 100 nm is easily obtained with Nanotweezer of Optofluidics (Fig.
2.7d), that includes an integrated PhC cavity as nanotweezer [88], unlike other systems
with bulk configurations. This device strongly improves the nanotweezer efficiency, due
to the stronger optical gradient compared to the values obtained by a simply focused
laser beam, so demonstrating the clear advantages of integrated nanotweezers [89].

A more detailed description of the physical effects, configurations and performance

obtained by integrated nanotweezers have been reported in the next chapters.
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Chapter 3

Theory of optical trapping regimes

Different methods can be considered to predict the behavior of optical forces, because
it depends on the particular environment in which the trapping sites are realized and,
particularly, on the geometrical and physical properties of the target object. Therefore,
a number of optical trapping regimes can be defined to study accurately the effect [90-
92]. The simplest way to analyze optical forces with a diameter much bigger than the
wavelength (a >> ) is the Ray optics approach [93], while beads at the nanoscale (a
<< A) can be approximated to a dipole and the most common method used in this
condition is the Rayleigh approximation [94]. Both methods are not very accurate with
particles comparable to the laser wavelength (a ~A), therefore a more rigorous method
should be considered and the most used is the Lorenz-Mie regime [95]. A detail
description of each optical trapping regime has been proposed in the next sections.
Furthermore, a discussion about the main parameters that affect the trapping
performance has been included in this chapter to have knowledge about the design

criteria of an integrated optical device to enhance the efficiency as optical nanotweezer.

3.1 Ray optics regime

The Ray optics regime is the simplest and most intuitive method to describe the physical
effect of optical trapping for large objects, because it is based on the reflection and
refraction of rays incident on the object [96]. The early studies on optical tweezers

proposed by Ashkin in the 1970°s were based on a tightly focused laser beam to trap
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particles at the microscale [97]. Since the first configurations of optical tweezers, several
improvements in the optical setup have been introduced to enhance the trapping
efficiency. However, conventional optical tweezers based on bulk structures (e.g. a laser
with high NA optical lenses) are able to trap matter at the microscale, and it is very
difficult to overcome such limitation, due to low values of optical gradient that can be
reached [98]. Assuming a typical optical wavelength in the visible range or in the near
infrared, when the target object to trap is several microns, such as a cell, the condition
a >> )\ is verified and the Ray optics regime results valid.

The Ray optic regime assumes that incident rays change their direction due to reflection
and refraction, when they impinge on a bead with a different refractive index than the
surrounding medium, as shown in Fig. 3.1. Such behaviour results in a force on the
particle due to the exchange of momentum [99]. This physical effect can be explained
by the Fresnel equations, which describe the fraction of reflected and refracted light at
the boundaries of the object. The refracted light produces the gradient force which
attracts the object into the focus (Fig. 3.1a and Fig. 3.1b], while the force by reflected
rays acts in the opposite direction and pushes the particle away from the focus [Fig.

3.1¢] [100, 8].
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Fig. 3.1. Forces acting on a microparticle described by the ray optics approach. An attracting
force results from the refracted rays when the particle is (a) laterally displaced from the beam
waist or (b) placed behind the light focus. (c) Reflected rays provide an opposite force on the
particle in the same direction of the light propagation, pushing it away from the trapping site.

The light passes through the object when the incident rays are focused exactly in the
middle of the spherical particle, without any resulting force. If the particle hit by the
incident ray is off-centre, then the emergent rays are refracted, which results in a
momentum transfer from the incident light to the particle, as shown in Fig. 3.1a. The
resulting force pushes the particle towards the focus of the laser beam. The magnitude
of this force scales as the gradient of the beam profile (hence “gradient force”), which
increases with the numerical aperture of optical system [101].

A similar behaviour with a resulting restoring force can be observed when the object is
displaced along the axis of the optical lens, as illustrated in Fig. 3.1b. At the same time,
light reflections provide a force in the direction of the light propagation and opposite to
the attractive force, which pushes away the particle from the trapping site (Fig. 3.1c). A
stable trapping condition can be achieved if the gradient force acting on the particle is
higher than the effect of absorption and scattering force.

This physical behaviour is verified by the Fresnel equations in presence of a strong
interaction between the particle and the laser beam, which is typically obtained with
large particles. Therefore, it has been demonstrated the reason why ray optics regime is

assumed only with objects that verify the condition @ >> A. In fact, this condition is not
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still valid for particles of few nanometers (a < A), because only a small amount of light
interacts with the bead, so changing the relationship between the optical force and
object’s size, as shown in Fig. 3. This demonstrates the unsuitability of the ray optics

regime to study the optical forces on particles at the nanoscale [8].
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Fig. 3.2. Optical stiffness k (directly proportional to the trapping force F and the particle’s
displacement x (F = k-x)) as a function of the particle’s size, calculated by using three different
theoretical approaches:ray optics, Mie theory and Rayleigh dipole approximation [8].

3.2 Rayleigh regime

The trapping force is strongly affected by the target object’s size. In particular, for large
particles (a > 4) has been verified a decrease of trapping force as the particle’s size
increases. As discussed above, it can be demonstrated by the enhancement of scattering
and absorption effects, which are opposite to the gradient force, resulting in a lower
trapping efficiency. On the contrary, the behaviour of optical force changes when the
bead becomes much smaller than the wavelength (a << 1) [102]. The Ray optics regime
is not still valid, because a different physical behavior is verified. In fact, there is a

relevant decrease of scattering and absorption forces because of smaller scattering and
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absorption cross-section values [103]. However, also a strong decrease of trapping
efficiency has been verified, demonstrated by the fact that the gradient force is
proportional to the third power of the particle’s radius. At the same time, the thermal
effects and, therefore, the Brownian motion, become more evident on the bead’s motion
for smaller size, so strongly reducing the trapping effect when the particle is at the
nanoscale.

The Rayleigh approximation is used to analyse the behaviour of optical forces on
particles at the nanoscale (a < 4). In this regime the field is assumed constant across the
bead and induces an oscillating dipole in a small dielectric object [104]. The particle

then becomes polarized with a dipole moment described by:

p=oF (1)
where £ is the electric field vector, and a is the particle’s polarizability, which quantifies
the strength of interaction with the optical field, and can be calculated by:
o

T )
1- ik'a,

o=

bme,

with k the field wavevector and ao the point-like particle polarizability obtained by the

Clausius-Mossotti relation, expressed by:
oy = 4na3(8—8m)/ (e+2¢,) 3)

e and &n the relative permittivity of the particle and the surrounding medium,

respectively. Therefore, the strength of light-particle interaction is influenced by the
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dielectric contrast between the target object and the surrounding medium (physical
properties) and by the size of the particle (geometrical properties) [3].

The Rayleigh approximation assumes that a certain fraction of photons focused on the
nanoparticle are either scattered or absorbed. This interaction provides a momentum
transfer to the nanoparticle, which generates the forces Fscat and Faps and pushes the
object in the direction of the optical propagation with a net forward velocity [105]. The
scattering force calculated assuming the Rayleigh approximation for a nanoparticle can
be expressed by:

8n310a28m

F,
3ent

scatt —

4

where Iy is the incident light intensity, ¢ is the speed of light and &, is the relative

permittivity of the surrounding medium. The absorption force is given by:

2ne,loIm(a)
fas =0

)
where Im(a) is the imaginary part of the particle polarizability.

Scattering and absorption forces provide the total force along the propagation direction,
also called radiation pressure.

In contrast, the gradient force acts on the nanoparticle in the direction perpendicular to

the propagation direction, in order to attract the object, and is given by [106]:

2rnaVl

Forad =—L 6
grad c (6)

The optical force on particles at the nanoscale is linearly proportional to the

polarizability, which corresponds to a gradient force as a function of the third power of

28



the bead’s radius. This condition has been validated with a size range of particles from
few nanometers to a couple of hundred nanometers. The gradient force causes an
attractive action on particles with a refractive index higher than the surrounding
medium, due to a positive value of polarizability, as demonstrated by Eq. 6.

The optical gradient is maximized in regions with a strong decay of the optical intensity

VI, which corresponds to the site with the strongest trapping efficiency. However, if

the refractive index of the bead is lower than the value of the surrounding medium, the
polarizability is negative and a net repulsive force is obtained, which pulls away the
particle from the region with high optical gradient, as confirmed by Eq. 6 [107]. It is
clear that the energy distribution, together with the physical and geometrical properties
of the trapped object, are the main factors that affect the trapping efficiency.

This behavior confirms the challenge of trapping objects at the nanoscale, because the
polarizability scales as a factor of the third power of the bead’s radius. Furthermore, the
ease of manipulation of metal nanoparticles respect to dielectric ones is also verified by
Eq. 6, because of a higher polarizability o due to a stronger refractive index contrast.
The accuracy of the Rayleigh approximation reduces if the particle’s size becomes
comparable to the wavelength used in the experiments (a ~ 1) (see Fig. 9), because the
condition related to a constant field across the particle is not preserved. In this condition,
the gradient force is not still a function of @’ as for nanoparticles, but follows a weak
dependence (~a’) for particle’s size comparable to the wavelength [104].

On the contrary, if the target object is very small up to few nanometers, the effect of

gradient force becomes stronger than the scattering one. In fact, the ratio Fgrad/Fscat, 1S
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proportional to 1/a*, because Fgrad and Ficart are proportional to o and o?, respectively,
(see Eq. 4 and Eq. 6), which should corresponds to an improvement of the trapping
effect as the particle size decreases. However, the decrease of Fgna for very small
particles corresponds to a considerably weaker attraction of the bead (See Fig. 9), while
the effect of Brownian motion, that counteract to the trapping force, becomes more
effective (as clearly described in the next sections), confirming a net worsening of the

trapping efficiency as the particle size strongly decreases.

3.3 Lorenz-Mie regime

Rayleigh approximation and Ray optics method are not accurate to calculate the value
of optical forces when the particle’s size is comparable to the laser wavelength (a ~ 4).
A more rigorous analytical model is necessary to evaluate the value of the optical force
and the Lorenz-Mie theory has demonstrated to be the most accurate approach in this
trapping regime [108].

The method is based on the calculation of scattering of a plane wave by an object, and
the resulting force is given by the decomposition of the trapping field in plane waves.
Unlike the ray optics, a coherent trapping light is assumed in Lorenz-Mie regime and,
furthermore, both size and shape of the target object to trap are considered in the force
evaluation, on the contrary to Rayleigh approximation. These assumptions require to
solve equations that are power demanding, particularly for not spherical objects. Several
methods have been proposed to simplify the evaluation of optical forces, e.g. the T-

matrix formalism [109].
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The main limitation of Lorenz-Mie theory is related to the assumption of plane-wave
illumination to estimate optical forces, which is not really viable to obtain by optical
tweezers, and particularly for strongly focused beams as typically required for trapping
at the nanoscale. A more complex form of such method, so called Generalized Lorentz-
Mie theory (GLMT), has been introduced to overcome such limitation, assuming any
arbitrary illumination in the trapping system and object’s shape [110]. This
improvement in the model provides higher accuracy in the solution, so obtaining a good
matching between the results obtained with the GLMT and Rayleigh approximation for
the calculation of optical forces exerted on particles at the nanoscale.

GLMT can be used to evaluate the incident light field Ey, the scattered wave Es and the
field within the object to trap E;, which are functions of the incident field’s coefficients,
scattering and interior field’s ones, respectively, that depends on the properties of the
beam and on the size and composition of the object. A detailed description of this
complex analytical method has been proposed in [110]. The electric field components
are used to define the radiation trapping efficiency Q, as discussed in [111], and

therefore, the trapping force F'is given by:

F= [nmediump )Q (7)

c

where c is the speed of light in vacuum, 7medium 1s the refractive index of the medium and
P is the beam power [111]. The accuracy of the model has been verified by a good
agreement between the values of the optical forces estimated experimentally and the

results obtained by Lorenz-Mie regime observed for particles respecting the condition
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a < A, and also with bigger size (a ~ wo, wo is the beam waist). In contrast, a non-
negligible mismatch is obtained evaluating optical forces in the axial direction for
particles with a ~ 0.4wy, because the electromagnetic field is no longer uniform across
the particle, as assumed by Rayleigh theory [112].

The GLMT is the most accurate technique for force evaluation, but also very
computation demanding. Therefore, easier analytical methods like the Rayleigh
approximation and ray optics are largely used, as a function of the particle shape, when

GLMT is not necessarily required to calculate the optical force.

3.4 Maxwell Stress Tensor Method

In particular condition with complicated configurations of the system, related to the
properties of the target object and the trapping site, numerical methods represent the
best choice to calculate accurately the volumetric distribution of optical forces acting on
a particle .

The Maxwell Stress Tensor (MST) method is a general numerical method used to
calculate optical forces on arbitrary particles and for any type of light source [113]. The
force typically depends on the properties of both optical source and target object. The

time average force <F> on a particle obtained with MST is:
(F)= j<?(r,¢)nds> (®)

where n is the outgoing vector normal to the surface S of the particle and 7 is the

Maxwell stress tensor, which can be expressed by:
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T= Re[(sosE(r)E(r) +uH(r)H(r) )—E(azole(r)F+uou|H(r)|2)1} ©)
with po and p the magnetic susceptibility of vacuum and the surrounding medium,

respectively, E and H the electric and magnetic field vectors and 7 the unit matrix
tensor [113]. The components of the electric and magnetic field can be calculated
analytically in particular conditions (i.e. by applying the GLMT method) or generally
by numerical methods, such as Finite Element Method (FEM) and Finite Difference
Time Domain (FDTD). The knowledge of the distribution of £ and H fields at the
surface S of the target object allows the evaluation of the optical force on the target
object.

A good agreement between values of optical forces calculated with the numerical
method MST and those obtained using the most general analytical approach GLMT, has

been verified [114].

3.5 Main parameters of optical trapping

The physical principle of optical trapping assumes that the attraction of an object is
allowed if the gradient force exceeds the scattering and the absorption effects. The
resulting force pulls the target object to the equilibrium point in the focal region, where
a net force balance is obtained. If the particle is displaced from its stable position, a
restoring force arises on the bead proportional to the offset from the equilibrium point,
so enhancing as the distance increases until reaching a maximum. In fact, a rapid

decrease of the restoring force occurs when the distance from the equilibrium point
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becomes too large, because the energy gradient is weak very far from the beam focus.
This behavior is very similar to a harmonic oscillator, with the optical force acting as a

spring force and given by Hooke’s law [115]:

F =k-x (10)

trap
where £ 1s the optical stiffness and x represents the particle’s displacement from the
equilibrium point. The value of the trap stiffness is calculated along the three
coordinates, assuming the lowest value as the reference to define the limit of the optical
trap. The stiffness gives information about the trapping efficiency [116]. Assuming a
value of the trapping force Fi4p, a high value of the optical stiffness corresponds to small
fluctuations of the particle around the equilibrium point, as required for a stable trapping
condition, according to Eq. 10. This condition is necessary to reduce the effects of the
Brownian motion on the particle’s motion and also improve the detection accuracy of
the target object. The Langevin equation describes the motion of the particle under the

effect of the optical force [117, 118]:

2
mZT)Z(ﬂ/O%H(X =(2k,Ty, ) W(¢) (11)
where yo1s the friction coefficient (=6mna, a is the particle’s size and n the viscosity), T’
is the temperature and kp the Boltzmann constant, while () denotes the stochastic
process of the target object as a function of time. The term kx in Eq. 11 represents the
optical trap’s influence with & the trapping stiffness, while the term 2kgTo is related to

the random Gaussian noise and includes the effects of Brownian motion that affects the

article’s motion, like a noise contribution.
9
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The target object can be assumed as an overdamped system with short oscillation
frequencies, due to the presence of the fluid medium [118]. The viscosity effect is
dominant because the particles are usually in a laminar flow, which corresponds to low
values of Reynolds number. The laminar flow condition is necessary to reduce the effect
of Brownian motion on the target object as it makes easier to trap particles [119].
Turbulence becomes more relevant with a decrease of the particle size, making it more
difficult to achieve stable trapping. The motion of the particle in a microfluidic channel
can be described by Stokes’ drag equation, which corresponds to a propulsion force in
the same direction of the fluid flow:

Xy (12)

F drag — 1o g Yo
with v the particle velocity [106]. The Langevin equation takes the effect of Brownian
motion into account for a rigorous description of forces affecting the velocity and
trajectory of the particle’s motion. The Brownian motion is a diffusion process that
affects the particle’s displacement x. The diffusion coefficient D is predominant for this
effect, given by the Stokes-Einstein’s equation [120]:

K,T

D=
6mna

(13)

The diffusion coefficient D is inversely proportional to the particle size, which means
that the Brownian motion is more relevant in the Rayleigh regime. Therefore, the
nanobeads move faster and with larger displacements around the equilibrium point, so
reducing the stability of the optical trap, corresponding to a decrease of the trapping

efficiency [121]. This condition confirms that trapping and manipulation of particles at
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the nanoscale is more challenging. In fact, despite the parameter Fgrad/Fscart increases
with a decrease of the bead’s size as a function of @°, as obtained by Eq. 4 and Eq. 6,
however the trapping efficiency worsens because the trapping force is strongly reduced
for the enhanced effects that oppose to the attractive action on the bead. In fact, a
worsening of three orders of magnitude of the gradient force is obtained with a decrease
of a factor 10 of the particle’s size. At the same time, an increase of the diffusion
coefficient of one order of magnitude and, therefore, of the effect of the Brownian
motion, is also obtained, which becomes comparable or even stronger than the attracting
force, with a relevant decrease of the trapping efficiency.

The temperature assumes a fundamental role in trapping applications to define the
particle’s motion, related to the probability to bring and stably hold the target object in
the trap. The particle’s fluctuation is related to the temperature T. obtained around the

optical trap, according to the Equipartition theorem:
2
kT, =k(x") (14)
where <x*> is the particle’s mean squared displacement from the equilibrium point. This
equation also expresses that for a given temperature value in the system, a stronger
trapping stiffness reduces particle fluctuations around the equilibrium point, enabling

higher control on its positioning. The temperature increase is typically due to the strong

electromagnetic confinement in the optical trap, as confirmed by the equation:

K, VT, = 2Im(e)x |EF (r)
2 (15)
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An enhancement of the optical force can be obtained by increasing the input power.
However, it also corresponds to a relevant increase of temperature, as confirmed by Eq.
15, because the term |E[ is directly proportional to the input power. Therefore higher
values of input power do not provide higher trapping efficiency, because the Brownian
motion becomes more relevant. This consideration leads to the optical stability, which

is defined as:

o0
S=1 Ftotdr/kBT (16)
r

0

Fiot is the resulting force exerted on the particle, r is the spatial coordinate and the term

o0
I Fyopdr represents the work necessary to carry the particle from a free position to the
r

equilibrium point 7y, while the term kgT. is the thermal energy. The radiation force is
opposite to the gradient force, so it is necessary that the latter is dominant on the
absorption and scattering contributions to optimize F;,; and enhance the optical stability
[105]. An increase of stability corresponds to longer trapping time, because of the

Kramers’ escape rate [122]:

by exp{%} (17)
b

where U(=7 4, ) 1s the trap potential depth. Several applications require long trapping

times to provide the detection and the manipulation of the target object. Therefore, it is
necessary that the potential depth U be higher than the thermal energy to trap the target

particle. S > 10 is typically assumed as the stable trapping condition, where the bead is
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trapped while the laser is kept on. The bead is released when the laser is switched off
[119].

High value of optical stability S is obtained by optimizing the trap potential depth U and
minimizing the thermal energy. An enhancement of the gradient force is necessary to
verify such condition. For a given target particle flowing in a fluid, the gradient force
can be optimized by using higher values of the input optical power. However, this choice
does not corresponds to higher trapping efficiency, because an increase of the absorption
force, particularly with metal particles, is obtained and corresponds to a lower resulting
force Fio. Furthermore, an increase of the temperature is also verified with higher values
of power, as given by Eq. 15, so obtaining a higher thermal energy with a consequent
decrease of the optical stability (see Eq. 16) [123]. Therefore, the best approach to

enhance the trapping efficiency is to maximize the gradient intensity VI,, because

stronger gradient force can be obtained without increase the input power, so not
affecting the thermal energy of the trapping system [106]. This confirms the higher
efficiency of the integrated optical devices used as optical tweezer rather than the bulk
structures, due to their ability to provide stronger energy confinement and optical
gradient. For this reason, similar devices have demonstrated to be very useful for
trapping of particle at the nanoscale, and also living matter for biomedical application,
because of higher trapping efficiency together with lower risk of photodamage [124].

A detail description of configurations of integrated optical devices used as optical
nanotweezers has been reported in the next chapter, in order to compare their

performance and to define the design criteria to realize an efficient optical nanotweezer.
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CHAPTER 4

State-of-the-art of integrated optical nanotweezers for
trapping of sub-micron particles

Free-space optical tweezers have been briefly discussed in Chapter 2, in order to clarify
the effective advantages of optically-based trapping techniques compared to
performance obtained with other methods. However, a great limitation of such devices
is related to the unavailability of trapping matter at the nanoscale, particularly dielectric
objects and living matter, because the optical gradient obtained in free-space by a laser
beam focused by optical lenses with high numerical aperture is not strong enough to
exert optical forces suitable for manipulation of such small objects.

Different strategies have been proposed to afford trapping at the nanoscale with bulk
optical tweezers [125], such as oil-immersed optical lenses to provide higher values of
NA [126], or by including other optical components in the trapping setup, such as
galvanometer-mounted mirrors, acousto-optic deflectors, spatial light modulators
(SLMs), holographic techniques to obtain unusual optical beams, such as Laguerre-
Gaussian modes and Bessel modes with a circular symmetry or Airy beams [127], or
diffractive or polarizing elements, that give higher control and allow the manipulation
of optical beams. [128]. Unfortunately, all these techniques have disadvantages. For

example, oil-immersed lenses, which provide an NA up to 1.7 [129], are typically
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affected by optical aberration [130], while optical tweezers controlled by SLMs are
characterized by low response time [131] and holographic techniques are difficult to
implement, due to the complexity of the experimental setup [24]. All these solutions are
also quite bulky, making difficult the integration of the trapping system in a compact
point-of-care device.

Recently, integrated optical devices exploiting near-field optical trapping have offered
a solution to overcome limitations of conventional free-space optical tweezers [3]. A
stronger electromagnetic energy gradient is provided with near-field devices, because
the field exponentially decays from the surface where the light is confined. The sharp
exponential decay generates a strong trapping force, much higher than values obtained
with free-space optical tweezers, so enabling manipulation at the nanoscale with safe
values of optical power. Stable trapping conditions have been obtained for the
manipulation of dielectric nanoparticles, making such devices very useful for several
applications in medicine and biology [2].

Integrated optical devices used for trapping at the nanoscale are known as nanotweezers.
In this chapter a detailed and critical analysis of the state-of-the-art of different
configurations of optical nanotweezers has been discussed to have a clear and useful
comparison among such devices, in order to define the most suitable trapping technique

and device configuration to provide high trapping efficiency at the nanoscale.
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4.1 Optical waveguides and nanowires

Optical waveguide are used for trapping and propulsion of microparticles up to
nanoscale range, aiming at improving the performance provided by the bulk optical
tweezers and limiting their diffraction limit [132].

Light propagates inside the optical waveguide and the evanescent field enables a
radiation pressure along the waveguide surface with a propulsion of particles on the
surface in the direction of light propagation [133]. This allows to control the motion of
particles and can be very useful to obtain an active and effective sorting of particles in
very small volumes. The first experiments to control the sub-micron particles’ motion
with optical waveguides used as optical tweezers have been done since 20 years ago. In
particular, interesting results were obtained with metal beads, due to their higher values
of polarizability which makes easier their manipulation. The control on motion of 1 um
metal particles has been demonstrated in [ 134] and an improvement of performance for
the bead’s propulsion with optical waveguides has been also verified, so allowing
manipulation of objects up to 50 nm [135].

Manipulation of dielectric particles and living matter is more difficult because a weaker
gradient force can be obtained due to lower polarizability. It has been demonstrated the
control of micrometer-size dielectric particles and living matter, such as red blood cells

and bacteria [136,137] (see Fig. 4.1)
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Fig. 4.1. (a) Experimental setup and (b) microscope image of the optical tweezer used in [137]
for trapping of yeast cells

The configuration of a loop waveguide has been also proposed for the purpose of
trapping microparticles, as shown in Fig. 11, and not limiting at their propulsion along
the surface, as typically happens with a simple optical waveguide [138]. The folding of
the waveguides to create a narrow slot provides strong energy confinement, aiming at

trapping dielectric microparticles down to 1 pm.

Fig. 4.2. (a) Configuration of the optical waveguide loop with a gap of 2 um and (b) scattering
light from the waveguides and the gap. (c¢) Optical trapping of polystyrene microparticle of 1
um and (d) red blood cells (RBC) of 7-8 um with a gap of 10 um [138].
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As described in Fig. 4.2, the light propagates in both arms of the loop, so propelling the
microparticles to the gap placed between the waveguides, where a strong energy
confinement has been also verified in that region, due to the narrow gap width (2 um).
A strong trapping force, compared to values obtained by the evanescent field around the
channelled waveguides, has been obtained, so enabling stable trapping in the slot region.
The main advantage of this optical tweezer is related to the ease of integration of the
waveguide loop with microfluidic channels, that makes the on-chip system very useful
for single cell detection and also to analyse the interaction of multiple cells (see Fig.
4.2¢). Such configuration has been also used for a stable trapping of red blood cells with
a disk-shape (1 pm thickness and width of about 8 um) [138].

An accurate control on the fabrication and use of fluidics has demonstrated to assume
an important role in optical tweezers performance, because the tighter control over the
particle movement facilitates the particles flow very close to the surface of waveguide
and, therefore, maximizes their interaction with the evanescent field, so improving the
probability to trap particles with high efficiency of manipulation and propulsion. The
strong control on channel size and also flat surfaces prevent undesired effects and
changes in fluid flow, which can increase Brownian motion of particles and also change
their direction of propagation. Moreover, the fabrication of valves, micropumps and
mixers in the microchannels has enabled the integration of several optical tweezers on
a single chip with a higher control on the fluid motion, due to the ability to manipulate

pressure and fluid direction, in which the particles can flow [139-142]. This behavior is
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very useful for simultaneous analysis for sensing applications in chemical, biological
and medical environments [143,144].

However, the limitation of optical waveguides used as optical nanotweezer is related to
the small amount of evanescent field obtained, that directly interacts with the target
object. In fact, the strong light confinement in the core of the waveguides prevents to
obtain high values of optical gradient and, therefore, also the values of trapping force
that can be exerted is limited.

Different techniques have been proposed to overcome such issue, in order to enable
trapping of sub-micrometer dielectric particles with this simple configuration of optical
tweezers.

A remarkable enhancement of trapping efficiency has been obtained by using optical
nanowires, because they provide a more relevant contribution of evanescent field, due
to their smaller area, which corresponds to stronger optical gradient.

Trapping of dielectric nanoparticles (i.e. polystyrene or glass of about 400 nm) and
metal beads with size a < 100 nm with a higher stability than performance of
conventional optical waveguides has been demonstrated [133].

Recently, these configurations have been used to simplify particles’ detection and their
analysis. Kong et al. introduced a new nanophotonic approach combining near-field
optical trapping and Surface Enhanced Raman Spectroscopy (SERS) to detect up to a
single metal nanoparticle, exploiting both the strong energy confinement in the
nanowire and higher scattering from the metal beads (Fig. 4.3) [133]. The optical

nanowire provides the trapping of the metal bead, while the scattering obtained by the
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particle’s surface is useful to collect the Raman signal, so using the system to the

simultaneous detection of nanoparticles and for their characterization, as shown in Fig.
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Fig. 4.3 (a) Setup of the nanotweezer SERS system. (b) Trapping of single poly (allylamine)
coated Ag NPs with adsorbed 4-aminothiophenol (4-ATP) molecules using a 1064 nm laser. (c)
Far-field SERS spectra excited by 785 nm laser [133].

A similar configuration has been demonstrated by Schein et al. in [145], who exploit the
near-field light scattering technique for the analysis of nanoparticle-surface interactions,
making it possible to manipulate 50 nm size Au nanoparticles.

As already observed with optical waveguides, novel configurations and particular
techniques have been proposed to enhance the efficiency of nanotweezers based on
optical nanowires for particles’ manipulation and trapping up to the nanoscale and living
matter.

Soltani et al. in [146] proposed a platform with a nanophotonic standing wave array trap
(nSWAT) to obtain a 3D confinement of DNA strands. The device includes a
waveguide split in two arms. The same light intensity propagates in both arms and the
interference of two counter-propagating waves provides the formation of a standing

wave with 3D optical traps exactly in the anti-nodes (see Fig. 4.4)
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Fig. 4.4. Configuration of the nSWAT. The inset shows an array of traps for a DNA molecule by
using two beads with a colored 3D plot of calculated energy density of standing waves [146].

The nSWAT provides an array of optical traps (one for each anti-node in the standing
wave). Longer waveguides provides a larger number of traps, but require higher optical
input power to prevent high optical loss with a consequent decrease of trapping
efficiency. Trapping of DNA chain by using two polystyrene beads of 490 nm, at which
the DNA is tethered with streptavidin, has been demonstrated. The beads are trapped in
the antinodes, so holding the DNA molecule in a fixed position to be easily detected.
The binding between DNA and polystyrene beads is necessary because optical forces
exerted by the waveguides are not so strong to trap directly DNA chains of few
nanometers.

In the last years, the development in nanofabrication techniques has provided the
realization of sub-100 nm slotted waveguides. These configurations allow to enhance
the electromagnetic energy confinement in a very small volume, which corresponds to
high values of optical gradient in the slot with a strong trapping efficiency, much higher

than performance typically obtained with optical nanowires [147].
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The main advantage of slotted waveguides is the strong energy confinement in a region
filled by fluid, where it is possible the direct interaction with the target object to trap,
unlike optical waveguides, for which the evanescent field responsible for the trapping
action represents only a small amount of the total energy propagating in the waveguide.
This enhancement of trapping strength has been confirmed experimentally by slotted
configurations able to trap particles at the nanoscale [148]. Yang et al. obtained a stable
trapping condition for gold nanoparticles up to 20 nm. However, the polarizability of
dielectric nanoparticles is almost one order of magnitude lower than metal beads, which
corresponds to weaker optical forces, so making more difficult the trapping with high
efficiency [148].

Yang et al. have also demonstrated experimentally the ability of trapping an individual
strand of YOYO-1 tagged 48 kb long A-DNA molecule [147]. A stable trapping
condition has been demonstrated with a slot width of 60 nm, but requiring an input
power at least of 250 mW, as shown in Fig. 4.5.

Such power value required for a stable trapping condition could damage the trapped
DNA for very long exposure time at laser beam, due to a high energy density in that

region.
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Fig. 4.5. (a) Schematic and (b) mode distribution of the slotted waveguide. (c) Trapping (left)
and release (right) of YOYO tagged 48 kb 1-DNA with a slot width of 60 nm [147].

As already observed with optical nanowires, also slotted waveguides enable the
propulsion of trapped particles along the direction of light propagation, while their
confinement in a specific region is still a challenge to obtain with these configurations.
However, this behaviour is very useful to improve the action of sorting by using optical
techniques. In fact, the separation of particles with different properties and size can be
obtained easily, due to the stronger trapping effect verified in slotted structures. For
instance, the higher trapping efficiency of slotted waveguides useful for active sorting
of dielectric nanoparticles has been verified by Lin et al. in [149]. The configuration
includes a 3-dB optical splitter consisting of a ridge waveguide and a slotted waveguide,

as shown in Fig. 4.6.
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Fig. 4.6. (a) Configuration of the platform for passive sorting. (b) Experimental demonstration
of sorting with the smaller particles of 320 nm (S) propelled along the slotted waveguide and
bigger ones (L) propagating in the ridge waveguide [149].

After trapping polystyrene particles, their propulsion along the waveguide is verified
until the coupling region, where only smaller nanoparticles can be trapped and moved
forward in the slotted waveguide, while the bigger ones remain on the larger ridge
waveguide. An efficient and passive sorting between polystyrene particles with a size
of 2 um and 320 nm with an input power of 20 mW has been experimentally verified

[149], as shown in Fig. 4.6b and Fig. 4.6c.

4.2 Optical dielectric resonators

A stable trapping condition with long trapping time for dielectric particles and living
matter at nanoscale (<100 nm) is prevented by using optical nanowires or slotted
waveguides, due to an optical gradient that is not strong enough to attract so small beads,
as discussed in the previous section. In fact, only manipulation of metal objects has been

verified, enabling the control of motion of particles up to 20 nm, with values of input
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power Pin <20 mW [147]. Instead, trapping of dielectric nanoparticles can be obtained
with an optical power Pi» > 100 mW, related to a consequent strong enhancement of
thermal effects that can also destroy or damage the trapped living matter [115].
Integrated optical resonators provide high spectral and spatial energy confinement, due
to high values of Q-factor and low mode volume, which corresponds to high values of
the Q/V ratio [150]. A similar behaviour enables strong light-matter interaction, because
high energy values are typically obtained in a sub-wavelength region, so providing
remarkable optical gradients with strong enhancement of optical forces, compared to
the performance of non-resonant optical devices. In fact, trapping of dielectric
nanoparticles with low values of optical input power has been verified, unlike slotted
optical waveguides, so providing manipulation at the nanoscale together with long
trapping time, that simplifies the target detection and manipulation [151].

Several configurations of integrated optical resonant cavities have been proposed as
optical nanotweezer to enhance the trapping efficiency, in order to allow trapping at

sub-micron level up to few nanometers.

4.2.1 Whispering-Gallery-Mode Resonators

The Whispering-Gallery-Mode (WGM) were the first resonant cavities used for
applications of trapping and manipulation of particles at the micro- and nanoscale, due
to their high reliability of fabrication process, ease of integration and their ability to
confine strong energy values, which is useful to exert strong trapping forces.

The working principle of such cavities is based on the coupling of light from the bus

waveguide to the microring, where light constructively interferes in the resonator, so
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enhancing the evanescent field and obtaining longer interaction time between light and
matter, which makes microring resonators very suitable for biosensing, chemical
sensing and obviously optical trapping applications [152-154].

High values of Q/V have been obtained with WGM cavities, which corresponds to
strong light-matter interaction. In particular, ring resonators are the most used among
WGM configurations for their ease of fabrication and optical characterization and
reliable performance.

Integrated microring resonators provide Q/V > 10° (\/n)™ with a footprint 4 < 0.1 mm?,
which corresponds to high values of the optical gradient field at resonance.
Manipulation of dielectric microparticles’ motion has been demonstrated theoretically
[155] and also experimentally [156-158]. In particular, silicon technology provides
higher values of Q-factor, due to the optical properties of the material and the maturity
of fabrication process, which allows to minimize imperfections that cause optical losses
[159]. High optical forces can be obtained, so enabling high-stability trapping events
with low optical input power. These configurations have been used to achieve efficient
particle sorting with a straight propagation of particles along the bus in OFF-resonance
and their transport in the round pattern in ON-resonance. For instance, in [159] a stable
trapping of polystyrene microparticles of 1.1 pm in the microring has been verified with
a footprint of the resonator of about 100 um? and an input power of 5 mW, which is
much lower than power values used with bulk optical tweezers. In Fig. 4.7, the value of

trapping force as a function of the input power has been reported [159].
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Fig. 4.7. (a) Configuration and (b) FEM simulations of the microring resonator as optical
nanotweezer for microparticle trapping proposed in [159]. (c) Behavior of optical force F as a
function of the input power.

Trapping of sub-micrometer dielectric particles has been demonstrated with different
configurations of Whispering Gallery Mode (WGM) resonators, such as microdisks and

microspheres, but at the expense of larger footprint and complex manufacturing process

[160].

4.2.2 Photonic crystal cavities

Photonic crystals (PhC) cavities have demonstrated to enhance the figure of merit Q/V,
with higher values of Q-factor and smaller mode volume compared to the values
obtained with microring cavities [161,162]. The strong photons confinement in ultra-
narrow regions makes PhC cavities particularly suitable for optical trapping, due to high
values of optical gradient and low optical losses [119]. Such properties of PhCs allow
their use in several applications, such as biosensing [163,164] chemical sensing

[165,166], and also in optical communication systems [167].
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The strong optical gradient obtained with PhC cavities allows to realize efficient optical
nanotweezers and several configurations have been already proposed in the literature.

An advantage of PhC cavities is related to slow light, which has been demonstrated to
be very useful for manipulation of sub-micrometer particles, as confirmed by Scullion
et al. in [168]. A strong enhancement in guiding velocity of sub-micrometer particles
has been observed by exploiting the slow-light effect in the PhC cavity. A different
behavior of trapping effects on dielectric particles up to 500 nm has been verified by
a different control of the operative wavelength of the exciting laser, corresponding
to a different particle velocity that changes as a function of the wavelength assumed

in input of the device, as shown in Fig. 4.8.
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Fig. 4.8. (a) PhC waveguides integrated in an optofluidic chip for sub-micrometer particle
trapping. (b) Time-lapse images of optical guiding of dielectric particles along the PhC
waveguides and (c) particle velocity as a function of the laser wavelength [168].

The slow-light effect enhances light-matter interaction, so obtaining higher values of
optical forces. Therefore, unlike optical waveguides which require high values of input

power (Pin > 10 mW) to control the motion of micrometer particles, PhC waveguides

allows to guide polystyrene particles at nanoscale (a < 500 nm) with a low input power
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Pin =2.5 mW, which corresponds to a decrease of about one order of magnitude of power
consumption [168].

A further advantage of photonic crystal cavities, rather than performance obtained with
WGM cavities, is the ability of confining strong energy values in a very small volume,
so enabling trapping of target objects in a specific position and not limiting to their
propulsion [13]. This enhancement of the gradient force allows to strongly reduce the
optical power without affecting the trapping efficiency. For instance, Leest et al.
proposed the first experiment on trapping of living matter by using a 2D PhC cavity
[13], verifying the suitability of the resonant cavity for an efficient trapping of a single
bacteria Escherichia coli. The bacteria was stably trapped with very low input power
(Pin <1 mW), which is a necessary condition to prevent photodamage of the living cell.
Higher values of optical force are necessary to enable trapping of smaller objects. A
solution to satisfy such requirement has been obtained by using PhC slotted structures.
In fact, the simultaneous effect due to presence of the slotted waveguide with a width <
100 nm and a resonant cavity with a high Q-factor enables strong optical energy
confinement inside the slot in the defect region, so allowing a 3D trapping of small
nanoparticles, as demonstrated by Mirsadeghi et al. in [169] (see Fig. 4.9). Trapping
events of Au nanoparticle with a diameter as small as 24 nm has been experimentally
verified with an input power Pin = 750 pW, which corresponds to a decrease of about
three orders of magnitude compared to the results obtained in [135] with the propulsion
of similar Au nanoparticles by using a simple optical waveguide. However, even if the

particles are attracted by the gradient force, the trapping stiffness is low as demonstrated
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experimentally by fast and evident changes of the resonance transmission, related to
oscillations of the trapped objects from the equilibrium point, which are due to small

size of the nanobeads and low power values.

Fig. 4.9. (a) SEM figure and FDTD simulation of 2D slotted PhC cavity. (b) Time-dependent
optical transmission with oscillations due to trapping events. The shaded regions indicate when
the laser is turned off to release the transiently trapped particles. An input power of 0.75 mW
in the PhC cavity has been assumed for the meausurements [169].

In the last years, hollow PhC cavities have been also used for nanoparticle trapping.
Descharmes et al. proposed in [170] a PhC waveguide with a large hole inside the PhC
and close to the waveguide. The larger hole represents the defect necessary to obtain a
resonant behaviour (Fig. 4.10). The size and position of the hole from the waveguide

influences the Q-factor and resonance transmission of the cavity.

<)

Fig. 4.10. (a) SEM picture of the hollow PhC cavity. (b) Trapping of 500 nm polystyrene particle
att =0 and (c) after t = 10 min [170].
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The optical energy is mostly confined in the hollow cavity large 700 nm with a strong
optical gradient inside the defect. A very stable optical trap for dielectric particles of
about 500 nm has been demonstrated with ultra-low optical power. In fact, trapping or
release of polystyrene particles can be obtained on demand, as shown in Fig. 4.10b and
Fig. 4.10c, with high efficiency, as confirmed by long trapping time up to several
minutes and a very low input power of only 120 uW. The minimum size of particles that
can be trapped is 250 nm, requiring a power at least of 360 pW. Trapping of smaller
particles represents an issue because of the challenge to obtain a stronger optical
gradient inside the hole. In fact, the energy is maximum at the surface of the hollow
cavity and quickly decreases in the center of the hole, so making more difficult the
interaction of very small nanoparticles with the electromagnetic energy confined in the
hollow cavity [1707.

The enhancement of the trapping force can be obtained by decreasing the mode volume
of the cavity. This can be obtained by using 1D PhC microcavities consisting of a single
row of holes in a photonic wire, because the resonant mode is stronger limited laterally
than the 2D counterpart of PhC. Such property, together with high values of Q-factor,
determines a relevant enhancement of light-matter interaction [171]. Q-factor exceeding
10° have already been experimentally obtained by properly tapering the holes’ size and
position in order to reduce mismatch between the waveguide mode and the Bloch mode
in the photonic crystal cavity [172,173], expecting values up to Q ~ 10’ theoretically
[174]. Moreover, mode volume V < 10! (\/n)® have been demonstrated [175], which is

almost an order of magnitude lower than values obtained by 2D PhCs. Values of the
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figure of merit Q/V ~ 107 (Wn)™ have been achieved [176], which is comparable with
the 2D PhC performance, but with the advantage of stronger energy confinement, which
corresponds to higher optical gradients and improves the suitability of such devices as
optical nanotweezer.

Lin et al in [14] proposed a 1D PhC cavity in SOI technology with periodic holes’ size
that gradually increases from the middle to the outer region and a cavity in the middle
is created by shifting holes outward. Such cavity provides Q-factor of about 2x10* and
the strong energy confinement in the cavity allows trapping of polystyrene nanoparticle
as large as 110 nm. This result corresponds to a decrease of the size of the smallest
detectable beads of about a factor 2 in comparison with the performance obtained with
a microdonut resonator, in addition to a more compact device footprint (~10 um?). An
enhancement of the tweezer performance has been verified by Mandal et al. in [177] by
assuming a more accurate tapering approach for the cavity design, so verifying stable
trapping of polystyrene nanoparticle up to 50 nm for long trapping time with a release
only on demand (tunring-off the laser or with a reverse flow in the channel) with very

low input optical power (Pin» = 1.7 mW), as shown in Fig. 4.11.
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Fig. 4.11. (a) Schematic of the 1D PhC photonic crystal resonator. (b) Trapping of 60 nm
polystyrene nanoparticle at resonance [177].

Such cavities are characterized by a strong energy confinement in the core material with
a higher refractive index with a small amount of evanescent field, which effectively acts
to generate optical forces. Such limitation can be overcome by optimizing the photonic
crystal configuration aiming at confining the optical energy in the region with lower
refractive index, so enhancing the interaction between the particles and the cavity mode.
Chen et al. proposed a 1D PhC cavity in Si3N4 technology with a very small hole in the
middle of the cavity between two identical tapered Bragg mirrors in order to satisfy such
requirement (see Fig. 4.12) [178]. The small hole in the middle of the cavity acts as an
inner cavity with a strong light intensity. Higher values of optical stability (S = 12) and
optical stiffness have been calculated, enabling trapping of Wilson disease proteins and
also polystyrene nanoparticles up to 22 nm with P, = 10 mW with a negligible

temperature enhancement (AT ~ 0.3 K), due to low values of optical absorption in Si3Ns.
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Fig. 4.12. (a) SEM image of the PhC microcavity plus hole (MH) and (b) electric field
distribution at resonance. (c) Trapping event of Wilson disease protein [178].

Another strategy to confine light in the material with lower refractive index is with
slotted waveguide embedded in a 1D PhC cavity. This configuration provides a relevant
decrease of mode volume with a strong energy confinement in a very small region. For
instance, Wang et al. have proposed a 1D PhC slotted cavity with a mode volume V <
10" (A/n)* (Fig. 4.13) [175]. The strong energy confinement in the slot makes such
cavity suitable for biosensing applications and optical trapping. In particular, trapping
events of single 20 nm polystyrene nanoparticle have been observed, corresponding to
a shift of few pm of the resonance wavelength and a “jump” of resonance transmission
when a particle approaches the cavity, due to the gradient force that pulls the bead
toward the slot. However, the strong Brownian motion due to the very small size of the
nanoparticle prevents long trapping time and changes in the resonance transmission for

only few seconds have been observed with beads smaller than 30 nm (see Fig. 4.13).
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Fig. 4.13. (a) Wavelength detuning for each trapping event of polystyrene nanobead and (b)
SEM image of the 1D PhC slotted cavity with a magnification of the slot and electric field
distribution in the inset [175].

Recently, Liang et al. have proposed the first air-mode photonic crystal nanobeam cavity
at telecom wavelength (Fig. 4.14). The strongest advantage of such cavity is the ultra-
high Q/V (> 107 (Mn)?), due to high values of Q-factor (>10°) and very small mode
volume (10 (Mn)?), even lower than those obtained by slotted configurations [176].
The high energy confinement in the air allows to exert strong trapping force in the cavity
region, providing trapping of Au nanoparticles up to 1.8 nm and, potentially,
polystyrene beads of only 3 nm with only Pin» ~ ImW. Such performance obtained with
air-mode PhC cavity confirms an improvement of manipulating nanoscale objects of
about one order of magnitude smaller than other PhC cavities and enables detection of

sample concentration up to 1 M.
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Fig. 4.14. (a) Resonance shift and (b) Q-factor gbehavior as a function of the size of the metal
nanoparticle trapped in the air-mode photonic crystal cavity. (c) SEM image of the PhC
nanobeam cavity with a trapping event of (c) 25 nm and (d) 15 nm Au bead [176].

4.3 Plasmonic nanostructures

Plasmonic nanostructures have been largely used to manipulate objects at micro and
nanoscale, because of their ability to overcome diffraction limits typical of dielectric
configurations, so enabling a strong sub-wavelength energy confinement [179]. A
peculiarity of plasmonic devices is the strong energy confinement observed at the
interface between metal and dielectric layers, with sharp exponential decay from the
metal surface [180]. This behavior represents an evident advantage for several
applications, such as optical communications [181, 182], optical imaging [183], energy
harvesting [184], nanoelectronics [185, 186] and, particularly, sensing and optical
trapping for applications in biology, chemistry and medicine [187, 188]. Plasmonic
biosensors have demonstrated to improve sensitivity up to the detection of a single
molecule [189, 190].

The configurations of plamonic cavities used as plasmonic tweezers are: nanoantenna

and nanoapertures.
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4.3.1 Plasmonic nanoantenna

Nanoantenna are plasmonic cavities with a resonant behavior, and a strong energy
confinement around the metal surfaces is obtained, corresponding to strong light-matter
interaction in sub-micrometer volumes. The simplest configuration of nanoantenna is
the monopole, which consists of a single metallic nanoparticle, where electromagnetic
field is strongly confined at the surface [191]. A configuration of monopole nanoantenna

has been proposed for trapping by Cetin et al. in [192], as shown in Fig. 4.15.
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Fig. 4.15. (a) Schematic and (b) SEM figure of an array of monopole nanoantenna. (c) Different
position of the trapped object with a diameter of 200 nm around the monopole and (d) relative
forces along three directions.

The remarkable enhancement of the energy confinement in sub-wavelength region
typical of plasmonic nanoantenna makes such cavities suitable to provide efficient and
stable optical traps [193, 194]. Furthermore, the optical stiffness is very high in optical
nanoantenna, corresponding to a strong attracting force. However, the trapping length

scales inversely to the optical stiffness, therefore it is necessary that particles flow very
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close to the nanoantenna to be trapped, unlike dielectric configurations with a longer
decay length of the evanescent field [195].

Several patterns of nanoantenna have been proposed as plasmonic naotweezers with
high performance, such as dimers, dipole and bowtie structures. The narrow gap
between two metal structures provides a strong enhancement of the optical energy of
about two orders of magnitude than values obtained by a simple monopole [196].

A plasmonic dimer consists of a pair of metal nanoparticles, with a circular or elliptical
shape, separated to each other by a narrow dielectric gap [197]. The advantage of such
cavity is the ease of fabrication and high control over the gap width due to progress in
manufacturing of nanostructures, which improves the accuracy and device reliability
together with a strong energy confinement inside the nanoscale gap [198].

Grigorenko et al. have proposed in [190] an array of gold dimers excited by normal

incident light, as shown in Fig. 4.16.
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Fig. 4.16 (a) Schematics of the plasmonic nanotweezer proposed in [190]. (b,c) Micrographs of
the device with different lattice constants.
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Typical values of the Q-factor of plasmonic cavities are Q ~ 10, which are much lower
than dielectric resonant cavities performance. This behavior is due to high values of
optical losses for the presence of metal with higher absorption effect, but at the same
time, the small gap of about 100 nm between the metal structures of the dimer provides
a strong energy confinement (V <« (A/n)*), which corresponds to high values of Q/V (>
10* (Wn)?) and, therefore, strong light-matter interaction. However, trapping efficiency
is not very high with dimers because of rounded corners of the metal blocks, so
preventing an extreme energy confinement in the cavity. Trapping of 200 nm
polystyrene beads has been demonstrated with an input optical power at least of 440
mW [190]. Even if the power value is high, the laser is focused in order to lighten several
nanoantennna, which corresponds to an energy density that minimizes the thermal
heating without affecting the plasmonic tweezer performance.

Recently, several dimers configurations have been proposed with higher performance,
due to the development in nanofabrication techniques with the realization of smaller gap
with an exponential increase of the energy confinement. This corresponds to higher
values of trapping force with lower values of optical power, making possible also the
trapping of living matter. Galloway et al. have proposed in [199] a gold dimer to stably
trap Bovine Serum Albumin (BSA) protein without damage.

The device proposed in [105] has demonstrated to be suitable for light-assisted
molecular immobilization, which enables chemical interaction between different
biological matter with a high spatial resolution of the immobilization, thanks to the

action of optical gradient. In fact, even if the protein immobilization is allowed by the
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molecular binding, this effect is based on light-assisted molecular immobilization. In
fact, the use of plasmonic cavities allows to reach strong energy confinement in volumes
at the nanoscale, exactly in the dimers gap. It is clear that the optical near field governs
the protein immobilization because the streptavidin-coated gold colloids are attracted
by the hot-spots with a strong energy confinement in the nanoantenna gap and interact
with the cavities, demonstrating that the protein binding is triggered by the enhanced
plasmonic fields. The interaction of biotin and streptavidin-coated gold colloids, which

are simultaneously trapped in the nanoantenna gap, has been verified experimentally

with an input power of only 0.5 mW and negligible thermal heating (see Fig. 4.17).

Fig. 4.17. Schematic of the array of dimers nanoantenna used for light-assisted molecular
immobilization with a magnification of the interaction between bioting and streptavidin injside
the narrow gap of the nanoantenna in the insets. (b,c) SEM images showing binding of a single
and (d) an array of dimers for binding of gold nanoparticle in the gap (scale bar = 150 nm).

Dipole nanoantenna are realized by two metal arms separated by a narrow gap with a
similar structure of dimers, but with a rectangular or square shape of each arm, that
provides higher values of energy confinement due to their sharp corners. A higher
control on their spectral response has been observed, because changes of the length of

metal blocks and gap width cause a different resonance behavior. Dipole nanoantenna
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have been largely studied, aiming at optimizing their size and surface quality to enhance
trapping efficiency [200]. Trapping of metal and dielectric beads, and biological matter
smaller than 100 nm has been verified [201]. For instance, Zhang et al. in [201] have
calculated an optical stability S > 5 and a remarkable red-shift of the resonance
wavelength of about 50 nm when a single 20 nm Au nanoparticle is trapped inside the
gap of only 25 nm. The extraordinary light-matter interaction also allows trapping also
particle of 10 nm beds, observing a resonance shift of about 20 nm in presence of each
trapping event (see Fig. 4.18).
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Fig. 4.18. Configuration of the optical setup and the dipole nanoantenna (in the inset) for
trapping of a single Au nanoparticle. Resonance shift observed after a trapping event of a single
(b) 20 nm Au bead with a gap of 25 nm and (c) 10 nm Au bead with a gap of 15 nm.

Low values of input power have been used without affecting the stability of the optical
traps. For instance, a stable trapping of Escherichia Coli for several hours has been
demonstrated with dipole naoantenna by Righini et al. in [5] with an input power of 300

mW to excite a large array of dipole structures [5](see Fig. 4.19), corresponding to an
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optical intensity of only 10° W/m? for each plasmonic cavity, which is almost an order

of magnitude lower than the damage threshold of bacteria [202].

(a) (b) (c)

Fig. 4.19. Schematic of the optical setup used for optical trapping of living bacteria with dipole
nanoantenna. (b,c) A sequence of bacteria trapping recorded over two hours [5].

In the last years, the bowtie nanoantenna, consisting of a triangular shape of two metal
arms separated by a narrow gap, have received a rising interest [203]. Theoretical studies
have demonstrated that dipole nanoantenna provide stronger energy peaks than bowtie
configurations, but at the same time they are also characterized by multiple optical traps
in the external edges of the metal arms and not only in the gap. On the contrary, bowtie
structures are not affected by multiple trapping sites as for dipole nanoantennas, because
the light is tightly focused in a single spot inside the gap, in specific condition of light
polarization, and low energy confinement is typically observed at the other corners,
which corresponds to a higher sensitivity of the resonant nanoantenna [200, 203]. This
represents a strong advantage for plasmonic nanotweezers, because the position of the
optical trap is well defined with a higher trapping efficiency and the fluctuations of
trapped objects are typically less evident. Such behavior makes bowtie nanoantenna

very suitable for trapping of small objects and also living matter [204]. Roxworthy et al.
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have proposed an array of bowtie nanoantenna to trap, stack, and sort dielectric
nanoparticle with an input power lower than 1 mW [205, 206]. An improvement of
energy confinement up to a factor 4 has been obtained by using pillar-supported bowtie
nanoantenna (p-BNA), where the plasmonic cavities are elevated from the substrate, as
proposed by Chen et al. in [207] (see Fig. 4.20). This corresponds to a potential
enhancement of trapping force and also refractive index sensitivity, achieving up to S =
1763 nm/RIU, which is two times greater than performance obtained by using simple

bowties, allowing trapping and sensing of single molecule.
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Fig. 4.20. (a) SEM image of p-BNA. (b) Near-field intensity enhancement spectra calculated by FDTD
simulations and (c) experimentally obtained near-IR reflection spectra [207].

4.3.2 Metal nanoholes

A strong energy confinement with a consequent enhancement of trapping forces has
been achieved by focusing a laser beam into a nanoaperture in a metal film, so
overcoming the diffraction limit typical of dielectric configurations [208]. This
perturbation of the local electromagnetic energy distribution strongly affects the motion
of particles around the nanoaperture, thereby enabling trapping at the nanoscale. The
trapped particle has itself a strong influence on the local electromagnetic field with an

active role in the trapping action. This effect is called self-induced back-action (SIBA)
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optical trapping and enhances the trapping efficiency with a strong localization of single
particle exactly in the nanohole where the optical gradient is maximum [209]. Unlike
the plasmonic nanoantenna, nanoapertures have not a resonant behavior, therefore they
require very small gap to enhance light confinement in order to exert high values of
optical forces. This insensitivity to wavelength translates into lower sensitivity to
thermal effects (a temperature increase < 1K is typically observed with nanoparticle
trapping [210]).

Changes in the optical transmission is the physical effect observed in presence of a
trapping event of a bead inside the nanohole. An increase of transmission is given with
a trapped bead with a higher refractive index of the fluid inside the nanoaperture,
therefore the optical characterization of the plasmonic nanotweezer is based on the
analysis of the transmission values to confirm a trapping event and the range of such
changes quantify the size of the bead and its optical properties.

Several configurations of plasmonic tweezers based on nanoapertures have already been
shown in the literature, such as single nanoholes [211], rectangular slits [212] coaxial

apertures [213], and double nanoholes (DNH) [214,215] (see Fig. 4.21).
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Fig. 4.21. Configurations of nanoapertures with (a) single nanohole [211], (b) rectangular slit
[212], (¢) coaxial shape [213], and (d) double nanohole [214] proposed as plasmonic
nanotweezer.
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The simplest configuration of plasmonic nanoapertures is based on a circular nanohole
in which a laser beam is tightly focused, as the configuration proposed by Kim et al. in
[211]. Stable trapping of a single DNA molecule has been obtained for at least t = 1 min.
Furthermore, it has been verified that DNA of different lengths can be differentiated
through the measurement of scattering signals, so leading to several DNA sensor
applications.

The minimum size of particles that can be stably trapped in the aperture is strongly
dependent on the size of the nanohole. Narrower gap are necessary to further enhance
the trapping efficiency of the device. Among such configurations, double nanoholes
(DNH) have demonstrated the highest trapping efficiency [216]. DNH consists of two
circular nanoholes close to each other, thus forming a cusp with an ultra-thin gap
between them (< 30 nm), as shown in Fig. 4.21d. This configuration enables an extreme
energy confinement within the cusp, with a sharp and strong optical gradient around the
ultra-thin gap of the DNH and enabling to trap nanoparticles of only few nanometers.
This behavior makes such device useful for manipulation at the single molecule level
with high spatial confinement and long trapping time. In particular, Pang et al. in [214,
215] realized trapping of a single BSA protein (~ 3 nm) and 12 nm silica beads with a
signal-to-noise ratio SNR > 30 with a trapping time longer than 80 seconds. Zehtabi-
Oskuie et al. in [217] verified the trapping of streptavidin with an optical intensity of
10° W/m?. Moreover, such devices have been also used to study binding between DNA
and protein [218], protein-antibody co-trapping [219] and protein unzipping [220],

because of their ability in single particle detection and trapping, thus allowing accurate
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and high-resolution biological and chemical analysis without requiring tethering or
labels.

The limitation of metal nanoholes compared to performance obtained with plasmonic
nanoantenna is the absence of a resonant behavior, that causes lower values of trapping
stiffness (k= 0.2 pN/nm-W [121]). This makes more difficult the trapping of the target
object close to the nanoaperture, so requiring negligible effects of Brownian motion
together with a perfect focusing of laser beam in the gap, in order to allow the attraction
effect when the bead is exactly in that position. Higher values of input power of several
milliwatts should be applied to enhance the trapping stiffness, because k increases
linearly with power laser, but at the expense of thermal effects that would affect the
Brownian motion of the nanoparticles around the nanohole, without any improvement
in the trapping efficiency.

Recently, DNH plasmonic nanotweezers fabricated at the tip of a tapered optical fiber
have been proposed. For instance, Berthelot et al. in [221] and Gelfand et al. [220] have
proposed a tapered optical fiber with a DNH at the tip to trap nanoparticles for several
minutes with low optical power (Pin ~ 700 nW) together with the ability of moving them
over tens of micrometers, thereby achieving extreme control over the 3D manipulation

of objects at the nanoscale (see Fig. 4.22).
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Fig. 4.22. (a) Schematic and (b) SEM image of DNH patterned at the extremity of a tapered
optical fiber [221].

4.5 Hybrid devices

In the last years, a strong research interest has been observed in study and realization of
hybrid configurations, with the integration of dielectric and metal structures in the same
device, especially to realize high performance resonant cavities [222]. The reason is that
photonic/plasmonic configurations have demonstrated to exploit advantages and
peculiarity of dielectric devices, such as low loss propagation and high quality factor in
resonant cavities, together with extreme optical confinement, typical of plasmonic
structures [223, 224]. Such behavior corresponds to strong light-matter interaction, due
to high energy confinement in very small subwavelength regions together with lower
optical losses than values obtained with plasmonic configurations.

Several configurations of hybrid devices have been proposed with the aim of optimizing
the enhancement of the energy confinement to be suitable for several applications, such
as optical communications [225, 226], optical information storage [227] and, most of
all, molecular sensing, [222] optical trapping, detection and manipulation [228, 229].

Some of these hybrid devices have been reported in Fig. 4.23.
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Fig. 4.23. Configurations of different hybrid cavities to obtain high gradient of optical field and
strong light-matter interaction [229, 228, 222, 224].
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WGM cavities have been largely used for biosensing, due to their high values of Q-
factor, corresponding to relevant sensitivity with very low limit of detection (LOD)
[230, 231]. Their performance have been strongly improved with hybrid configurations,
where small metal nanoparticles are bound to the dielectric WGM cavity to create
hotspots with ax extreme subwavelength energy confinement. The metal nanoparticles
allow trapping of small beads up to a single molecule [231]. Dantham et al. have
demonstrated ultra-sensitive detection with a hybrid WGM microcavity in [232] where
nanoshell gold microspheres are directly bounded to the WGM cavity surface, as shown
in Fig. 4.24. The binding is due to the gradient force that draws them to the equator of
the resonant cavity. The nanoshell is able to attract a BSA protein and a single thyroid
cancer marker (Tg) with masses of 0.11 ag and 1 ag, respectively, and their stable
trapping onto the WGM surface is given by the proper salt concentration in the
sorrounding medium, aiming at increasing the conductivity of the solution and so,
decreasing the effects of the repulsive force for particles at the nanoscale. This effect of
optical forces is typically called “carousel trap”, for which attractive optical gradient
forces remarkably enhance the transport to the sensing region of the target object to

detect, overcoming limitations given by the diffusion of such small detecting area. The
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nanoshell is able to trap a BSA protein and a single thyroid cancer marker (Tg) with
masses of 0.11 ag and 1 ag, respectively, which corresponds to an improvement of limit
of detection of several orders of magnitude, due to both high Q-factor of the WGM
cavity and the strong energy localization at the nanoshell. The stronger interaction
between the hybrid cavity and the single molecule has been also confirmed by the
enhancement of the shift of resonance wavelength of 240 % and 1500% for the Tg and

BSA, respectively, for each trapping event in presence of the nanoshell with the bump.

Fig. 4.24. (a) Schematic of the hybrid WGM microcavity with an integrated gold nsanoshell. (b)
FEM simulation of the energy distribution around the nanoshell and (c) experimental results on
resonance shift with and without the nanoshell [232].

Photonic/plasmonic nanotweeers based on the integration of optical nanowires with
plasmonic structures have demonstrated stable trapping of particles at nanoscale. O’Dell
et al. have proposed a cavity with a multi-walled carbon nanotubes adsorbed onto a
silicon waveguide [233], as shown in Fig. 4.25. The evanescent field of the optical
waveguide is strong enough to adsorb a single-wall carbon nanotube (SWCNT) with a
plasmonic behavior. A strong enhancement of both the electromagnetic energy and the
gradient field has been obtained at the surface of the SWCNT, several orders of

magnitude stronger than the evanescent field of a simple dielectric waveguide. This
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corresponds to an improvement of the trapping forces exerted around the plasmonic
structure. Moreover, the adsorption of the SWCNT allows that nanoparticles can be
trapped and not only propelled along the waveguide, which represents a limit of
dielectric waveguides used as optical nanotweezers.

Trapping of polystyrene beads of about 500 nm has been demonstrated experimentally
for several seconds, until the laser is switched off, confirming high values of optical
stability. It has been demonstrated by FEM simulations that light-matter interaction
calculated around the SWCNT is so strong to trap potentially dielectric bead of only 10

nm, which is an unexpected result to reach by using a simple nanowire.
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Fig. 4.25. (a) Schematic and (b) SEM image of the hybrid configuration with the adsorption of
a SWCNT onto a silicon waveguide surface. (c) Trapping events of 520 nm polystyrene beads
on the SWCNT [233].

Lin et al. have proposed a hybrid cavity based on the integration of a bowtie nanoantenna
on a silicon waveguide [234], aiming at funneling the photonic mode of the nanowire
into a plasmonic resonant mode of the bowtie, highly confined within the narrow gap at
resonance (Fig. 4.26a). The strong enhancement of the optical energy in the gap provides
the trapping of polystyrene nanoparticles up to 20 nm. The threshold power used to

obtain a stable trapping condition (S > 10) for these particle’s size is Pin = 10 mW with
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a negligible thermal enhancement. This performance confirms an improvement of
trapping efficiency obtained with the hybrid configuration in comparison with that
evaluated without the integration of the bowtie.
A similar approach with a hybrid configuration has been also proposed by Ying et al. in
a theoretical study [235]. Several plasmonic nanoantenna with different lengths are
placed in cascade onto a dielectric waveguide, as shown in Fig. 4.26b, which resonate
at different wavelengths.
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Fig. 4.26. Hybrid nanotweezers for nanoparticle trapping with the integration of a (a) bowtie
[234] and (b) dipole nanoantenna array on a dielectric waveguide [235].

The particle propagates along the waveguide between the nanoantenna, until it reaches
the plasmonic cavity in resonance, where the strong energy confinement enables the
trapping event. Therefore, Ying et al. have demonstrated to control the particle motion
with the hybrid cavity and switch its position only by changing the resonance of laser
beam focused on the nanoantenna, so expecting to obtain an efficient conveyor for a
polystyrene nanobead of only 40 nm.

A strong enhancement of light-matter interaction has been demonstrated by using an

hybrid cavity with a plasmonic bowtie placed on a 1D PhC cavity, so exploiting the high
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Q-factor of the photonic crystal and also the subwavelength confinement in the bowtie
simultaneously [236, 237].

In particular, Ciminelli et al. have proposed a theoretical study in [236] where a
photonic/plasmonic nanotweezer with an Au bowtie nanoantenna vertically coupled to
a 1D PhC dielectric cavity, as shown in Fig. 4.27. The resonance matching for both
cavities provides to enhance the coupling efficiency from the PhC to the bowtie, so
obtaining a high gradient force around the nanoantenna due to ultra-high value of Q/V
up to 107 (M/n)3, together with high values of resonance transmission (T > 30 %), which
represents a fundamental advantage of the hybrid configuration rather than plasmonic

ones.
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Fig. 4.27. (a) Top view of the photonic/plasmonic cavity with an Au bowtie vertically coupled
to a 1D PhC. (b) Results of 3D FEM simulation of optical forces exherted on 40 nm polystyrene
nanoparticle with an in imput power of ImW [236].

The strong energy confinement in the bowtie, due to high efficient funneling of optical
energy from the PhC at resonance, allows trapping of 40 nm polystyrene nanoparticle
with a very high optical stability (S = 30), so expecting long trapping time with low
input power (Pin = 1 mW). Furthermore, the high values of the potential energy much

greater than 10 KgT with low optical power have demonstrated the ability of the

77



photonic/plasmonic cavity to trap smaller nanoparticles, making the device suitable for
application in medicine and biology for single protein trapping [236].

We have reported in Tab. 1 the state-of-the-art of the integrated pohotonic, plasmonic
and hybrid nanotweezers for a comparison of performance, in order to identify the most
suitable configuration to exploit an efficient trapping condition at sub-micrometer scale

and nanoscale.

Tab. 1. Performance of integrated nanotweezers with dielectric, plasmonic and hybrid

configurations.
Config. Type Par_tlcle Partlc_le Power Performance Tra_ppmg
size material time
2D PhC . . E. coli S=10 .
cavity [13] Dielectric 2 pm (biological) 1 mw k =7.6 pN/nm-W > 5 min
Microspher Silica
e resonator Dielectric 280 nm (dielectric) 0.23 mW S=55 > 20 min
[160]
2D PhC
cavity Dielectric | 250mm | Foswrene | oac w $=10 > 10 min
(dielectric)
[170]
$=210
Slotted
. . . Polystyrene k=0.3 pN/nm-W i
waveguide Dielectric 75 nm (dielectric) 250 mW F=-25pN (@ P =
[147] 1W)
Optical 50 nm
nanowires Dielectric Au (metal) 3 mW S=6 10 sec
[145]
1D PhC $=30
with bowtie . Polystyrene k=90 pN/nm-W > 30 min
nanoantenn Hybrid 40nm (dielectric) L mwW F=-44pN (@P = | (expected)
a[236] 1 mW)
2D PhC Au
cavity Dielectric 24 nm 0.75 mW S=10 > 40 sec
(metal)
[169]
1D slotted . . Polystyrene
PhC [175] Dielectric 20 nm (dielectric) - - 1 sec
Slotted
waveguide Dielectric - A D.NA %Skb 250 mW S=10 > 3 sec
(biological)
[147]
1[?;)2]C Dielectric 5nm Au (metal) 1 mW S=30 > 60 sec
1D PhC . . Polystyrene
[176] Dielectric 3 nm (dielectric) 1 mW S=210 > 60 sec
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Cy5-labeled
ielectric - ) m = >25 sec
1D PhC Diel . Wilson disease 10 mW S=12 25
[178] protein
(biological)
Microspher BS.A prgteln
(biological)
e resonator Thvroid
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In the next chapter, the optimized design of the photonic/plasmonic cavity with an ultra-

high Q/V and the experimental results as hybrid nanotweezer have been discussed. The

physical concept is the same of that proposed in Ref. [150]. The device configuration

has been optimized to obtain high cavity performance with a high reliability for the

fabrication step.
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CHAPTER 5

Design of the hybrid cavity for optical trapping applications

5.1 Device configuration

The photonic/plasmonic device includes a 1D PhC dielectric microcavity embedded in
a silicon (Si) photonic wire, which is vertically coupled to an Au bowtie nanoantenna,

as shown in Fig. 5.1 [236].
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Fig. 5.1. (a) Hybrid cavity configuration with (b) a magnification of the bowtie nanoantenna.
(c) Cross-section and (d) top-view of the cavity with the alignment of the bowtie to the PhC
dielectric structure.

The width and the thickness of the Si wire, placed on 3 um buried oxide, are W = 490
nm and /# = 220 nm, respectively. The cavity is realized by two mirror sections, each
consisting of N mirror holes with the same radius  and period 4, and a tapering section
in the middle of the cavity (see Fig. 5.1). The tapered section has been designed to
improve the matching between the nanowire mode and the Bloch mode in the photonic

crystal structure aiming at reducing the coupling loss [26]. Both holes’ radii and periods
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are not uniform in the tapering section and they have been chosen to obtain a resonance
condition around A = 1550 nm and, particularly, to optimize the energy confinement in
the cavity together with a resonance transmission of the 1D PhC dielectric cavity higher
than T =90 %. This is necessary to overcome the remarkable optical loss obtained when
the plasmonic nanostructure is placed above the PhC in the hybrid configuration.

A plasmonic bowtie nanoantenna is placed above the PhC to enable the vertical
funnelling of light from the dielectric cavity to the metal structure, in order to obtain
strong energy confinement in the bowtie, so strongly decreasing the cavity mode volume
with relevant values of optical transmission. A silica layer has been placed between the
bowtie and the PhC cavity to decrease optical losses.

We have assumed water as the surrounding medium, in order to simulate the interaction

of nanoparticles with the cavity and to study the efficiency of the cavity for optical

trapping.

5.2 Design of 1D PhC dielectric cavity

For the design of the mirror section of the 1D PhC dielectric cavity a fixed period and
radius has been considered, equal to 4 =390 nm and » = 130 nm, respectively, in order
to obtain a large photonic bandgap that includes the wavelength of 1550 nm. The
number of the mirror holes N affects the cavity performance; a large number provides a
stronger mirror strength. The presence of the tapering section destroys the translational
symmetry in the photonic crystal, so obtaining a resonance condition in the photonic

bandgap, which is a function of the properties of the tapered holes.
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The key parameter considered to optimize the cavity performance is the filling fraction
FF;= nr/(W-A,). Different tapering approaches have been investigated, by assuming a
fixed value, linear or quadratic increase of the FF; from the cavity to the mirror. The
best cavity performance has been calculated with a linear increase of both FF; and 4;
corresponding to a quadratic increase of the holes’ radii 7:. In fact, this tapering approach
allows to obtain a Gaussian attenuation profile of |E|>, so optimizing the matching
condition between the guided mode in the nanowire and the Bloch mode in the photonic
crystal structure, with a consequent decrease of the optical loss and an enhancement of
the resonance transmission.

A parametric analysis was carried out to define the set of value of 7, 4; N and N;to
optimize the cavity performance, obtaining a high resonance transmission T > 90%, with
a Q-factor at least of few thousands and strong energy confinement in the cavity, aiming
at obtaining strong energy confinement necessary for the vertical coupling to the bowtie.
We have calculated the influence of ; and 4; on the cavity performance, assuming for
the former parameter a minimum value of »; = 60 nm, imposed by the fabrication
tolerances, while for the latter one, the minimum value of 4, is 300 nm. A smaller period
has not been investigated, because the distance between the central holes becomes too
narrow (< 200 nm), so making the deposition of the bowtie above the PhC cavity more
challenging during the fabrication process.

The cavity performance, in terms of Q-factor, resonance transmission T, Q/V and
resonance wavelength, have been calculated by 3D FEM simulations as a function of

different value of r; and A; (see Fig. 5.2). Any change in the set of values (r;, 4/)
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corresponds to different values of the whole set of »; and 4;, according to the specific
tapering approach previously described. For instance, a choice of (r1, A1) = (70 nm, 320
nm) corresponds to r2 = 84 nm, r3 = 96 nm, r4= 108 nm, r5s = 119 nm and A> = 334 nm,
Az =348 nm, A4= 362 nm, As= 376 nm, by assuming a number of tapered holes N; =
5. We have assumed the cavity excited by a fundamental TE mode. The dispersion
properties of materials has been taken into account (e.g. nsi = 3.478 and nsio2 = 1.444,
respectively, at A = 1550 nm). The water absorption has been also used in the model, so
considering also the imaginary part of the refractive index of water (e.g. nu20 = 1.318

and kipo = 9x107° at A = 1550 nm).
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Fig. 5.2. (a) Resonance wavelength, (b) Q-factor, (c) Q/V ratio and resonance
transmission as a function of the couple (R1, A1) with N; = 5.
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A significant improvement of the Q-factor has been observed by increasing the size of
rrand A, as shown in Fig. 5.2. For example, with 7; = 90 nm and 4;= 300 nm and N; =
5, a Q-factor > 5x10* has been calculated, corresponding to Q/V = 1.2x10* (A/n). This
condition has been obtained at the expense of very low values of resonance transmission
(T < 10%), which is not suitable for the integration of the PhC dielectric cavity in the
hybrid configuration, because the bowtie causes strong optical loss. On the contrary,
high values of resonance transmission (T > 90 %) can be obtained in the opposite
situation, with small values of 7; and large period 4, but unfortunately this corresponds
to lower values of Q-factor. A resonance transmission T ~ 93 % has been calculated
with 71 = 60 nm and 4; = 340 nm, but the Q-factor is lower than 10°, corresponding to
Q/V =2x10° (Mn)>. So, even if the requirement of the resonance transmission (T> 90%)
is satisfied, this pattern is not suitable for the design of the hybrid cavity, because the
Q/V is very low and not suitable to exert high optical forces.

Another critical requirement is the resonance wavelength, because a resonance
condition close to 1550 nm for the design. Those cases discussed before correspond to
a shift of resonance condition of about 50 nm from the target point, which make those
patterns unsuitable.

As shown in Fig. 5.2, a resonance condition close to 1550 nm is obtained with a cavity
pattern that provides a resonance transmission not higher than 60%. A similar result
demonstrates that a different configuration should be assumed to satisfy all requirements

for the dielectric cavity.
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In particular, a different number of holes in the cavity has been taken into account in 3D
FEM simulations to realize their effective influence on the cavity performance.

The first case deals with the simulation of the PhC cavity with a different value of the
mirror holes ranging from N =3 to N =9, keeping fixed the number of the tapered holes

at Ne=5, ;=70 nm and 4; =330 nm.
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Fig. 5.3. (a) O-factor and (b) resonance transmission behaviour as a function of N with N; = 5,
r; =70 nm and A; = 330 nm.

As shown in Fig. 5.3, the Q-factor increases as N increases, due to a stronger effect of
the PhC cavity realized with more periods, as typically observed with a simple 1D Bragg
grating device. Therefore, an increase more than one order of magnitude from Q =2x10°
with N = 3 to Q = 2.3x10* with N = 9 has been calculated. However, the resonance
transmission also decreases from T = 90% to T = 35% by ranging the number of the
mirror holes in that range. The resonance transmission is kept almost constant up to N
=5 and then decreases quickly for higher values of N.

A similar behaviour has been also observed by changing the number of the tapered holes

N, as shown in Fig. 5.4.
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Fig. 5.4. (a) O-factor and (b) resonance transmission behaviour as a function of N, by assuming
N=35r;=70nmandA; = 330 nm.

An increase of the Q-factor is obtained with a large number of the tapered holes, with a
faster behaviour than that observed with an increase of mirror holes. It can be explained
by a better mode matching between the guided mode in the nanowire and the Bloch
mode in the cavity. However, a relevant decrease of the resonant transmission is
calculated with high values of NV, providing T < 60% with N, = 8.

In both cases, the results by 3D FEM simulations have demonstrated that is necessary
to consider a limited number of the holes in the cavity to provide T > 90%, but at the
expense of a decrease of the Q-factor. Therefore, different configurations of the holes’
pattern have been investigated, in order to optimize the cavity performance.

An important advantage of the proposed configuration is related to the mode distribution

in the cavity at the resonance condition, shown in Fig. 5.5.
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Fig. 5.5. Gaussian distribution of the energy confined in the PhC dielectric cavity at resonance.

It is evident the Gaussian distribution of the resonant mode in the cavity. Such condition
corresponds to the best matching between the guided mode in the nanowire and the
cavity mode, so minimizing optical loss with a consequent optimization of the resonance
transmission. This demonstrates the high values of T calculated, also higher than 90%
with Q-factor of few thousands. The maximum value of the energy distribution is in the
middle of the cavity, exactly where the nanoantenna is placed in the hybrid
configuration.

Another important parameter investigated for the design of the PhC structure is the
cavity defect. The design assumed for the PhC cavity provides a resonant behaviour by

tapering the holes’ radii and periods, without any defect within the central holes. If we
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introduce a defect d # 0, an improvement of resonance transmission has been calculated,
but with a relevant decrease of the Q-factor. This can be justified by the fact that the
defect introduces a further phase shift in the cavity, so destroying the interference
condition between the transmitted and reflected light. This corresponds to a lower mirror
strength of the PhC with a higher transmitted component and weaker cavity effect,
related to a lower value of Q-factor. In fact, a strong decrease of the energy peaks
confined in the cavity have been calculated by increasing the defect d, so reducing the
energy that can funnel into the bowtie with the hybrid configuration, so worsening the

efficiency of the photonic/plasmonic cavity as nanotweezer (see Fig. 5.6).
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Therefore, the case d = 0 has been assumed as the best condition in terms of energy
confinement and Q-factor, and a proper tapering approach has to be considered to keep
high the resonance transmission, in order to prevent the strong effect of optical loss due
to the presence of the nanoantenna in the hybrid configuration.

The width of the nanowire has been reduced from W =490 nm to W = 460 nm to have
a blue-shift in resonance without affecting optical loss. Furthermore, the number of the
holes in the mirror and tapering sections has been reduced, in order to provide very-high
values of the resonance transmission. In Fig. 5.7 the transmission spectrum of the cavity
with N =3 and N; = 3 has been reported, assuming 71 = 90 nm, A; =330 nm, » = 130

nm and A =390 nm with the same tapering approach discussed previously.
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Fig. 5.7. Transmission spectrum of the PhC dielectric cavity with N = N, = 3.

The cavity provides a resonance transmission T = 93% with a resonance condition A ~
1560 nm, very close to target value of 1550 nm. A relevant advantage obtained with this

pattern is related to the energy confinement in the cavity, which is strongly focused in
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the middle of the cavity, as required for an efficient condition of the vertical coupling
(see Fig. 5.8). Such confinement is also better than that obtained with N; = 7, for which
the conversion from the waveguide mode to the Bloch mode in the cavity happens
slowly and this corresponds to higher values of Q-factor, but at the same time this results
in a wider energy distribution also in the lateral sections of the cavity, so worsening the
vertical coupling with the bowtie nanoantenna.

The PhC structure assumed with N = N, = 3 provides Q = 3x10% and V = 0.7 (A/n)?, with
Q/V = 4.3x10? (\n)>. Such performance confirms that, even if the condition of the
resonance condition and the transmission value satisfy the requirements for the PhC
cavity design, however, this pattern is unsuitable for using the device as optical

nanotweezer, because the Q-factor, and therefore light-matter interaction, are too low.

Fig. 5.8. Mode distribution at resonance condition in the PhC dielectric cavity with N =N; = 3.

This issue has been overcome by assuming a different configuration of the PhC, simply
introducing in the structure a symmetric tapering section at the output of the mirror
holes. In this condition, the guided mode is slightly adapted to the Bloch mode in input
and also slightly re-converted into the nanowire mode at the output of the cavity. This

corresponds to lower optical loss together with an enhancement of the Q-factor, without
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affecting the resonance transmission. The configuration and performance of this PhC

structure have been proposed in Fig. 5.9.
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Fig. 5.9. (a) Configuration of the PhC cavity with input/output tapering sections with N, = 3
and N = 3. (b) Transmission spectra of the PhC cavity with and without the output tapering
section.

In Fig. 5.9b a comparison between the PhC with and without the tapering section at the
output has been reported, in order to make evident the effective advantage of this new

tapering pattern.
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A Q-factor of 1.8x10° with a resonance transmission of 93% have been calculated with
in/out symmetric tapering sections, confirming almost the same value of the resonance
transmission and mode volume (Q/V =2.6x10° (\/n)). An improvement of the Q-factor
by a factor six is obtained, compared to the cavity performance without the output
tapering section.

A parametric analysis on the holes’ radii and periods have been carried out by 3D FEM
simulations, as already done previously with different values of N; and N, obtaining a
similar behaviour. Therefore, the best compromise in terms of the Q-factor, high
resonance transmission and strong energy confinement has been assumed with »; = 90
nm, 4; =330 nm, » = 130 nm and 4 = 390 nm.

The Q-factor of 1.8x10° is suitable for the target application of trapping, because it is
strong enough to prevent the evident effect of optical loss with the integration of the
plasmonic nanoantenna, so obtaining remarkable values of light-matter interaction, as
required for strong optical force. Furthermore, values of Q-factor that are too high make
the control of the operating wavelength for the optical nanotweezer more difficult due
to a shift in resonance during a trapping event, as described in detail in the next chapters.
The design parameter of the 1D PhC cavity and its performance have been reported in

Tab. 2.

93



Tab. 2. Parameters of the 1D PhC dielectric cavity and performance obtained

by 3D FEM simulations.
Parameters Values
N 3
N; 3
ri 90 nm
R 130 nm
Aj 330 nm
4 390 nm
D 0
G 130 nm
Performance
AR 1562.01 nm
Q 1.8x10°
T 93%
\% 0.7 (\W/n)?
Qv 2.6 x10° (Wn)?
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5.3 Design of the bowtie nanoantenna

The configuration of the photonic/plasmonic cavity includes an Au bowtie nanoantenna
vertically coupled to the PhC structure. The bowtie structure is realized by two triangular
metal structure close to each other, in order to create a narrow gap in which the optical

energy results strongly confined (see Fig. 5.10).

Fig. 5.10. Schematic of the bowtie nanoantenna used to realize the hydrid cavity.

The strong energy confinement is obtained because light propagating in the PhC faces
a strong refractive index contrast in the region of the bowtie, exactly at the interfaces
between gold and dielectric materials. The continuity of the normal component of the

electric flux density D has to be verified (n-(D,,—D,_,)=0 ), this corresponds to a

iel
strong light confinement in the material with the lower relative permittivity, which is

the water surrounding medium within the bowtie slot in this particular configuration.

This physical principle demonstrates the light funnelling from the PhC to the bowtie at
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the resonance condition. If the wavelength of light in input of the device does not match
with the resonance condition, the PhC acts as a mirror and light is totally reflected, so
the interaction with the bowtie is prevented. On the contrary, at resonance, light is
focused between the central holes under the bowtie and this allows to funnel light to the
nanoantenna. The coupling efficiency is improved if there is a resonance matching
between both cavities. In fact, a longer interaction of light between the PhC and the
bowtie is obtained in this condition and stronger energy values can be confined in the
metal slot if the operating wavelength is the same of the resonance condition of the PhC

and the bowtie.

The bowtie configuration has been chosen in place of a dipole one, because it provides
a higher sensitivity. In fact, even if stronger energy peaks can be obtained by using the
dipole structure realized by two rectangular strips, in this study a bowtie nanoantenna
has been assumed because it affords a better localization of the optical energy inside the
gap, with a weaker field confinement at the external edges compared to the dipole

performance.

The size of each triangular structure and the gap slot s remarkably affect the bowtie
performance (see Fig. 5.10). In particular, a thickness ¢ = 30 nm has been considered,
because thicker values cause stronger optical losses without any improvement in energy
confinement. On the contrary, a thinner Au layer affects remarkably the energy
confinement, so worsening the light trapping efficiency. The parameters a and b are the

transversal and longitudinal directions of the bowtie compared to the direction of light
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propagation, as shown in Fig. 5.10. They affect the energy confinement and optical loss,
but particularly the resonance condition.

The design of the hybrid cavity requires the matching between the resonance of PhC
cavity and bowtie, in order to maximize the light funnelling into the nanoantenna. The
bowtie size have been chosen to satisfy such requirement. Different configurations can
be considered aiming at providing the resonance around 1550 nm, however the necessity
of the alignment of the bowtie to the PhC structure, exactly between the central holes,
limits the number of different patterns that can be investigated. In fact, it is necessary
that the nanoantenna does not cover the PhC holes, in order to reduce optical loss.
Fabrication tolerances have been also considered for the design of the nanoantenna.
Small values of angles a, B or v, which define the bowtie shape, are difficult to realize.
The risk of not precious shape and round corners could affect the energy confinement
in the bowtie, so limiting light trapping and limiting the trapping efficiency.

The minimum value of angle that we have assumed for the design of the bowtie in order
to allow the fabrication with high reliability is at least of 45°.

Another important parameter that affects the resonance condition is the total length of
the nanoantnenna L (see Fig. 5.10). We have assumed a value L < 500 nm, which
corresponds almost to the width of the nanowire where the PhC is realized. This choice
is due to the fact that larger values of the bowtie length cause higher optical loss, because
the absorption and scattering are stronger in the structure when the bowtie is larger than

the nanowire width.
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Moreover, light confinement is strongly related to the slot size. A very narrow slot
provides strong energy confinement, but also the optical loss becomes more relevant, so
decreasing the detection resolution of the hybrid cavity. On the contrary, large values of
s prevent the slot effect, so making useless the bowtie because only optical loss can be
obtained without any energy enhancement as typically obtained with a nanoantenna. A
slot s = 40 nm has been assumed as the best compromise in terms of energy confinement
and optical loss. This corresponds to b ~ 230 nm, according to the design steps
considered. Lower values of b are not suitable for the design, because it becomes too
difficult to afford the requirement of the resonance at 1550 nm unless of using large
values of the other parameter a, but at the expense of a more challenging fabrication
process and also higher optical loss.

So, a gap value s = 40 nm and a transversal length b of each triangular structure of 220
nm have been considered for the design of the bowtie.

A parametric analysis on the parameter a has been carried out to define the geometry of
the bowtie in order to satisfy the resonance condition close to 1550 nm, minimizing
optical loss and simplifying the fabrication process.

The scheme of the system simulated by 3D FEM simulation to study the nanoantenna

behaviour has been reported in Fig. 5.11.
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Fig. 5.11. Configuration assumed for FEM simulations of the bowtie nanoantenna.

We have assumed the bowtie nanoantenna placed on a silica substrate. An out-of-plane
input condition has been considered with light directly focused from the bottom of the
substrate, as in the configuration of the hybrid cavity where light is funnelled from the
PhC. A plane-wave polarized along the principal axis of the bowtie has been assumed
in input. The incident intensity in the computational domain is 700 mW/um?. The
Perfect Matching Layer (PML) has been considered around the cavity, in order to
prevent any effect of undesired reflections at the boundaries of the computational
volume.

3D FEM simulations have been carried out to obtain the transmission spectrum of the

bowtie. The Lorenz-Drude model has been used to simulate the optical properties of
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gold. In Tab. 3, the geometrical parameters of the bowtie assumed to obtain the best
compromise in terms of resonance condition, strong energy confinement, reduced

optical loss and high reliable fabrication process have been reported.

Tab. 3. Parameters value of the bowtie nanoantenna resonating at 1.5 um.

Parameter Value Parameter Value
a 350 nm S 40 nm
b 220nm o 77°
c 30 nm L=y 52°

The bowtie transmission spectrum has been reported in Fig. 5.12.
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Fig. 5.12. Energy enhancement in the plasmonic bowtie nanoantenna.
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A strong enhancement of the energy confinement in the bowtie has been observed at
resonance compared to the values calculated far from the resonance, confirmed by the
low value of the mode volume V = 5x10*(A/n) and corresponding to Q/V ~ 10*(\/n)™.
As discussed before, the resonance matching of both cavities allows the optimization of
light-matter interaction. The maximum enhancement of the energy confinement in the
bowtie with this configuration has been calculated at around A = 1500 nm with a good
matching with the PhC resonance condition, so allowing a high coupling efficiency,
because the Q-factor of the bowtie is only Q < 10 with a FWHM ~ 400 nm. This
corresponds to a decrease of the energy enhancement smaller than 5% compared to the

maximum value obtained at around 1550 nm.

5.4 Design of the photonic/plasmonic cavity

The single configurations of the PhC cavity and the bowtie nanoantenna have been
designed to optimize the performance and their interaction. In this section, the
integration of both cavities in the same device has been considered in order to realize
the photonic/plasmonic cavity.

As discussed in the previous section, the PhC cavity has been totally embedded in silica.
The silica thickness G above the nanowire defines the distance between the PhC and the
bowtie. The value of G strongly affects the optical loss and the coupling efficiency. The
maximum coupling efficiency can be obtained if the bowtie is placed directly on the

PhC, which corresponds to G = 0. However, a remarkable drop of the resonance
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transmission more than 90% is obtained with this pattern, which makes useless the
cavity because of the unacceptable detection resolution.

The resonance transmission increases as the gap G becomes larger, however the
maximum value of the energy confined strongly decreases. This behavior corresponds
to higher values of the Q-factor, due to a decrease of losses, together with a more
relevant enhancement of the mode volume, resulting in a decrease of the Q/V with a
worsening of light-matter interaction in the cavity. Therefore, an optimal value of G
should be calculated to reach a compromise between the resonance transmission and
light-matter interaction for the design of the photonic/plasmonic cavity.

We have considered a configuration of the hybrid cavity that should provide at least T
>20%, in order to obtain a good detection resolution with a strong advantage respect to
the simple plasmonic nanoantenna.

The evanescent field in the PhC cavity extend about 150 nm. Therefore, the fast increase
of the resonance transmission from that value is justified by the fact that there is not a
strong interaction between the PhC and the bowtie anymore. On the contrary, for values
of gap G < 150 nm the optical energy can be funnelled and the effect becomes stronger
as the gap decreases, corresponding to an improvement of the Q/V (the mode volume
decreases faster than the Q-factor), but the resonance transmission is very low (T < 10%)
for G < 100 nm. We have calculated that G = 130 nm is the gap value for which the
condition T > 20% is satisfied. In particular, T = 26% has been obtained with Q =

9.5x10? and a resonance condition at 1563 nm, with a red-shift of about 1 nm from the
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value obtained with the PhC dielectric cavity, due to a higher value of the effective index

for the presence of the Au bowtie. The cavity performance are shown in Fig. 5.13.
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Fig. 5.13. Transmission spectrum of the 1D PhC dielectric cavity (blue curve) and hybrid cavity
(red curve); (b) top view and (c) cross-section of the hybrid cavity at resonance.

For the hybrid cavity, Q only drops by a factor 2 compared to the PhC cavity (Q =
9x10?); the transmission drops by a factor 3.6 up to T = 26 %, as shown in Fig. 5.13.
The mode volume remains almost unaltered to that of the single nanoantenna, exactly
we calculate V = 6x10* (\/n)*. This results in a remarkably high Q/V = 1.5 x10% (\/n)
and energy confinement in the bowtie. The strong optical gradient in the bowtie gap, as
shown in Fig. 5.13b and Fig. 5.13c, confirms the efficient energy transfer from the PhC
to the bowtie. In addition to strong light-matter interaction, the high detection resolution
obtained (T = 26%) makes the hybrid cavity very suitable for optical trapping

applications.

103



The performance of the hybrid cavity are much better than the single PhC dielectric
structure and the single bowtie, so demonstrating the relevant advantages obtained if we
put the two together.

The position of the bowtie nanoantenna and its separation from the PhC structure
strongly affect the performance of the hybrid cavity. A misalignment of the nanoantenna
by about 100 nm along any direction increases the on-resonance transmission and the
Q-factor, but it reduces the energy confined in the hotspot, so worsening the bowtie
effect. A larger misalignement prevents the energy coupling from the PhC to the bowtie,
so obtaining only higher optical loss in this case, without any improvement of light-
matter interaction.

In simulation, the cavity behavior in presence of a misalignment between the bowtie and
the PhC has been calculated. In fact, a relevant drop of the coupling efficiency is
obtained when the nanoantenna is not exactly in the middle of the cavity above the
central holes. 3D FEM simulations have demonstrated that Q/V > 10° (\/n)>, assumed
as the condition of strong light-matter interaction, have been obtained with a maximum
misalignement of the bowtie of + 50 nm in both longitudinal and transversal directions.
Furthermore, if the misalignment is along long-axis of the PhC, in addition to the
relevant increase of mode volume, also a drop in transmission is calculated because the
metal is placed above the holes, so strongly affecting optical losses in the cavity.

The energy confinement in the bowtie also depends on the gap with s. When s decreases
from s = 60 nm to s=40 nm, the resonance transmission and the Q-factor decrease

slightly, but the energy density in the bowtie goes up, which is also reflected by a
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decrease in the Q/V of about 20% with s = 60 nm (Q/V = 1.2x10° (\/n)?), compared to
results obtained with s = 40 nm.

The very high confinement of the optical energy at the metal tips makes the cavity very
sensitive to the pattern of the metal structure, and particularly to the sharpness of the
tips. We also evaluated the cavity performance with rounded corners of the metal
bowtie, as shown in Fig. 5.14. A relevant increase of the mode volume is achieved by
increasing the radius » of the rounded corners, leading to a decrease in the Q/V ratio. A
Q/V > 10° (Wn)™ has been calculated with rounded tips of 10 nm, which is a typical
value that can be obtained by the conventional fabrication steps, so confirming strong

light-matter interaction also with a realistic configuration of the bowtie.

/‘..:.

P -

Fig. 5.14. Configuration of the bowtie in the photonic/plasmonic cavity with rounded tips.
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Chapter 6. Fabrication and optical characterization of the

hybrid cavity

6.1 Device fabrication

The fabrication of the photonic/plasmonic cavity has been discussed in this section. The

experimental activity has been carried out at Photonics Group of University of York.

A Silicon-on-Insulator (SOI) wafer with 220 nm silicon layer on 3 um thick buried oxide

has been used to realize the PhC dielectric cavity.

All fabrication steps of the hybrid cavity have been reported in Fig. 6.1.

(a) (®] (© (d)

(e) f (=) (h)
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PMMA A6 495K I PDMS

m

Fig. 6.1. Fabrication process of the optofluidic chip with the integration of the hybrid cavity in a PDMS

microchannel.
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The spin coating of the positive e-beam resist AR-P 6200.13 on SOI wafer at 5000 rpm
and baking on the hot plate at 180°C for 5 min have been done to obtain a final resist
thickness of 350 nm (Fig. 6.1a).

The pattern of the PhC dielectric cavity has been defined by using Electron-beam
lithography with a RAITH “Voyager” system. In our own recipe, an electron dose of
130 uC/mm? with a current of 300 pA has been assumed for the exposure of the AR-P
resist. Then, the resist is developed for 2 min by xylene (Fig. 6.1b).

The PhC dielectric structure is obtained by Reactive Ion Etching (RIE) with a gas
mixture of CHF3:SF6 with a flow of 14.5 sccm and 12.5 scem, respectively (Fig. 6.1c¢).
SEM pictures of a PhC dielectric cavity with an input/output tapering section have been

reported in Fig. 6.2.

I
x11,000 5.0kV LED

Fig. 6.2. SEM picture of the PhC dielectric cavity with input/output tapering section

As described in the previous sections, the PhC structure is totally embedded in a silica
layer. In order to simplify the fabrication process, Flowable oxide (FOx) at liquid phase

is spin coated above the sample with the PhC cavity at 2200 rpm and then baked for 60
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min at 400°C, in order to obtain a silica layer at solid state. The high temperature
necessary to embed the cavity in a silica layer, requires a ramping temperature to prevent
any mechanical stress that can affect the quality of the silica and, therefore, the
efficiency of the process. So, an initial temperature of T = 100 °C is considered as the
initial point and a rate of 4 °C/min is assumed to reach the end-point of 400 °C with 90
min for the ramping process (Fig. 6.1d).

The bowtie nanoantenna is then realized and the positive layer PMMA (polymethyl
methacrylate) has been used for high resolution e-beam exposure. A first layer of
PMMA 495K (6% in anisole) is spin coated at 5000 rpm and baked at 180°C for 5 min,
obtaining a thickness of 250 nm. Then a second layer of PMMA 950K (6% in anisole)
diluited 1:1 with xylene is spin coated on the first resist layer at 5000 rpm for 5 min,
corresponding to a thickness of 150 nm (Fig. 6.1¢). A total PMMA thickness of 400 nm
is obtained. The choice of using two different chemical compositions of PMMA is very
advantageous for the resolution of the final pattern of the nanoantenna, because a reverse
T-shape can be obtained by using these PMMA with different molecular weight resins
(495K and 950K), due to a different behaviour to the development (higher molecular
weight corresponds to a fast resist remotion during the development process).

The pattern of the nanoantenna is defined by e-beam exposure of the PMMA layers, by
using an electron dose of 480 nC/mm? with a current I = 80 pA. The resist development
is done in a solution of 1:3 MIBK to IPA , which corresponds to the maximum resolution
with high sensitivity, so requiring a development time of 3 min. A typical result of the

development step is that shown in Fig. 6.1f. The reverse T-shape is very useful to obtain
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a high-resolution nanoantenna pattern, because it improves the lift-off process for the
resist removal after the metal deposition.

The thermal evaporation is used to realize the bowtie structure. In particular, 3 nm Ni
adhesion layer and then 30 nm Au layer are evaporated on the silica layer (Cr or Ti could
be used as adhesion layer, confirming high affinity and efficiency for the adhesion of
Au to the bottom silica layer, and also decreasing optical losses), as shown in Fig. 6.1g.
PMMA removal is obtained with lift-off process, by soaking the sample in acetone for
30 min and then rinsed in deionized H>O. It is evident the advantage of a reverse T-
shape of the bilayers PMMA structure. The evaporation of metals with a total thickness
of about 33 nm (Ni+Au) is much thinner than the first PMMA layer of 250 nm. This
prevents the direct contact of metals to the upper PMMA layer, so minimizing issues
during the PMMA removal, which becomes more critical with a single layer of PMMA.
A comparison between the fabrication of the bowtie nanoantenna with a pattern defined
by e-beam lithography on a single or two layers of PMMA has been reported in Fig. 6.3.
The quality of the metal surface is much better by using the recipe proposed in this study
with a reverse T-shape of the PMMA, rather than the results obtained with a single layer
of PMMA, for which some residuals is typically observed after the lift-off process,

particularly in small gap and at the edges of the metal structures.
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Fig. 6.3. SEM pictures of an array of bowtie nanoantennna obtained with an e-beam exposure
of (a) single layer and (b) dual layer of PMMA resist. In (c) and (d) the magnification of the
single bowtie for both cases has been reported.

The alignment between the PhC cavity and the bowtie is the most critical issue in the
device fabrication, because a position of the nanoantenna exactly above the central holes
is necessary to improve light coupling with the bowtie. Some markers have been used
during the first exposure to align the bowtie to the PhC during the PMMA exposure.
High accuracy has been obtained for the bowtie alignment to the PhC with a maximum
misalignment of few tens nanometers, A SEM picture of the final photonic/plasmonic

cavity has been reported in Fig. 6.4.
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Fig. 6.4 (a) SEM picture of the photonic/plasmonic device with the bowtie nanoantenna placed
on the PhC cavity, with (b) a magnification of the coupling region where the bowtie is aligned
to the central holes of the PhC. (c) Top view of the hybrid cavity.
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The accuracy of the thickness of the gold layer deposited on the PhC cavity has been
previously verified by using a homemade ellipsometer, and its Graphical User Interface

(GUI) has been reported in Fig. 6.5.
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Fig. 6.5. GUI of the software of the ellipsometer used for measurements of the Au thickness.

The Au thickness has been also confirmed by using AFM method, which has been also
used to evaluate the gold surface flatness, in order to control the bowtie resonance
behavior.

The hybrid cavity has been integrated in a microfluidic chip to obtain a surrounding
medium in water for the cavity, which is necessary for devices used for optical trapping

applications to control the particles’ motion around the trapping site.
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The microfluidic channel has been realized in PDMS (Polydimethylsiloxane) with a
rectangular section with a thickness of 10 um and a width of 200 um.

The fabrication steps have been reported in Fig. 6.6.

(a) (b) (<)
$i0;
. . Si
Au
SU-8
(d) I PDMS

Fig. 6.6 (a-d) Fabrication process of the microfluidic channel used to integrate the hybrid cavity
to realize the optofluidic chip.

We have spin coated the negative resist SU-8 (with a mixture of SU-8 2000.5:SU-8 2050
= 1:2) on a silicon substrate and baked at 95 °C for 10 min with an initial and final
temperature of 65 °C for 2 min, to prevent undesired stress to the structure, for the
realization of the mould for the microchannel. The final thickness of the resist is 10 um.
A third e-beam exposure has been done to define the pattern of the microchannel in the
SU-8 (photolithography could be also used due to the large size of the channel). The
dose used is 4 pC/mm? and the current I =200pA, after the resist has been developed for
3 min, aiming at defining the pattern of the microchannel (200 um x 10 pm) (Fig. 6.6b).
An example of SU-8 mould on a silicon substrate with a rectangular shape of the

microchannels has been reported in Fig. 6.7.
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Fig. 6.7. SEM picture of a SU-8 mould on a silicon substrate

The following step is the PDMS deposition on Su-8 mould and after baking at 60°C for
3h (Fig. 6.6¢). The PDMS is peeled off from the mould to realize the microchannel.

Finally, the bonding between the chip with the hybrid cavity and the microfluidic
channel is obtained by oxygen plasma (t = 20 s) (Fig. 6.6d), and the inlet and outlet
sections are realized with a micropunch, so enabling the fluid flow inside the
microchannel. In Fig. 6.8, a picture of the final optofluidic chip, with the integration of

the photonic/plasmonic cavity in microfluidic channel, has been reported.
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Fig. 6.8 Picture of the optofluidic chip with the hybrid cavities integrated in the same chip in a
microfluidic channel with inlet/outlet section to allow the fluid flowing inside.

6.2 Optical setup

The optical setup used for the optical characterization of the hybrid cavities is shown in

Fig. 6.9.
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Fig. 6.9. Optical setup in end-fire technique used to characterize the hybrid cavity.

An “end-fire technique” has been considered to couple light in input and output of the
device. An Amplified Spontaneous Emission (ASE) source has been used with a
wavelength range from 1520 nm to 1620 nm with a scanning resolution of 40 pm and
an optical power P ~ 55 mW. Light from ASE is fed to 16x optical lens (OL;) and the
collimated beam is delivered to a polarization beam splitter (P), where the TM polarized
light is filtered out and the TE component is focused onto the input facet of the sample
(DUT) by a 60x optical lens (OL>). Then, at the output of the cavity light is collected by

a 40x optical lens (OL3).
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An infrared camera (IR CAM) and a 20x objective (OBJ), placed above the sample, are
used to visualize light propagating into the cavities, so facilitating the alignment
between the input and output lenses with the device. Each optical lens is mounted on a
three-axis stage (3-ax POS) to control the position of the lenses at the microscale for the
alignment of the optical setup.

The collimated beam from OL3 is then collected into an optical fiber by a 40x optical
lens (OL4). A fiber optical beam splitter (BS) is used to split light in an Optical Spectrum
Analyser (OSA) to plot the transmission spectrum and in a photodetector (PD), directly
connected to an oscilloscope (OSC), used to maximize the signal during the setup
alignment.

The same optical setup has been used to characterize both PhC dielectric cavities and

hybrid ones.

6.3. Experimental results

We have realized a simple nanowire and a PhC dielectric cavity without the bowtie in
each optical chip, in addition to several hybrid cavities. This is useful because the spectra
have been normalized to that of the nanowire, assumed as the reference point of
maximum transmission, in order to evaluate the relative transmitted power at the output
of each hybrid cavity.

For measurements, we have put deionized water (DI H20) in the microchannel from the
inlet and assumed a null flow. In Fig. 6.10, the experimental results of the PhC dielectric

cavity have been reported, obtaining Q = 1.7x10% and resonance transmission T = 90%.
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The good matching between the experimental results and 3D FEM simulations (Q =
1.8x10° and T = 93%) is evident. Furthermore, a high reliability has been also verified.
This confirms the maturity of the fabrication process assumed for this configuration of
PhC cavities, as discussed previously, which is necessary to realize several efficient

nanotweezers in the same chip for the target application [238].
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Fig. 6.10. Experimental transmission spectrum of the PhC dielectric cavity with N = N;= 3.

The optical characterization of the hybrid cavity has been done with the same optical
setup with in-plane light propagation in the cavity, so exploiting light coupling in input
facet of the sample with the end-fire setup.

As calculated by simulations, a relevant drop in transmission has been measured due to
the presence of the nanoantennna integrated in the hybrid configuration. Higher optical

loss also affects the Q-factor of the cavity.
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A Q-factor of 8x10? and a resonance transmission of 22% have been calculated (see Fig.
6.11). As expected, a resonance red-shift of about 1 nm has been obtained in presence
of the bowtie, due to the increase of the effective index of the hybrid cavity mode.

Experimental results demonstrate that Q-factor drops by a factor 2.1 compared to the
PhC cavity. However, the mode volume of the hybrid structure is almost the same of the
plasmonic nanoantenna (V = 6x10™* (Mn)?), as calculated by 3D simulations, therefore
this corresponds to Q/V = 1.3 x10° (A/n), which is almost three orders of magnitude
higher respect to the value obtained for the dielectric cavity (Q/V =2x10° (Mn)?).

The enhancement of the optical loss due to the presence of the plasmonic nanoantenna
has been also verified experimentally, with a transmission drop by a factor 4.2. Despite
this decrease of the optical power, the cavity proposed in this study provides high
detection resolution (T > 20%), which is a relevant advantage if compared with the

performance obtained by simple plasmonic nanoantenna [238].
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Fig. 6.11. Transmission spectra of the hybrid (red curve) and dielectric (blue curve) cavities.

The position of the bowtie nanoantenna and its separation from the PhC structure
strongly affect the performance of hybrid cavity. A misalignment of the nanoantenna by
about 100 nm along any direction increases the on-resonance transmission and the Q-
factor, but it reduces the energy confined in the hotspot.

The energy confinement in the bowtie also depends on the gap with s. When s decreases
from s = 60 nm to s=40 nm, the transmission and Q factor decrease slightly, but the
energy density in the bowtie goes up, which is also reflected by an increase in the Q/V
from 1.1 x10° (W/n)~, with s = 60 nm, to 1.3x10° (A/n)3, with s = 40 nm (see Fig. 6.12).
Given the added complexity of realizing the bowtie on top of a waveguide and requiring

high yield, we found that s = 40 was a realistic lower bound for the gap width.
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Fig. 6.12. Magnification of the vertical coupling region between the bowtie and the PhC with a
nanoantenna slot of (a) 60 nm and (b) 40 nm. (c) Transmission spectra of the hybrid cavity with
s = 60 nm (black curve) and s = 40 nm (red curve).

In Tab. 4 a comparison between the simulated results and experimental ones has been

reported, in order to confirm the good matching between them.
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Tab. 4. Comparison between simulated and experimental results of the PhC dielectric

cavity and the hybrid one.
PhC dielectric Hybrid PhC dielectric Hybrid
3D FEM sim. 3D FEM sim. Experimental Experimental
Q 1.8x10° 9x10? 1.7x10° 8x10?
T 93% 26% 90% 22%

Similar performance confirms strong-light matter interaction, which makes the
proposed photonic/plasmonic cavity suitable to be used as an efficient optical

nanotweezer.
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Chapter 7. Study and optical characterization of the

nanotweezer for trapping at submicrometer scale

In this chapter, the study of the hybrid cavity as optical nanotweezer for trapping of
submicrometer particles has been proposed.

Firstly, the results of 3D FEM simulations related to trapping of dielectric and metal
nanoparticles have been reported, in order to define the range in which the hybrid cavity
works as an efficient optical nanotweezer. Afterwards, the trapping system used for the
experimental trapping of Au beads and the final results obtained with the

photonic/plasmonic nanotweezer have been discussed.

7.1 Study of the photonic/plasmonic nanotweezer

The main advantage of the hybrid cavity proposed in this study is related to the strong
energy confinement in the bowtie together with high detection resolution. These
properties are fundamental for an efficient nanotweezer, because light-matter interaction
is directly proportional to the values of optical force that can be exerted, while a high
detection resolution allows to obtain information about the trapped object, because
transmission changes are related to each trapping event and the entity of such changes
is strongly affected by the object’s properties.

The pattern of the photonic/plasmonic cavity proposed, discussed in Chapter 5, has been

used to calculate the value of optical forces around the bowtie.
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The presence of the plasmonic bowtie in the structure constrains the value of the optical
power that can be used for nanoparticle trapping. In fact, thermal effects are stronger
around the plasmonic nanoantenna and this causes an increase of temperature where
there are the energy hotspots. A consequent increase of the Brownian motion is
expected, which decreases the tweezer performance with a weaker attracting effect and
shorter trapping time.

Therefore, a power Pin < 1 mW has been assumed in input to minimize the thermal
effects, that is a necessary condition particularly for trapping in Rayleigh regime (a <
100 nm), where Brownian motion becomes more relevant.

We carried out 3D FEM simulations to calculate the optical forces exerted by the hybrid
cavity on 100 nm polystyrene and Au beads, using the Maxwell Stress Tensor (MST)

method [32]. The results have been reported in Fig. 7.1.
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Fig. 7.1. (a) Optical forces exerted on 100 nm polystyrene (blue line) and Au (red line)
nanoparticles by 3D FEM simulations. (b) Calculated transmission spectra of the hybrid cavity
without (black line) and with 100 nm polystyrene (blue line) and Au (red line) beads. The
resonance condition is red-shifted of about 300 pm and 700 pm, due to the presence of the PS
and Au bead, respectively.

Values of optical force of few pN have been calculated with an input power Pi, =1 mW
for both dielectric and metal beads. This results confirm the high efficiency of the
proposed hybrid cavity to be used as optical nanotweezer. In fact, the optical stability,

previously defined as S = U/kgTe, higher than 10 (S > 10) confirms a stable trapping
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condition, which corresponds to an action of the net force stronger than the opposite
thermal energy kgT., which means that we can assume the trapping force to be strong
enough to completely overcome the Brownian motion of the particle [19, 34]. Such
behavior is given by the strong hotspot obtained in the bowtie gap with low input power.
Another relevant advantage of the hybrid cavity is the high value of the optical stiffness
k, related to the strength of the restoring force to the equilibrium point in the bowtie gap;
high values of £ facilitate the attraction of the bead and make more difficult to push the
particle away from the trapping site [35].

The trapping stiffness is £ = 40 pN/(nm-W) for the dielectric particle and £ = 70
pN/(nm-W) for the metal one. Such results are much higher than performance obtained
with a simple PhC cavity [168], or simple plasmonic structures like the nanoantennna
and the nanoholes. Furthermore, by comparison with performance obtained with the
PhC cavity without the bowtie, a stability S << 10 has been calculated in that case, which
highlights the advantage of the hybrid approach and its higher Q/V value.

Such performance confirms that the condition S > 10 can be obtained also with lower
input power (Pin <1 mW). In particular, the stable optical trapping of 100 nm dielectric
beads is obtained with Pi, < 800 uW, while the metal beads with the same size are

trapped also with Pi, ~ 200 pW.
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7.2. Experimental trapping

The trapping efficiency of the hybrid nanotweezer has been verified experimentally for
the manipulation of metal beads at submicrometer scale.

A similar optical setup proposed in Chapter 6 has been used to study the trapping action.
In addition, a microfluidic pump has been used to control the fluid flow, in order to keep
constant its motion in the microfluidic channel. This condition is necessary for trapping
application, because with low values of the Reynolds number is possible to obtain a
laminar flow, in order to minimize the Brownian motion of the beads in the
microchannel. A flow of 10 pm/min is controlled with the microfluidic pump connected
to the inlet.

Au beads have been dispersed in an aqueous solution. Two different solutions of 400
nm Au beads with a concentration of 1.9x10% particles/ml and 200 nm Au beads with

1.9x10° particles/ml (Sigma-Aldrich) have been used (see Fig. 7.2).

(a) (b)

Fig. 7.2. Microscope image (50x magnification) of solutions of 400 nm Au beads with a
concentration of 1.9x10° particles/ml and 200 nm Au beads with 1.9x10° particles/ml.
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A tuneable laser is used for trapping measurements. The output power of the tunable
laser is Piis = 8 mW. By 3D FEM simulations, we have calculated a red-shift of the
resonance condition of about 700 pm and 850 pm with a trapping event of a 200 nm and
400 nm Au bead. Therefore, we have set the operating wavelength of the light source at
the expected resonance condition in presence of the gold nanoparticle in the trapping
site.

The optical power measured from a simple nanowire by the output photodetector in the

optical setup is Pour = 4.8 pW. Therefore, the optical power in the cavity has been

estimated to be Peav = /Plgs * Foue = 190 pW [170].

This setup has been used to observe experimentally trapping events in the cavity.

Once the metal nanoparticle flows very close to the bowtie, the gradient force draws the
bead to the cavity, as described in Fig. 7.3.

At the same time, even if we have precompensated the expected red-shift of the
resonance condition by setting the tuneable laser properly, however, a strong decrease
of the transmission is observed at t = 0s (see Fig. 7.3) when a trapping event occurs, due
to the absorption and scattering by the gold nanoparticles, as confirmed by simulations
(see Fig. 5.13). This behavior confirms the ease of detection of a trapping event, by
simply observing a fast change in the transmitted optical power.

In Fig. 7.3, the experimental results obtained for trapping of 200 nm Au beads have been

reported [238].
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Fig. 7.3. Experimental results of trapping of a single 200 nm Au bead with the hybrid cavity for
t > 5 min with Peqy = 190uW.

A long trapping time (twap > 5 min) has been verified, which confirms the strong trapping
efficiency of the hybrid cavity as optical nanotweezer. Furthermore, the strength of the
optical trap is also confirmed by the evidence that weak oscillations in transmission after
the trapping event (t > 0 s) can be observed, which indicate the high trapping stiffness,
as already calculated by 3D FEM simulations, and correspondingly reduced Brownian
motion. Trapping of 400 nm Au beads has been also demonstrated and the experimental

results have been reported in Fig. 7.4.
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Fig. 7.4. Experimental results of trapping of a single 400 nm Au bead with the hybrid cavity for
t ~ 3 min with P, = 190uW.

Trapping of 400 nm for 3 min has been verified. Then, the bead has been released from
the trapping site, unlike the behavior observed for trapping of a smaller Au bead. It can
be explained because the gradient force acting on a larger nanoparticle is not much
stronger, due to the energy confinement in the bowtie slot in a region of few tens of
nanometers. On the contrary, stronger effects of scattering and absorption are evident in
this case, compared to the behavior observed with 200 nm Au bead. This corresponds
to a more relevant thermal effect with a consequent decrease of the optical stability and,
therefore, shorter trapping time [238].

We have also attempted to use the 1D cavity without bowtie for the same input optical
power, but did not observe any particle deflection or trapping, again highlighting the
benefit of the hybrid geometry.

Our results represent the first demonstration of a hybrid photonic crystal/bowtie
plasmonic resonator cavity with in-plane light propagation. This allows to facilitate the

nanotweezer integration in an on-chip system. We demonstrate high transmission and
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high-efficiency optical trapping, based on the ultra-high Q/V (>10° (\/n)™?) ratio of the
device. The ability to confine a high fraction of the optical energy in the hotspot outside
the cavity affords direct interaction with an analyte and increases the sensitivity for
sensing applications. Moreover, high transmission (T > 20%) makes it possible to detect

any changes in the resonance condition easily.
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Conclusions

An efficient photonic/plasmonic nanotweezer for trapping at the nanoscale has been
proposed in this thesis.

The advantages of the optical manipulation compared to the performance obtained with
other trapping methods have been discussed. In particular, the optically-based technique
provides high values of optical forces with low power and prevents a direct contact with
the target objects, so minimizing risks of damage and disruption.

The theory of the optical trapping regimes has been also proposed, in order to understand
the physical effects that intervene in this process as a function of the properties of the
target objects to trap with a more detailed description of the Rayleigh regime, suitable
for the study of matter manipulation at the nanoscale.

The state-of-the-art of integrated optical, plasmonic and hybrid nanotweezers has been
discussed to compare the performance of these devices, to put in evidence their
advantages and drawbacks, in order to identify the most suitable configuration to exploit
an efficient trapping condition at submicrometer scale and nanoscale.

The design, fabrication and optical characterization of the photonic/plasmonic cavity,
realized by the 1D PhC dielectric cavity vertically coupled to a bowtie nanoantenna, has
been proposed. The design of the 1D PhC cavity has been carried out to obtain a high
resonance transmission and Q-factor. Instead, a very low mode volume and strong

spatial energy confinement has been required to the bowtie nanoantenna. The matching
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of resonance condition has been also assumed to enhance the vertical coupling
efficiency, so maximizing light-matter interaction in the hybrid configuration.

An ultra-high Q/V > 10° (W/n)? with a resonance transmission of 26% have been
calculated by 3D FEM simulations. A good matching between simulated and
experimental results has been verified. In fact, the Q/V > 10% (\/n)~ and T > 20 % have
been confirmed experimentally with the photonic/plasmonic cavity.

The strong light-matter interaction obtained with the hybrid cavity has been exploited
to trap small particles with high efficiency and long trapping time. Trapping events of a
single Au bead have been verified experimentally, with a trapping time longer than 5
minutes for a single 200 nm Au bead with an input power of only 190 pW. Similar
performance confirms a high optical stability and low thermal effects in the system, so
potentially enabling also the manipulation of living matter at the nanoscale.

The high efficiency of the proposed hybrid nanotweezer allows to continue the study
for the optimization of the device performance and the improvement of the optical
system used during trapping measurements. A key aspect could be represented by the
integration in a handheld device of the hybrid nanotweezer with an efficient system for
optical characterization, i.e. based on Surface-Enhanced Raman Spectroscopy (SERS).
This enables the stable trapping of a single nanoparticle and also the detection and
recognition of the trapped object by the study of the Raman signal collected. The hybrid
cavity provides a strong enhancement of the Raman signal due to the presence of the
bowtie in the trapping site, so improving the detection resolution, that is not suitable by

using only a simple PhC dielectric structure.
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Furthermore, the integration of a more efficient microfluidic channel in the optofluidic
chip with some sections that enable the sorting of particles with different size and
properties, will be very useful to carry only the target objects close to the trapping sites.
Therefore, as future work we expect to improve the nanotweezer efficiency by
implementing such system, so making the proposed device very suitable for several
biomedical applications, for which trapping at the nanoscale without a direct contact is
required and also a fast, accurate and selective detection of the target objects can
facilitate the integration of such device in an efficient Lab on Chip microsystem to be

used for treating and monitoring of several human diseases.
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