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General introduction

Optical tweezers are a standard and non-invasive technique, in which a laser beam is
employed for trapping or manipulating a microscopic particle or molecule without any
mechanical contact. Since its introduction by Ashkin (1986) [1], it has been established
as a powerful and precise technique in scientific measurements for its applications in
physics, chemistry, biology, and atmospheric sciences.

This technique allows tweezing the particles by exploiting a small optical force, typ-
ically in the pico or femtonewton range, resulting from an interaction between light and
matter. Based on the dipolar approximation, the optical force experienced by a trapped
particle can be seen as the sum of two forces: scattering and gradient forces. The first
one pushes the particle in the direction of light propagation while the second one attracts
the particle towards a region of high intensity along the beam gradient. Thus, to create a
stable optical trap, a higher gradient force is required compared to the scattering force.
In conventional optical tweezers, an optical trap can be produced by exerting a tightly
focused laser beam through a high numerical aperture microscope objective. The optical
force experienced by trapped particles is proportional to the applied light power. A light
beam with a very high light power can generate a very high trapping effect. In contrast,
the use of highly intense light can lead to thermal heating of the trapped particles and
can also lead to thermal convection of the trapping medium. In the case of biological
specimens, it can destroy their identity. Thus, it is a challenge to enhance the trapping
stability by increasing gradient force and reducing the scattering force with low light
power.

The recent technological advancements in optical tweezers have improved trapping
performances, precision, and integration of other experimental tools such as microflu-
idic channels, fluorescent microscopy, and spectroscopy. Nowadays, a wide range of
microscope-integrated optical tweezers are commercially available in the market. These
tweezers have been widely implemented to study nanoparticles, quantum dots, biolog-
ical specimens such as living cells in biophysics. Also, the scientific community is us-
ing this technique to explore various fundamental research activities due to their non-
destructive and non-invasive features.

The fiber optics technology has attracted optical tweezers scientific community’s at-
tention due to the efficient mode for light transmission. The implementation of fiber
optics has miniaturized conventional tweezers’ scale and provided a compact structure
and flexibility to realize the particle trapping easily. The fibered optical tweezers do not
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require a bulky or expensive microscope objective. The use of micro or nanostructured
optical fibers allows transforming the light beam configuration from fundamental mode
to advance modes very easily. For this application, the structured fibers can be designed
and fabricated to allow transforming the fundamental Gaussian beam, guided mode into
complex beams, e.g., Laguerre-Gaussian (LG) beams, quasi-Bessel beams, or optical vor-
texes. Also, an optical element or a microlens can be deposited on the fiber end, allowing
converging the light beams to a focal point for particle trapping.

(a) Single fiber optical tweezers

Fiber F
> L
F9
F

(b) Dual fiber optical tweezers

Fiber-1 F,, E Fiber-2

Figure 1: Schemes of fibered optical tweezers with two geometries, namely, (a) single
fiber and (b) dual fibers geometries for tweezing a particle.

Our recent research activities at Institut Néel are focused on the optical trapping
using the fibered optical tweezers. Our group has demonstrated the optical trapping of
dielectric particles in suspension, using two nanostructured fibers tips [2], [3]. There
are two ways to realize the particle trapping using fibered tweezers; single and dual
fibers geometries (Figure 1). A single fiber geometry uses a similar technique as of the
conventional optical tweezers for trapping a particle. In case of our tweezers setup, we
use a tapered fiber tip which produce a diverging light beam, and it allows trapping
of a particle near to fiber contact or a few micrometers away from the tip at the region
of maximum intensity. In dual fibers geometry of two tapered fiber tips, the counter-
propagating beams balance their radiation pressure at an equilibrium position, enabling
a stable and efficient optical trap at relatively low intensities. Moreover, we have also in-
tegrated a spectroscopic technique to our experimental setup that allows characterizing
the photoluminescence emission of optically trapped luminescent nanoparticles [4].

This Ph.D. thesis is a part of the ANR project “SpecTra” in collaboration with the T.
Gacoin’s group from Laboratoire de Physique de la Matiere Condensée (PMC) of Ecole
Polytechnique, Palaiseau for nanoparticle elaboration and spectroscopic investigations
and the G. Colas des Francs’s group from Laboratoire Interdisciplinaire Carnot de Bour-
gogne (ICB) of Université de Bourgogne for complementary trapping, spectroscopic stud-
ies, and theoretical support. The main objective of this thesis is the spectroscopic in-
vestigation of optically trapped luminescent nanoparticles and trapping of plasmonic
oxides nanoparticles. These experimental characterizations have been proposed to be
performed in water (suspension) and air. These objectives motivate us to develop a new
fibered optical tweezers setup dedicated to particle trapping in air. We have also consid-
ered enhancing the trapping efficiency of existing tweezers setup using the 3D printed
lens fibers, which have been developed in collaboration with the H. Giessen’s group from
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4*h Physics Institute, University of Stuttgart, Germany. In collaboration with S. Mondal’s
group from Central Scientific Instruments Organisation, Chandigarh, India, we have de-
veloped and investigated optical trapping with non-Gaussiens beams fibers.

In this thesis work, we have dedicated a significant effort to develop a fibered tweez-
ers setup for the optical trapping of nanoparticles in air. In early stage of experimental
development, we have first studied the optical manipulation of water droplets and later,
the microparticles. Further, we have considered improving the optical trapping approach
in suspension tweezers using two different 3D printed lens fibers; Fresnel lens fibers and
TIR-probe fiber. The Fresnel lens fibers have allowed an extremely stable optical trap for
particles in counter-propagating geometry, while TIR-probe shows its great potential to
produce an optical trap in single fiber geometry.

With our fiber tweezers application, we have studied optical trapping of Eu*-doped
NaYF, nanorods. The paramount interest of these trapping measurements is to study
the anisotropic PL feature of Eu?* using the fluorescent spectroscopy, which has been
made possible by integrating a spectrometer to the experimental setup. These measure-
ments are facilitated using the tapered fiber tip and Fresnel lens fibers. In this series,
we use these tweezers for characterizing a new type of particles called plasmonic oxide
or Cs,WO3; nanoparticles, which are being developed for biosensing and photothermal
application.

The experimental work carried out in this thesis is organized into four chapters:

* Inchapter 1, we will briefly introduce the concept of the optical trapping technique.
First, we will present a concise history of optical tweezers. Afterward, we will
briefly describe the optical trapping principles, followed by the discussion of the
optical forces using the theoretical models. Further, we will highlight the recent
developments in optical trapping techniques and their applications, including the
fibered optical tweezers. Finally, we will conclude this chapter by describing the
approach of our experimental studies.

* In chapter 2, we will introduce our two distinct experimental tweezers setups and
trapping analysis techniques. First, we will present a short description of an opti-
cal tweezers setup dedicated to trapping in air. We will then introduce the working
process of suspension tweezers and the spectroscopic technique that allows measur-
ing the emission properties of trapped particles. Afterward, we will introduce the
micro and nanostructured optical fibers used for the experimental measurements.
Finally, we will discuss our data analysis techniques for characterizing the optical
trap. In this context, we will discuss the two different complementary methods to
quantify the optical trap.

* Chapter 3 will focus on the optical manipulation experiments that have been car-
ried out using the air-tweezers setup. First, we will discuss the manipulation of
aerosol droplets by a diverging beam of a tapered fiber tip, and later, the manipu-
lation of the polystyrene particles with the same tip. Further, we will present the
experimental measurements observed using the negative axicon and positive axi-
con fibers. Finally, we will discuss a numerical simulation performed to understand
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the experimental measurements obtained using this setup.

In Chapter 4, we will present the optical trapping of dielectric particles, which is
performed using the suspension tweezers. This chapter will be presented in three
parts based on the used particles. In the first part, we will present the trapping of
polystyrene particles using Fresnel lens fibers and a TIR-probe fiber. In a further
part, we will discuss the optical trapping and spectroscopy of Eu3* doped NaYF,
nanorods implementing the tapered fiber tip and Fresnel lens fibers. Finally, we
will discuss the optical trapping of plasmonic oxides nanoparticles using the Fres-
nel lens fibers.



Chapter 1

Introduction to optical trapping

Introduction

In this chapter, we will present a brief introduction of optical tweezers. First, we will
discuss the historical development of optical trapping, including how to build an optical
tweezers. Further, the fundamentals of optical forces involved in trapping will be dis-
cussed. Finally, we will present the state of the art on optical tweezers, which includes
the different optical trapping approaches.

1.1 Fundamental

1.1.1 History

The mystery of light has consistently been a global fascination for scientific research and
developments, leading to the invention of various optical devices and experimental tech-
niques by discovering extraordinary ideas. For example, today, we are able to observe
a world beyond the visual limitations of humans, thanks to the great discovery of the
microscopy technique during the 17/ century. It has indeed been one of the finest inven-
tions ever in optical sciences.

The roadmap of optical trapping started early in 17" century, from a German as-
tronomer ]. Kepler’s explanation of comet tails formation due to the solar radiation pres-
sure [5]. Two centuries later, in 1862, J. C. Maxwell formulated the electromagnetic
theory of light and suggested that light could exert a radiation pressure [5]. In the 1960s,
the invention of laser was considered as a significant breakthrough that allowed access-
ing a coherent light beam for several investigations, including light-matter interactions
[6]. In particular, the laser made it possible to use the presence of light for tweezing a
microscopic object without any mechanical contact.

A. Ashkin first observed this event in 1970s by accelerating freely suspended, mi-

1



1.1 Fundamental Chapter 1. Introduction to optical trapping

croparticles in water and gas using the laser radiation pressure (Figure 1.1 (a)) [7]. He
accurately described the optical forces experienced by a particle in terms of a scattering
force in the forward direction and a gradient force towards the beam waist. In the same
experiment, he also demonstrated the first three dimensional optical trapping using the
counter—propagating beams of two diverging laser, so that their radiation pressure can-
celled each other (Figure 1.1 (b)).

First demonstration of optical trapping First optical tweezers

Laser beam 2
(b) l (c) 1 Laser

Lens

Objective
FS,Z

(@)

I

Lens Lens ¢
Laser I I Laser beam 1

Single light heam Counter-propagating light beams

Figure 1.1: Schematics of early optical manipulation experiments for microparticle lev-
itation using (a) single and (b) counter-propagating light beam. (c) A scheme of optical
tweezers. These schematics are inspired by the reported works of Ashkin [1], [7]. F;
represent the scattering force and Fj is the gradient force.

In the consecutive years, Ashkin et al. implemented this tweezing technique for
levitating the airborne particles vertically against the gravitational force[8]. In 1986, his
team demonstrated optical trapping using a laser beam tightly focused by a microscope
objective lens having a high numerical aperture (N.A.) and demonstrated stable trapping
of dielectric particles (10-25 pym) in water [1]. This work was the first introduction of
optical tweezers and later used as a reference for the scientific community working in
this field (Figure 1.1 (c)). We have referred to the presented optical tweezers approach,
as the classical or beam focusing approach. A year later, his team reported the first
non-invasive trapping of biological objects such as bacteria, viruses, and cells with a
green argon-ion laser and an Nd:YAG laser [9]. For his extraordinary work, he was thus
rewarded the Nobel Prize in 2018.

1.1.2 How to realize stable optical trapping

From the above mentioned work, we have learned how to produce optical tweezers by
focusing a light beam to a minimum beam spot using a high N.A. objective lens [10].
It is straightforward to build an optical tweezers setup by following previously demon-
strated works [11]-[14]. A simple optical tweezers setup can be build without using any
expensive instruments. For building such a setup, we require a laser source, a white light

2



Chapter 1. Introduction to optical trapping 1.1 Fundamental

source, an objective lens, a camera for image acquisition, a few optical elements for beam
shaping, a translation stage to place sample volume, and trapping objects (samples). The
objective lens should be a multi-element lens (aberration-corrected) with a high N.A. It is
used for two different purposes: first to enable an optical trap by focusing the light beam
to diffraction-limited spot and, secondly, making a resolved image of the microscopic
samples.

White light | ] et O
illuminalgion \ T . pieEEH o (b) Optical
(@ e axis
T .~ Radiation
... . pressure A
== _Sample * dominates
y p .
Sample cell =, i |

- ’ ! FR—— Wave front

3| Microscope

A ja
@ objective ! — Y x
. i . \
4 e “‘“——.___“.
Trapping ; T ‘ Colloidal
laser beam ' __r particle
- d v e
o 4 \ Gradient ™ / ‘
[ Tube lens \
T o \ force /

dominates

Camera “Ris Laser beam

Figure 1.2: (a) A schematic illustration for building an optical tweezers setup [11]. (b) A
particle is stably trapped by focused beam at focal point of the microscope objective [12].

Firstly, the objective lens should be focused on the sample chamber to visualize par-
ticles moving randomly within the chamber. The white light source should be aligned to
produce the scattered light on the camera for imaging. The laser source must be aligned
parallel to the axis of the objective lens using the optical elements. This procedure allows
observing the trapping events (Figure 1.2 (a)).

The tightly focused light beam produces an optical trap near the beam waist. Due to
the influence of light beam, the particles experience a repulsive force, also known as the
scattering force, which pushes them in the direction of light beam propagation. At the
same time, they also experience a gradient force, which attracts them towards the beam
waist where light has a maximum field gradient. Thus, the particles get trapped slightly
above the beam waist (Figure 1.2 (b)), and the total optical force experienced by them
can be seen as the sum of these two forces (which we will be discuss later in this chapter).
The following points influence the stable optical trapping of a particle:

* The gradient force must be higher than the scattering force.

* The trapping objects must have a higher refractive index than the surrounding
medium.

* It requires an adequate light power depending on the trapped sample. The excess
power may damage the sample’s identity, or it may lead to thermal fluctuation by
heating effects and convection.
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* The laser should be chosen according to the sample of optical trapping, e.g., bi-
ological samples are sensitive to UV light, and can be damaged by absorption of
light.

1.2 Theory of optical force

The principle of optical tweezers is based on the conservation of momentum and energy
of the electromagnetic waves [13]. The light wave, which is considered as an electro-
magnetic wave, is composed of photons. The photons are also known as quanta of light
and are considered as massless particles. They are carriers of the electromagnetic en-
ergy, which carries the light energy (1 = hc/A, where h is the Planck’s constant, A is the
light wavelength, and c is the light speed in vacuum) with a momentum (p = h/A). When
an electromagnetic wave interacts or strikes with a dielectric particle or object, it gets
scattered or transmitted (absorbed in case of absorptive particles) by the particle [15].
Any change in the direction of light propagation caused by scattering leads to change its
momentum. According to Newton’s third law of force, this process leads to equal and
opposite momentum exchange between photons and the particle. This exchange results
in an optical force that acts on the particle [11].

M\ NAN

Q&ty-optics regime Intermediate regime  Rayleigh regime/

Figure 1.3: Schematic illustration of the particle size compared with the wavelength of
laser (A). (i) Mie regime (ray-optics), (ii) intermediate regime, and (iii) Rayleigh regime.

The optical force acting on the particles can be described using two well-developed
models depending the validity of regimes based on the particle’s size. (Figure 1.3) [10].
These two models are Mie scattering regime and Rayleigh regimes. If the particle size
is significantly larger than the wavelength (a >> 1), the forces are accounted using Mie
scattering (ray-optics) regimes, while Rayleigh regime accounts for significantly smaller
size particles compared to wave wavelength (a << 1). Besides these two models, an inter-
mediate regime, which is a theoretical model, is used for the exact calculation of optical
force based on the electromagnetic theory of light (Figure 1.3) [16]. This regime considers
a particle size equivalent to the used trapping wavelength (a = 1).

4



Chapter 1. Introduction to optical trapping 1.2 Theory of optical force

1.2.1 Ray-optic regime

A brief description of optical force in the ray optics regime can be presented for the large
particle size using ref [13]. In this regime, the particle scattering becomes independent
of the incident wavelength. It provides optical force calculation considering incident
beam composition of individual rays carrying a certain light power (P = N - u, where N
is number of photons per second and u is photon energy).

Figure 1.4: A scheme which describe the multiple scattering of beam through a sphere.
The reflection and transmission of light beam in a (a) 3D view and (b) in the incidence
plane [13].

Considering a transparent spherical particle of the higher refractive index than the
suspending medium has been placed near a tightly focused light beam (Figure 1.4).
When the light beam incidents on the particle, a small amount of incident light gets
partly reflected, while remaining transmits inside the particle. The transmitted light
reaches the other opposite surface of the particle transmitting from inside to outside the
spherical surface.

Due to this incident light, a momentum exchange takes place between light and the
particle. The total change of momentum per unit time is given by —nNp = (P/u)(h/1)=
—nP/c. Using Newton’s third law, the optical force for the reflected ray by the surface is
given by F, = nP/c. This reflected ray undergoes another scattering at the boundary of
the sphere. This process continues until all rays get escaped from the spherical surface.
For each scattering event, the total optical force acted on the particle can be calculated as

[17],
P, P o 1P,
Fray:(nZ l)fi_(nr r)fr,O_Zntctft,O (1-1)
n=1

C c

Here #;, #, and t; are unit vectors which represents the direction of the incident, reflected
and transmitted light ray, respectively. In particular, the incidence light on the sphere
produces the two effects: pushes the particle into the direction of the light beam and
pulls back the particle at the area of highest intensity in the direction perpendicular to
the light. The optical force accounts for pushing the particle in the axial direction, known
as the scattering force. The other attractive force which pulls back the particle into the
optical trap is known as gradient force. Hence, the total optical force can be represented
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as,

Fray = Frays +F (1.2)

ray ray,g

This regime is useful to understand the optical tweezers and found appropriate for the
qualitative optical force.

1.2.2 Rayleigh regime

This regime is also known as dipolar approximation in which a trapped particle is treated
as a point-like dipole. This model discusses the interaction of the electromagnetic field
with the dipole. For discussing this regime, we have followed these refs. [5], [10], [16].

When the light beam is exerted on the particle, it induces a local polarization. This
induced polarization gives rise to a current on which the electromagnetic field is acting
through the Lorentz force. The Lorentz force acting on the particle can be calculated as
[16],

(f) = %Rz[(P-v)E*JrathyoH*] (1.3)

where, P ( = (¢,,—€,)E, where, €,, and €, are the permittivity of particle and host medium
and E is the external electric field of the light beam) is the relative polarization which
induced in particle with respect to host medium. Now introducing the Rayleigh scatter-
ing effect on this particle, an induced microscopic polarizability can be calculated which
depends on the incident field. In this case the induced polarization can be defined as
as p = €,€,aE using the term atomic polarizability («). The a can be deduce using the
relation [16],
— l
T TSR ag/(6m)

where « is the polarizability considered as the radiative correction of particle and k (=
kony = 2mny,/ A, where nj, refractive index of host medium, k; is wavenumber in vac-
uum) is wavenumber. The @ can be deduced using the Clausius—Mossotti relation for a
dielectric spherical particle having size a,

(1.4)

ay = 4ma’ eenn+ 2€€hh (1.5)
A more general expression called Rayleigh force formula can be obtained in terms of
the electric field using the induced polarizability for the restriction of a slowly varying
amplitude by deducing the eq. 1.3. Also, introducing the vector calculus identity for the
electric field (v-E)E* = %V(E -E*)+ E x (v xE) and the Maxwell’s equation v xE = —y(0;H,
the eq. 1.3 can be written as

€n€p .
(Fi)Rayteign = —%— Re(aE;0;Ef) (1.6)
The complex polarizability originates due to dephasing of nanorods dipole oscillation (af-

ter absorption of incident field) with respect to oscillating incident field. In this scenario
the microscopic polarizability becomes important and considering it for the a« = a’+ia”.
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The Rayleigh force be can directly from eq. 1.6 can be expressed as [16],

€ €pa”

ncnd L Tm(Ej0E]) (1.7)

(Fi)rayteigh = — —Oi(EE}) +

Thus, this optical force experience by the dielectric particle can be separated into the
two components: gradient and scattering force. The first term in eq. 1.7 corresponds to
the gradient force, which is a purely real component and hence known as a conservative
force. It is obtained using the first-order differential equation and can be deduced as [18]

_ 3 €n—€n 2
<F>gmd—71€()€hﬂ (m)VIEOI (18)

where, €, are the permittivity of vacuum. The gradient force is an outcome of the zeroth
order of the optical force experienced by the particle, which means that it depends on
the incident optical intensity. The last term of the eq. 1.7 is the scattering force and
obtained by the second-order differential equation required for the optical force and can
be deduced as [18],

4
<F>scat - ”eoehk4 6( (19)

ekt 25 ) e

This term is an imaginary component of the optical force, and hence it is known as
the non-conservative force. This term accounts the scattering force, which arises due
to transfer or loss of photonic momentum occurred by the particle with incident light.

In particular, we notice that the optical forces are directly related to the particle size
as Fgrqq o a3 while F,.,; o a®. Tt suggests that, the smaller the particle, the more gradient
force will rise as compared to the scattering force.

1.2.3 Intermediate regime

The exact solution of the force is described using the Maxwell stress tensor, which is also
known as energy momentum tensor of the electromagnetic field. This exact calculation
of the optical force is first deduced by Mie, who computed the interaction of a monochro-
matic light electromagnetic field with a spherical particle [19]. The time average optical
force which is acting on the spherical particle can be expressed in terms of the Maxwell’s

stress tensor T as [16],
1

where Re is the real part of a complex number, n; is the outward normal unit vector to
the surface enclosed by the particle, and i, j are representing the tensor components. The
Maxwell stress tensor represents the flux of the electromagnetic field momentum across
an area and can be expressed as [16],

* * 1 S * *
T;j = ene, EiE; +ﬂhﬂnHiHj—§bij(€h€nEkEk + uppnHieHy) (1.11)
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where €, and €, are the electric permittivity and y, and pj, are the magnetic permeabil-
ity of the particle and host medium, respectively. Optical force calculation using this
method is applicable for all particles size but it requires a rigorous calculation to deduce
the derivation of all six electromagnetic components at the particle’s surface [20]. In gen-
eral, this method allows an exact calculation of optical force to understand a complete
picture of trapping events especially for the intermediate regime colloidal particles.

1.3 State of art

1.3.1 Beam focusing optical tweezers

Since the early development of optical tweezers, researchers have started implementing
it in various disciplines from atomic and molecular physics to soft-matter physics. Es-
pecially in bio-physics, it has found exciting application as a non-invasive trapping and
manipulation tool for biological microparticles such as tissues, living cells, and bacteria
suspended in liquid medium [21], [22]. Some of the research groups have implemented
this technique to investigate light-matter interaction with different types of even smaller
particles by implementing the considerable effort to improve in trapping technique [11],
[16], [23]-[26]. In addition, numerous techniques have been developed to achieve high
trapping performance and therefore expanding its application. For example, holographic
optical tweezers setup is one of the popular instrument developed by Curtis et al. (Fig-
ure 1.5) [12], [27]. This tweezers setup allows trapping of array particle using the holo-
graphic light beams produced using spatial light modulators [12], [28]. This technique is
capable of trapping multiple particles, simultaneously with specific computer generated
holograms. Therefore, it has provided a versatile interface in studying the dynamics of
complex biological specimens [29]-[31].

The other popular alternative to historical or conventional approaches is plasmonic
optical tweezers. It has made it possible to use an evanescent field generated as a re-
sult of the total internal reflection of light at dielectric-metal interface [5], [10]. Using
the evanescent field, the surface plasmonic resonance (the collective oscillations of free
electrons) has been in the metallic surface (Figure 1.6) [32]. This approach allows con-
fining light well below the sub-wavelength region, and therefore, significantly increases
the gradient strengths while limiting scattering forces for the optical trapping [5]. Also,
this technique can be easily integrated with microfluidics systems via a lab-on-a-chip
platform [33]-[35].

Besides, the integration of the photoluminescence (PL) technique to the optical tweez-
ers has provided enhancing the high-resolution imaging, and it is possible to measure the
PL of trapped particles using spectroscopy. Due to its ability to distinguish a molecule
or cell precisely, fluorescence microscopy has become undoubtedly the most useful tool
for studying the dynamical changes in cells or other biological molecules [36]-[38]. The
recent work on integration of fluorescent microscopy technique has allowed high reso-
lution imaging of single molecules to track and manipulate them with a high precision
[39]-[43].
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Figure 1.5: (a) A scheme of holographic optical tweezers setup developed by Curtis et al.
[12], [27]. This tweezers has been used for demonstrating the trapping of 400 particles
with a diameter of 0.8 ym simultaneously.

It is also important to highlight the recent works considering the implementation of
optical tweezers for investigating the optical properties of luminescent nanoparticles and
quantum dots that have shown interesting features for fluorescence bio-imaging or bio-
sensing applications [45]-[48]. The use of optical tweezers has allowed to investigating
the luminescence properties at a molecular level via trapping a single molecule [31], [43].
In this context, Reece et al. (2009) has demonstrated PL characterization of optically
trapped InP semiconductor single nanowires in water by combining the optical tweezers
with photoluminescence excitation (Figure 1.7) [44]. Based on the maximum PL emission
observed, it has been possible to distinguish nanowires’ structure using their individual
spectra [44].

PL spectroscopy allows determining the structure of semiconductors nanoparticles

(a)

Figure 1.6: (a) A plasmonic optical tweezers setup has developed by Righini et al. [32].
(b) The trapped particles in SP pattern.
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Figure 1.7: (a) A scheme of experimental setup used by Reece et al. for InP nanowires
trapping and studying the PL emission. (b) A trapped nanowire in bright field and PL
images (c) comparison of observed spectra to distinguish the nanowire structure [44].

as well as providing information of the bundling through the study of energy transfer
and interaction with the local environment [49]-[54]. The local environment of nanopar-
ticles plays a major role in bio-sensing or biomarker applications [55]-[57]. Also, this fa-
cility has attracted the researchers to characterize the such as rare-earth doped nanopar-
ticles, which are intrinsically depending on host matrix, doping, shape, size, crystalline
structure, composition, environment [58]-[60]. These nanoparticles provide significant
advantages, including long-term photochemical stability, long luminescence lifetimes,
narrow emission lines, and size-independent spectral shape of their luminescence bands
[56], [61]-[64]. Rodriguez-Sevilla et al. have performed spectroscopic investigation of
optical upconverting Er®*/Yb®* doped-SrF, nanoparticles (Figure 1.8) [62]. They have
reported the influence of inter-particle interaction effects that have affected the lumines-
cent properties of colloidal suspensions of upconverting nanoparticles. Another pop-
ular integrated spectroscopic technique, called Raman spectroscopy uses light scatter-
ing techniques to provide details of chemical structure, phase and polymorphism, crys-
tallinity, and molecular interactions [65]-[67]. The details of these techniques can be
found in the referred article [10].

Optical trapping, particularly in air, was first observed after the Ashkin approach
was realized by Omari et al. Stable optical trapping of glass spheres of 5 ym in air using
a single-beam gradient force was reported by Omori et al. (1997) [68]. However, since
then, it is very less explored medium because it does not have a stable environment for
the levitating particles movement [68], [69]. It is challenging to trap airborne particles
because of the external perturbation caused by environmental factors such as acoustic
shocks, mechanical vibrations, thermal drifts, and airflows [70], [71]. Usually, in the
presence of higher density and viscosity, water significantly dampens these factors and
provides highly stable conditions [72]. Moreover, the aqueous environment supports the
essentials required for the living biological samples. It is interesting to study trapping
properties of these particles in reduced environmental conditions (or trapped conditions)
considering the recent challenges in physical, chemical, life, and atmospheric sciences.
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Figure 1.8: (a)Time-dependent PL generated by optically trapped UCNPs which has been
measured as a function of the number of nanoparticles increasing in the optical trap. (b)
Emission spectra have obtained from a single and multiple UCNPs [62].

Thus we would like to highlight the experimental developments focusing on the trapping
in air.
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Figure 1.9: (a) An optical tweezers setup used for studying the nitrogen-vacancy in nan-
odiamonds[51]. (b) PL spectra which represent the nitrogen-vacancy measured at differ-
ent time duration of pump laser.

The D. McGloin group reported manipulation and trapping of water aerosols and
airborne particle arrays using holographic techniques [73]-[75]. Later this group re-
ported the Raman spectroscopic investigation on the trapped aerosols droplets of sub-
picoliter volume using a similar trapping technique [76]. Afterward, this technique was
used by Shvedov et al. (2009) for demonstrating the first optical guiding of the single
absorbing nanoclusters (0.1-10 ym) in air with the counter-propagating optical vortex
beams [77], [78]. Pan et al. (2012) reported the trapping of single carbon nanotube
clusters in air using the photophoretic force, which originate from heat produced when
particles absorbed light. This trapping was performed with two counter-propagating hol-
low beams generated by axicon lenses [79]. Also, they implemented this tweezers setup
for measuring the Raman spectra on trapped particles. Later, their group reported this
trapping with different optical configuration [80] and optical manipulation of the single
particles in air [81]. Neukirch et al. have studied the nitrogen-vacancy through the PL
spectroscopy of an optically levitated luminescent nanodiamond suspended in a free-
space (Figure 1.9) [51]. For this free space trapping, they have used an optomechanical
cooling approach.
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Figure 1.10: A design of optical trapping chamber used for trapping of gold nanoparti-
cles. [82].

Jauffred et al. have reported the efficient trapping of airborne gold nanoparticles (80
to 200 nm) using a single beam optical trap [82]. For this trapping experiment, they have
injected gold nanoparticles suspended in ethanol to a three-layer sealed chamber (Figure
1.10).

1.3.2 Fiber optical tweezers

Fiber-based optical traps are reliable and promising alternatives to the conventional opti-
cal tweezers. The fibered optical tweezers have emerged after the demonstration of fiber-
based optical manipulation by Constable et al. (1993) using two counter-propagating
beams [83]. In this configuration of the light beam, the principle is similar to the con-
ventional optical tweezers for producing an effective trap close to the focal point, where
the gradient force overcomes the scattering force. The light beam emitted by a cleaved
standard single-mode optical fiber diverging. Therefore, it is necessary to find solutions
for focusing the light beam to improve the gradient force.

Later, Lyons et al. have produced optical trapping using the counter-propagating
geometry of two tapered hemispherically lensed fibers [85]. Their work has enhanced
the exploring the potential of fibered optical tweezers using the structured fibers and
thus it leads to designing and fabricating fibers with specific application. In 2003, Taylor
et al. have designed a hollow shape by chemical etching probe at the end of a single-
mode fiber. The light emitted in a ring shape made it possible to trap silica spheres 2
pm in diameter to about 1 ym from the lens with a power of 2 mW [86]. In 2006, Liu et
al. have reported the optical trapping of yeast cells in water using single-mode tapered
optical fiber, fabricated by heating and drawing technique [87]. Later, Mohanty et al.
(2008) have used wet chemically etched tapered fiber tips to demonstrate trapping of
low refractive index particles and biological cells [88].

Liberale et al. (2007) have reported three-dimesional trapping and spectroscopic
investigation of polystyrene spheres using the four microstructured lens fabricated at
the end of bundle of four fibers. These lenses have a working principle based on the total
internal reflection (TIR) of light. Later this same group has reported microstructured
fiber configuration using four micro prisms, those have also worked on the principal
of TIR of light. This microstructured fiber has allowed to integrate with microfluidics
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Figure 1.11: (a) Schematics to produced a light beam from the fiber probe used by Librale
et al. using a bundle of four optical fiber. (b) Fabricated micro-prism on the fiber’s end.
(c) Trapping of a red blood cell. (d) and (e) Integration of fiber probe in a microfluidics
system[84]

system and spectroscopy technique ( Figure 1.11) [84].

Figure 1.12: Optical manipulation of yeast cell using a fiber tip fabricated by photopoly-
merization [89].

Valkai et al. (2009) have reported the optical trapping of microparticles using two
micro tips that have fabricated by the guided wave photopolymerization of the optical
fibers [90]. Later, Ribeiro et al. have used a similar method to fabricate different mi-
crostructured fiber tips and demonstrated the trapping and manipulation of yeast cells
with average diameters of 4 ym at a light power of 40 mW (Figure 1.12) [91]. They have
also demonstrated organelles of plant cell manipulation using these fiber.

Xu et al. (2014) have demonstrated control of the orientation of a single silver
nanorod with a diameter and length of 600 nm and 6.5 pym, respectively, using the
counter-propagating light beams of two tapered fiber tips (Figure 1.13). They have shown
that a rod can be rotated and then stabilized in different orientations by changing the
fibers’ position in the transverse direction. In this way, they have orientated a rod over a
range of 152° by gradually varying the fiber position from -4 to 3.8 ym.[92].
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Figure 1.13: (a) Schematics of silver nanorod manipulation using two counter-
propagating light beam. (b), (c), and (d) Images of nanorod manipulation at a power
of 36 mW between remote tips 23 ym by moving one fiber in transverse direction. [92].
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Figure 1.14: (a) Scheme of a Fresnel phase plate fiber. (b) SEM image of Fresnel phase
plate fiber fabricated by FIB milling. (c) Scheme of the experimental setup used for
trapping (d) Yeast cells trapping.[93].

Ribeiro et al. have developed Fresnel phase plates structured optical fibers (with
focal length ~10 ym) by FIB milling process (Figure 1.14) [93]. Using this fiber they have
demonstrated the optical trapping and manipulation of PMMA beads (8 ym) and yeast
cells (~5 pym).

A very few work have been reported for particle trapping in air using fiber tech-
niques. Rudd et al. (2008) have demonstrated the optical trapping of airborne salt-water
droplets using counter—propagating geometries of cleaved single and multi-mode fibers
[94]. They have trapped these droplets for a separation distance between two fibers of
170 and 240 ym, and they studied the droplet size as a function of light power.

Horstmann et al. have reported the optical manipulation and trapping of single
airborne droplets of water-glycerol ranging from 500 nm to 1.9 ym in diameter using
an integrated fiber-capillary trap fabricated onto a microscope slide (Figure 1.15). This
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Figure 1.15: (a) Schematics represents optical trapping of airborne particle using the
fibers and an integrated optical trap chamber. (b) The steps of water-glycerol droplets
trapping experiment using the counter-propagating light beams (d = 10 ym) [95].

chamber allowed selectively single aerosol droplets for optical trap via a light guiding
glass-capillary [96]. This glass-capillary separated the injection and trapping chamber.
This specific experimental setup allowed to perform the cavity-enhanced Raman spec-
troscopy on the trapped droplets using a multi-mode fiber [95]
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Figure 1.16: (a) Schematics of fiber tweezers setup used for nanorods. (b) The plot of
optical force measured for three different nanorod sizes. (c) The PL emission recorded in
the three directions [4].

Our group at Institut Néel is developing two distinct fibered optical tweezers se-
tups working in suspension (water) and air. The suspension tweezers setup based on two
tapered fiber tips has been developed as a part of the doctoral research work of J. B. De-
combe [18]. In his research work, he has first demonstrated the trapping of polystyrene
microparticles using the counter-propagating geometry of two chemically etched fiber
tips [2]. He has used this experimental setup to study the trapping behaviour of lu-
minescent particles such as YAG:Ce3" nanoparticles of two different sizes, 60 nm and
300 nm [3]. Moreover, a counter—-propagating geometry of fibers with a nano-antenna
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fabricated at the fibers ends using a wet—chemical etching process have implemented for
the polystyrene microparticle [97]. Furthermore, we have used this tweezers setup for
studying the optical trapping of Er®*/Yb%* doped NaYF, nanorods with different aspect
ratios (Figure 1.16) [4], [98]. The nanorod trapping has exploited for studying the up-
converting luminescence feature of Er3*/Yb3* by integrating fluorescent spectroscopy.
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Chapter 2

Experimental techniques

Introduction

This chapter will describe our experimental techniques that include two distinct fiber
optical tweezers setups and data analysis techniques for characterizing trapping mea-
surements. At first, we will explain the air tweezers setup and its working principle and
the experimental measurements to optimize the trapping chamber. It will be followed
by the suspension tweezers setup and its working process. Following the description of
these setups, we will present the optical fibers used in the measurements. Lastly, we will
explain our approach to characterize an optical trap.

2.1 Air tweezers

A major goal of this thesis is to design and develop a homemade fibered air tweezers
setup for trapping of airborne nanoparticles without using any expensive and complex
vacuum equipment. For designing this setup, a few specific considerations are required
for the particle feeding system and the trapping chamber [73], [99]. It is considered that
the lower viscosity of particles in air, which can lead to higher Brownian motion and
lower thermal conductivity in air can influence the experimental measurements [82].
Also, the particle experiences high adhesive forces (Van der Waals forces, in particular)
in air [100]. This force exceeds by several orders of magnitude than the optical trapping
forces, which is in the range of piconewton. Figure 2.1 presents a schematic diagram of
a homemade fiber optical tweezers setup consisting of a laser, optical fibers, positioning
stages, microscope, and a particle feeding system.

2.1.1 Laser and fiber positioning

A laser is one of the important parts of the optical tweezers. For our experimental setup,
we have used a single-mode laser module (LU0808M250, Lumics), an optimized GaAs
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substrate-based quantum well laser diode with a wavelength (1) of 808 nm and maxi-
mum output power of 250 mW. We have already demonstrated a reproducible optical
trapping of different types of nanoparticles using dual fiber tweezers in suspension at
this wavelength. This particular wavelength is chosen due to the following reasons:

1. It allows us to couple the light in a guided mode to pure silica core optical fiber.
However, pure silica core fiber does not work anymore in the guided mode above
this wavelength. In the case of our experimental setup, we are using optical fiber
tips that have been fabricated by wet chemical etching of pure silica core optical
fiber (S630-HP).

2. It allows using Si-based photodiode, which works effectively in the 400-1000 nm
wavelength region.

3. This wavelength is sufficiently distant from the visible range, which allows study-
ing the luminescent nanoparticles.

4. The light is less absorbed by air at this wavelength.

Trapping chamber

XYz

Nebulizer

Attenuator \

Photodetector

Light source .

A=808 nm 2 x 2 splitter

Figure 2.1: Schematic diagram of a dual fiber optical tweezers setup which is designed
for particle trapping in air. Inset shows the two layered trapping chamber made of a
glass slide and paraffin film.

A 2 x 2 optical fiber coupler/splitter (TN808R5A2, Thorlabs), which is made of
fused silica is introduced to divide a laser beam into the two equal outputs. An input
port of this coupler is connected to laser source and on the other side, two output ports
are connected to two identical fibers tips which is suppose to be use for trapping. A
fourth port is connected to a photodiode to read the transmitted signal in the counter-
propagating geometry of fibers.

We measure each fiber tip’s output power using a portable power meter (PM130D,
Thorlabs) before positioning them on translation stages. This power measurement allows
balancing the output powers in each fiber tip before each trapping experiments. In the
case of an output difference, we use an attenuator to balance the power of a fiber hav-
ing the maximum output. At the end of trapping experiments, we re-measure the tips
output, which is then used in experimental measurement analysis.
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Fiber positioning

The fiber positioning is designed to mount the fiber tips using two identical piezoelectric
translation stages (SLC-1730, SmarAct) in counter-propagating geometry. The transla-
tion stages allow positioning the fiber tips in x-y-z-directions with high accuracy. The
precise movement of the stages allows scanning the tip-to-tip (or fiber-to-fiber) trans-
mission, which is used for characterizing the fiber tips before the trapping experiments.
Figure 2.2 shows the diagram of transmission measurement in which one fiber tip is
coupled to the laser, and another fiber tip is connected to a photodiode (PDA100A-EC,
Thorlabs). The fiber tip at the photodiode side scans the transmitted light of the fiber
tip coupled to the laser. Based on the scanned transmitted light, a transmission map
is generated using a program in Labview. This measurement also allows finding the
maximum intensity point where the fiber can be directly positioned during the trapping
experiments.

Photo-diode

|
l

A =808nm

Stage 1 Stage 2

Figure 2.2: Scheme of tip-to-tip transmission measurement to characterize the fibers and
positioning them during trapping experiments. A transmission map (shown at the right
side) is obtained by scanning the light transmission in the transverse planes (y and z).

For mounting these fiber tips on the translation stages precisely, we optimize the
fiber positioning conditions, such as the use of a capillary tube. Initially, the light trans-
mission is found affected by the fiber’s vibration, which is revealed in the transmission
maps. Therefore, we use two capillary tubes (diameter of 500 ym) to place these fibers,
which allows us to limit their vibration.

2.1.2 Particle visualization

We have developed a homemade inverted microscope for particle visualization. The mi-
croscope is assembled on an optical table and is versatile to add or remove the setup
components. It comprises of a microscope objective, a CMOS sensor camera, and a white
lamp.

We have used a microscope objective (Mitutoyo) with x50 magnification and a nu-
merical aperture (NA) of 0.55. The long working distance (13 mm) of the objective allows
observing our samples while maintaining a reasonable distance from it. It has a low focus
depth of 0.9 ym and a resolution of 0.5 ym, close to the Rayleigh limit. This microscopic
objective is mounted on a piezoelectric stage that has only one-dimensional movement.

We have chosen to use a CMOS camera (C13440-20CU, Hamamatsu) because it al-
lows recording image sequences with high frame rates (measures in frames per second or
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fps), good resolution, and high sensitivity. The camera displays a 16-bit full-frame image
with a pixel size of 2048 x 2048 pixels. The image has a resolution of 130 nm/pixel with
a frame rate of 100 fps. By reducing the frame size of pictures to 100 x 100 pixels, we can
achieve a frame rate of up to 1000 fps. The frame rate is essential for the characterization
of recorded videos. It is necessary for investigating the trapped particles with a high-
frequency movement with higher frame rates. Furthermore, it is more sensitive, which
allows visualizing the nanoparticles with high resolution, which offers to determine the
precise location of the object. Also, a white lamp source is assembled to the microscope
to illuminate the particles and fiber tips.

The recorded videos are treated to characterize the experimental features. In a typi-
cal video treatment, we have used Image J (a free Image processing software) to manually
determine a time-dependent particle position tracking curve [101]. This tracking allows
determining the particle speed and optical force using a homemade program developed
in the Scilab environment [102].

2.1.3 Particle feeding system

The trapping chamber is one of the main concerns for this experimental setup since all
trapping experiment is supposed to performed inside a controlled environment. As we
have mentioned at the beginning of this chapter, the main concern is about develop-
ing a trapping chamber at low-cost and without any vacuum equipment. Initially, this
chamber is designed based on finding a sufficient number of free-falling droplets and
particles with very low speed. Later, it is considered to modify based on flexibility to
particle trapping experiments.

Preparation of trapping chamber

We have developed a trapping chamber which has two chambers: an upper and a lower
chamber. These two chambers are separated by a thin glass slide (Figure 2.3 (a) and
(b)). This glass slide has a hole (1 mm) in its center. The upper chamber is designed to
store the injected particles and provide them sufficient relaxation time. It is considered
that the relaxed particles should fall inside the lower chamber through the hole. For the
preparation of the trapping chamber, we required transparent paraffin film, glass slide (1
=50 mm, w = 10 mm, and t = 1 mm), thin glass slide (Il = 30 mm, w = 10 mm, and t =
0.1 mm), and a tube of vacuum grease.

We have used a glass slide of 0.1 mm thickness and drilled a hole with a diameter of
1 mm using a diamond driller. We then fix this glass slide under a hollow slab of paraffin
film pile, which has been made by melting a thin paraffin film. A hole of 4 mm is drilled
on the front wall of the hollow slab by inserting a hot needle. This wall hole is created for
injecting the particle to the trapping chamber. Then the upper part of the slab is closed
by a thin glass slide (0.1 mm). This prepared part is known as the upper chamber, which
has a dimension of 10 mm x 10 mm x 7.5 mm in length, width, and height, respectively.
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Figure 2.3: Image of the fabricated trapping chamber with two layers. (a) upper view
of the chamber indicates a hole (1 mm) in the middle glass slide, which separates the
chamber into the two parts. (b) Front view in which a wall hole (4 mm) is made to inject
the aerosol using a nebulizer. (c) A schematic that is followed for studying the population
and speed of the droplets and particles. (d) A microscopic image of an injected droplet
which is captured at 500 ym above the glass hole slide. (e) A 2D plot of droplet motion
inside the lower trapping chamber is measured at 600 ym below the glass hole.

Subsequently, the prepared upper chamber is fixed over another chamber, called the
lower chamber. The same process is used for the lower chamber preparation, and it has
a dimension of 10 mm x 10 mm x 2mm. The lower chamber contains two holes (1mm)
to insert the two fibers tips. The combined chamber is fixed on a thick (1 mm) glass slide
for support and placed on a translation stage. Once the fiber tips are entered inside the
lower chamber, the lower holes are blocked using a vacuum grease to restrict aerosols
leakage. The support of capillary tubes provides flexibility for the movement of fiber
tips during the experimental measurements. It also protects fibers against grease.

Particle injection system

For injecting the particles inside the trapping chamber, we have used an aerosol nebulizer
which contains an electronic oscillator to generate the high-frequency ultrasonic waves.
This ultrasonic wave produces mechanical vibration in contact with a piezoelectric ele-
ment, placed below a liquid reservoir containing water (or suspension). The piezoelectric
vibration at high-frequency is sufficient to break the liquid or suspension into aerosol
droplets. This nebulizer is used for inhaling the aerosols in the medicinal treatment of
cystic fibrosis, asthma, and other respiratory diseases.

We have used deionized water to produce the aerosols of a droplet size 2-6 ym. In
the case of microparticles (we will use the “particle” term only in this manuscript), we
have suspended the polystyrene particle in ethanol to produce the ethanol aerosol. We
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have used ethanol as suspending volume since it evaporates much faster compared to
water. Rapid evaporation of ethanol allows particles to dry soon and fall freely.

After fabrication of the trapping chamber, we start to study the statistics of aerosol’s
droplets or particle population and speed inside both chambers. These statistics are im-
portant to optimize the trapping chamber parameters or dimensions, such as the height
of the upper chamber, size of the wall hole (upper chamber), and size of the nebulizer
nozzle.

The upper chamber height optimization is essential to fill it with a huge amount of
aerosol, which contains the maximum number of particles at a given time. On the other
hand, we require a certain amount of free-falling particles in the lower chamber through
the hole at the lowest speed. The number of particles falling in the lower chamber is
comparatively less to their population in the trapping chamber. A bigger upper chamber
can be efficient for injecting aerosol in one time and provide enough space for droplets
or particles to slow down before they fall into the lower chamber.

The wall hole size also impacts the particle injection since this hole corresponds
to the intake capacity (for injecting aerosols once in time) (Figure 2.3 (b)). The nozzle
size of nebulizer is related to aerosol droplet speed by which aerosol is injected into the
trapping chamber. It also allows controlling the droplet speed, which we have observed
by measurements. We find that a smaller nozzle size produces a higher aerosol flow
intensity through its aperture.

Droplets

The droplets population is investigated inside the trapping chamber following the schemat-
ics presented in Figure 2.3 (c). First, we focus our microscope in the upper trapping
chamber at 500 ym above the glass hole. A sufficient amount of aerosol is then injected
into the upper chamber using the nebulizer, which is then stopped. We have observed the
injected aerosol droplets, and their videos are recorded for measuring their population
and speed. The number of droplets is counted in a few images of the video, and their
population is approximated. However, we observed that the droplet size reduces with
the time delay (when they have been injected). The reduction of droplet size is because
of evaporation of water due to its low surface tension [75].

For making droplet size stable against the evaporation[99], we add a few milligrams
of salt (NaCl) to 100 ml of deionized water. The solution is kept for 15 min in an ul-
trasonication bath for homogeneous mixing. As a consequence, droplets become more
stable and has also enhanced life duration.

Similarly, the droplet speed is determined by observing the droplet movement in
images. Due to the droplet higher speed, compared to our microscope recording rate
(100 fps), only their long trail appears per image. Figure 2.3 (d) shows a microscopic
image of the droplet trail, and its length is accounted for calculating the speed in the
given image frame time. The droplets’ speed is estimated to be ~26 mm/s.
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Then we focus the microscope in the glass hole at the same height and wait for
10 - 15 sec to see free-falling droplets. On this point, the droplet speed is relatively
slower. Therefore they are observed in more than 10 images frames of a video. It allows
estimating the droplet speed at this height as %700 pm/s.

Subsequently, we focus on 500 ym below the glass hole in the lower chamber. Here
we observe the droplets are falling with Brownian motion. Figure 2.3 (e) shows x-y tra-
jectory of a free-falling droplet in the vertical axis (z-axis). The speed of a free-falling
droplet is determined to be 85 pm/s with a maximum time delay of about to 2.5 min.

Table 2.1: Table is presenting a statistics of droplets population in a given time
(droplets/s) which has been observed with varying the nebulizer nozzle size and intake
hole size of upper chamber

Nozzle size Population per second
(mm) holesize= 2mm 3 mm 4 mm
2 2 - -

3 - 3.5 10
4 - 6 11

Further, we make a theoretical calculation using the free parameters to verify the
droplet’s speed in the lower chamber. For this calculation, we used the Langevin equa-
tion of motion (F = m+a+ y *v = 0) under the influence of gravity, where m is droplet
mass, a (= g = 9.8m/s?) is the acceleration due to gravity, y is the friction coefficient and v
is the droplet speed [103]. In this equation, we neglect the influence of droplet Brownian
motion. For the average droplet size of 5 ym, the speed is calculated as 580 ym/s with-
out considering any environmental influence. The calculated speed of droplet is higher
than the experimentally observed speed in the lower chamber. However, this allows us
making an approximation of speed and further to proceed for the next step to optimize
the trapping chamber.

These measurements are repeated each time when we make any change in param-
eters of the trapping chamber. Table 2.1 represents the statistics of droplet populations
observed with different nozzle size and intake hole size. Whereas Table 2.2) represents
the droplet population rate when we measure for the two different heights of the upper
chamber.

Table 2.2: Table of droplets and particle population studied at two different height of
upper trapping chamber.

Height Population per second
(mm) droplets  particles
4.5 11 3

7.5 21 8
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Polystyrene particles

For this measurement, we use dielectric spherical polystyrene particles with a diameter
of 1 ym. We choose to use work with these particles for a few specific reasons. First,
their size is of the same order of magnitude as the emitted laser beam by our fiber tip,
which allows stable trapping [2]. Also, these particles are very well resolved for our mi-
croscopic observation. They have a very good size distribution and are readily available
for commercial applications. Moreover, we have used these particles for optical trapping
in suspension since they remain suspended in the water for several hours.

The particle population is determined using the same process, which is used for
droplets. It has been mentioned earlier that we dissolve the particles in ethanol. The
ethanol aerosols are injected into the trapping chamber. We directly measure their pop-
ulation at 500 ym below the glass hole. These particles are dissolved in ethanol, in such
a manner that we can observe at least 5-10 particles among 100 ethanol droplets.

In the lower chamber, we mostly observe the particles which are falling freely since
ethanol droplets evaporate rapidly. The particle population is determined using the
recorded videos. Table 2.2 shows the statistics of particle population. The free—falling
particles are observed with Brownian motion and falling with more delay than a droplet.
Because of Brownian motion, the particles move in a 3-dimensional trajectory and mak-
ing it difficult to determine their speed. To resolve this issue, we have used a three—
dimensional approach that allows determining the particle’s speed. This approach in-
cludes the measuring of visualization distance (v.d.), which is depicted in Figure 2.4 (b).
This distance can be defined as the difference between the two points where the particle
starts becoming visible and then disappear on the focus of the microscope.
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Figure 2.4: (a)A schematics of 3-dimensional approach in which the visualization dis-
tance (v.d.) is measured using a particle on the glass slide. (b) The plot of measured
particle appearance size at different distance by moving the microscope. (Inset) A image
of a particle (1 ym) which is used for size reference.

To measure v.d., a few uL of particle sample is spread on a glass slide. After drying
the sample for 15 minutes, the glass slide is mounted on a piezoelectric stage and ob-
served using the microscope. We focus on a particle that has appeared as a bright spot.
The size of this spot is measured to ~1 ym, which allows referencing our approach to
actual particle size. Subsequently, we observe this spot by moving the microscope verti-
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cally to the point where the particle becomes visible and followed in a step of 1 ym until
it disappeared. The v.d. in which the particle remains visible is measured to be 15 ym.
In simple words, the particle remains visualized for 15 ym to our microscope when it is
falling. A graph is obtained based on particle size appeared at different vertical height,
moving the microscope objective (Figure 2.4). By fitting a polynomial function, it is re-
vealed that the particle appearance varies in a parabolic shape when it passes over the
microscope focus.

Subsequently, particle speed measurement is performed based on the recorded im-
age sequences of a free-falling particle. The total time interval in which the particles
remained visible is accounted for determining the speed. By knowing the v.d., it is easy
to approximate the particle speed. The particle speed is measured in the range of 8 to
14 ym/s at 600 um below the glass slide hole.

The particle speed is calculated to be 30 ym using theoretical calculation considering
the parameter of polystyrene particle in air. For this calculation, we also do not include
the Brownian motion or other environmental influences on the particle. Therefore, it
appears comparatively higher than the experimentally measured speed.

To conclude this section, we optimize the different parameters of the trapping cham-
ber based on the measurements carried out and the statistics obtained by estimating the
population and speed of free-falling droplets and particles.

2.2 Suspension tweezers and spectrometer

We have another experimental tweezers setup, which is dedicated to particle trapping in
suspension (water). Using these tweezers setup, the nanoparticles are trapped in single
and dual fiber geometries [2], [104]. This experimental setup is flexible to combined
other experimental techniques such as spectroscopy, which is used to study the emission
properties of the optical trapped rare earth-doped nanoparticles [4]. The implementation
of optical fibers with new techniques and design to this tweezers setup allow upgrading
its trapping performance.

Figure 2.5 represents the scheme of suspension tweezers, which is used for trapping
and investigating the photoluminescence properties of rare earth-doped nanoparticles.
The main components of this tweezers are an 808 nm laser, a 395 nm pump laser, fiber
positioning stages, a homemade microscope, an O-ring trapping chamber, and optical
fiber tips. Some of this setup components are similar to air tweezers such as trapping
laser, microscope objective, and some other optical elements such as photodetectors.

2.2.1 Laser and fiber positioning

We have used 808 nm laser as the trapping laser. It is similar to the trapping laser used
in the air tweezers setup. A beam collimator is used to collimate a light beam. This
light beam is divided into two equal arms using a polarizing beam splitter, and a half
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Figure 2.5: Scheme of suspension tweezers including the spectrometer which is used for
particle trapping and studying the emission properties.

waveplate is introduced to balance the intensities in both arms. The light beams are
coupled into the two identical optical fiber tips by the support of fiber launchers, placed
at the end of both arms. The used fiber tips are mounted on two sets of x-y-z piezoelectric
translation stages (P-620, PI, and SLC-17, SmarAct) employing two fiber holders. Here
also, we use the power meter to read fiber tip output power of fiber in air.

2.2.2 Particle visualization

For trapping experiment visualization, we have used a homemade microscope setup,
which is comprised of an objective lens (x50, Mitutoyo) and a CMOS camera (C11440-
42U30, Hamamatsu). The sample image is focused on the camera sensor using a cylin-
drical tube, a lens, a filter, and a diaphragm.

This tweezers setup allows us to perform measurements in bright and dark field
microscopy mode. The bright-field mode of the microscope is the simplest and most
frequent technique used in experimental studies. In this technique, the sample is illu-
minated from below with a white light source, and its image appeared on the camera.
Due to low contrast, this technique is limited only to the samples or particles having a
refractive index close to water. Whereas, the dark-field microscopy technique is used to
improve the contrast peaks and especially particles in suspension. The principle of this
technique is to block the direct light and only detect the scattered and reflected light of
sample. The bright-field can be easily turned to dark-field microscopy by introducing a
plate in the light source.

Moreover, our setup is also dedicated to characterize luminescent nanoparticles trap-
ping or the smaller particles having a size lower than the resolution of our microscope
(500 nm). For visualizing the luminescent particles, we pump them at their excitation
wavelength. For example, 395 nm pump laser (LBX-395HPE, Oxxius) is used for pump-
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ing the Eu-doped nanoparticles.

2.2.3 Fluidic chamber

For making an experimental measurement in suspension, we have used a special and
inexpensive trapping chamber made of a rubber ring (inset, Figure 2.5). We call it “O-
ring chamber” which is prepared by cutting the rubber ring into two halves and fixed on a
glass slide using vacuum grease. A few millimeter gaps are left between these two rubber
parts to insert the fibers. The prepared trapping chamber is placed on a piezoelectric
stage. Once the suspension sample is kept in the O-ring chamber, we insert the fiber tips
inside this chamber and cover it using a cover glass slide. This system has the advantage
of being quick and easy to carry out the measurements. This chamber is stable, and it
works for several hours without much evaporation and yet very efficient.

In water, the adhesive forces (capillary forces and Van der Waals forces, in particu-
lar) are lower than the optical trapping forces, and therefore, it is straightforward that
particles do not adhere to optical fibers like air. However, in a sample with a large num-
ber of particles, some particles can easily adhere to the optical fibers.

2.2.4 Spectroscopy

Our experimental tweezers setup has been upgraded to perform emission spectroscopy
of the optically trapped luminescent nanoparticles. This feature is developed by assem-
bling a spectrometer (SP2150i, Princeton Instruments)and coupling it with an EM-CCD
camera (ProEM-1600, Princeton Instruments). This camera is sensitive to light, and it
works very fast. It is cooled down to -70° C to reduce thermal noise. The spectra can be
obtained over a wavelength range of 0 to 1400 nm with an accuracy of £0.25 nm.

The experimental setup is designed in such a way that it allows recording emission
spectra in the two directions; one parallel or along the fiber axis and the other perpen-
dicular to the fiber axis. These two-directions can be easily identifying in Figure 2.5.
The emitted emission is collected directly through a trapping optical fiber in the parallel
direction. For the perpendicular direction, the emission is collected through the micro-
scope objective by introducing a mirror on a flip-mount in front of the microscope cam-
era. Due to this mirror, we are limited to either visualization by camera or spectroscopy.
Besides, a set of optical filters are used for suppressing the trapping and pumping wave-
lengths. In addition, a linear polarizer in front of the spectrometer allows measuring the
polarization-resolved spectra.

2.2.5 Photoluminescence lifetime

In addition, our experimental setup allows measuring the photoluminescence (PL) life-
time of the trapped luminescent nanoparticles. For this measurement, we have modu-
lated the pump laser using a frequency generator (33120A, Hewlett Packard). The modu-
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lated laser produces a light beam of the rectangular waveform, which has a decay time of
~20 ps. A silicon avalanche photodetector (APD-440A, Thorlabs) is used for measuring
the PL signal with a maximum gain of 2.65-10° V/W. It is connected to a digital oscil-
loscope (HMO1202 series, Rohde&Schwarz) to read the analog signals. The oscilloscope
allows acquiring 1024 waveforms with an acquisition rate of up to 10,000 waveforms/s.

2.3 Optical fibers

The optical fiber is a key element of our experimental optical tweezers setup. It is a
cylindrical waveguide consisting of three concentric regions: core, cladding, and plastic
coating. The core is a central part of an optical fiber with a diameter of 3.5 - 5 ym. The
cladding region that surrounds the core, can range from 5 to 125 ym in diameter. The
lower refractive index of the cladding region compare to the core supports the light con-
finement in guided mode due to the total internal reflection (TIR). Finally, the cladding
region is protected by a layer of plastic coating (245 ym) which provides flexibility to the
optical fiber.

For our experiment, we have used five different types of structured optical fibers.
The used fibers are prepared with different fabrication techniques which will be ex-
plained in the next subsections.

2.3.1 Tapered fiber tips

The tapered fiber tips are the most common optical fiber which we have been used for
demonstrating the micro and nanoparticles trapping [2]. Besides trapping, these tips
have shown interesting applications in optical microscopy of living cells [105] and study-
ing the plasmonic coupling with metallic coating [104]. These tips are typical chemically
etched optical fiber having a conical shape [106].

(a) Coating (b)
Cladding

Core /N

\

Time

Figure 2.6: (b) A scheme of optical fiber with the three distinct parts: core, cladding and
plastic jacket. (b) A scheme of tip fabrication process which is followed for wet chemical
etching of optical fibers [107].

The taper fiber tips fabrication has been performed by Gwénaélle Julie at Institut
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Néel. They are fabricated by wet chemical etching of a pure silica core monomode optical
fiber (5-630 HP, Thorlabs) which has a working wavelength of 630 - 860 nm. This etching
experiment is based on a tube etching process in which an optical fiber is a tip dipped
into HF with the a protective jacket or plastic coating (Figure 2.6) [107].This method has
the controlled experimental conditions such as temperature, humidity, and vibrations,
by keeping the partial plastic cover around the immersed fiber [106]. Before etching, the
plastic coating of an optical fiber is removed partially at one end and dipped in the 40 %
hydrofluoric (HF) acid (the acid which is known for dissolving the silica). A thin layer of
organic solvent (silicone o0il) was used for the prevention of the rapid HF evaporation.

A meniscus of concave shape forms due to contact of optical fiber and HE. The height
of this meniscus is proportional to the diameter of the fiber. The fibers are etched from
inside the hollow cylindrical plastic coating since this coating does not dissolve in HE.
A complete etching cladding region turns into conical tip shape which forms inside the
protecting layer. After 2 hours of complete etching, the fiber is dipped in DI water by
replacing the HF to reduce the impact of residual etchant on the fabricated tip surface.
After rinsing, the tip is dipped into toluene and acetone to remove the protective jacket.
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Figure 2.7: A SEM image of a typical tapered fiber tip which is observed after the wet
chemical etching of optical fibers [18]. (b) The transmitted beam spot which is obtained
by measuring the tip-to-tip transmission scanning (inset). A plot of emitted beam waist
of a tapered fiber tip which is measured at different tip-to-tip distances.

The fabricated tapered fiber tips are investigated using a scanning electron micro-
scope (SEM) ( Figure 2.7). In this image, these fiber tips are observed with a typical apex
size of 60 nm, a full angle is achieved upto 15° [18]. The emission property of these
fiber tips are studied before using them for trapping experiments. Their emission prop-
erties are characterized by measuring the tip-to-tip transmission in air and analyzing the
scanned transmission maps. The fiber tips emission properties are already reported by
Decombe [2]. Therefore, we have performed a quick measurement to characterized the
newly fabricated tips. The transmission maps are recorded varying the tip-to-tip distance
(5 pm to 30 ym) between the two fibers.

The recorded transmission map which can be seen in Figure 2.7 (a), revealed a
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Gaussian-shaped spot. The transmission maps of fiber are plotted with a Gaussian func-
tion having intensity I(r):
I(r) = Ipexp(=2(r — rg)*/w?) (2.1)

with Ij is the intensity at the beam center and w is the beam waist. The beam has ap-
peared with a spot size of 1 ym at 5 ym distance from the tip apex and then it increases
linearly on increasing the tip-to-tip distance (Figure 2.7 (b)). Based on the analyses of
transmission maps in air, we observe that the emitted beam through the fiber tips is di-
verging with a divergence angle (opening angle) of 20°. The numerical aperture N.A (=
n sin(0/2), where n is refractive index of medium) corresponds to the divergence angle
is measured about 0.17. In water, the divergence angle is reported about to 8°, and the
transmitted intensity is three times higher than air [2].

After characterizing these fiber tips, we directly use these tips in trapping measure-
ments. These fiber tips allow investigating optical manipulation of droplets and parti-
cles in the air which is discussed in chapter 3. These tips are also used in the trapping of
NaYF4:Eu nanorods and investigating their emission properties which are discussed in
chapter 4.

2.3.2 Negative axicon fibers

The negative axicon fibers are also known as deep-seated negative axicon (DSNA) fibers
since their axicons lie inside the hollow conical annular region [108]. The negative axicon
fiber has two axicons: primary and secondary axicon which can be seen in Figure 2.8 (a).
The principle of these fibers is based on the diverging (by primary axicon) and converging
(by secondary axicon) of the light beam to produce a self reconstructive beam with a finite
number of rings Known as quasi Bessel beam.

A Bessel beam contains an infinite number of concentric rings with a highly bright
central spot so-called zeroth order. A Bessel beam is a non-diverging beam since its in-
tensity remains constant for a long working distance [109]. A Bessel beam is a particular
solution to the Helmholtz wave equation (V2 + k?)i(r,t) = 0 which is obtained by us-
ing the Bessel function. In the Helmholtz equation, the term v?is a Laplacian, k is a
wavenumber. The Bessel beam obtained in the form of a cylindrical wave equation as

P(r,t) = Jo(kyp)e =) (2.2)

where, Jo(k.p) is zeroth-order Bessel beam function and k? + k2 = k? is the propagation
wave vector component in radial and longitudinal directions, respectively. The Bessel
beam is produced after the interference of plane waves by conical prism known as axicon.
The generation of a perfect Bessel beam is not possible since a Bessel beam requires an
infinite amount of energy because of the infinite rings. But, it is possible to generate a
quasi Bessel beam with a finite number of rings.

The negative axicon fibers are developed to generate a quasi Bessel beam using the
etched fibers by S. Mondal’s group, CSIO, Chandigarh, India. These fibers are imple-
mented for the sensors applications such as used in the interferometer cavity [110] and
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optical tomography of biological specimen [111].

The negative axicon fibers are fabricated by chemical etching of a photosensitive
optical fiber [112]. Before etching, the fiber plastic coating is stripped off and then it is
dipped into HF (48%). For these fibers, the core etching rate is faster due to the enriched
GeO,-doped silica core. The etching rate of the core and cladding are ~24 ym/min and
~1.7 ym/min, respectively [108]. The faster etching rate of core results to hollow conical
shape inside the cladding region. The etching process is continued until the formation
of axicons and then stops automatically after an etching time of 40 min. An axicon that
is located at the core of fiber inside a hollow cone is known as the primary axicon. The
other axicon which is located entirely in the cladding region near to the annular side is
known as secondary axicon (Figure 2.8 (a)).
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Figure 2.8: (a) A microscopic image of the negative axicon fiber. (b) (Inset) A trans-
mission map is obtained at 50 ym fiber-to-fiber distance between two negative axicon
fibers in counter-propagating geometry. A plot of central spot and rings sizes which are
measured at different fiber-to-fiber distances.

Fibers emission property is investigated by scanning the fiber-to-fiber transmission
in air. In a quick characterization measurement, the transmission maps are obtained at
different fiber-to-fiber distances and are observed in their bright central spot surrounded
by the concentric rings (Figure 2.8 (b)). A minimum beam waist of ~ 5 ym is obtained
at 10 ym fiber-to-fiber distance. The transmission maps reveal that the beam diverges
along with rings which can be seen in a given plot (Figure 2.8 (b)). It is also observed that
the first ring merge to the central spot in between the 50 ym - 75 pym. This effect suggests
the self-healing feature of the beam.

The beam divergence angle is determined by using a plot of spot size at a different
fiber-to-fiber distance. The divergence angles are 3.2°, 5°, 6°, and 10° for central spot,
first, second, and third rings, respectively. We have used these fibers in studying the
particle manipulation experiments which have been discussed in chapter 3. However,
these fibers do not show good transmission in water because of bubble formation and
thus these fibers are not used for particle trapping using suspension tweezers [113].
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2.3.3 Positive axicon fibers

The positive axicon fibers are optical fibers with a nano-antenna which works as an axi-
con [112]. The axicon fiber is developed by S. Mondal’s group, CSIO, Chandigarh, India.
This fiber is designed to generate a quasi Bessel beam. These fibers have found interest-
ing applications in particle trapping in suspension [114], [115], as an optical probe for
chemical gas sensing, second harmonic generation [116], and plasmonic coupling with
metallic coating [117].

Distance [pm]

Figure 2.9: (a) A SEM image of a positive axicon fiber. (b) (Inset) The transmission map
which is obtained at 10 ym fiber-to-fiber distance. A plot of beam waist vs. fiber-to-fiber
distance at which transmission is measured.

The positive axicon fibers are fabricated by chemical etching of a photosensitive
single-mode fiber by following the procedure discussed in ref [112]. For the etching of
optical fiber, a hydrophilic polymer covered tube is filled with HF (48%) which forms
a convex meniscus inside the tube. When an optical fiber is immersed into the HF, the
fiber suppresses convex HF meniscus by forming a concave meniscus around the fiber
cylindrical-shaped. HF reduces the diameter of the fiber by dissolving silica. This leads
to a reduction of the concave meniscus along with the fiber. As a result, nano-tip is
formed at the core of the fiber and a capillary rim at the cladding region which forms by
etching of the core-cladding boundary. The different etching rates of core and cladding
have played a role to form the axicon. An etched fiber is characterized in SEM (Figure
2.9 (a)) at CSIO, Chandigarh, India. A typical 100 nm sized nano-antenna is observed at
the center of etched optical fiber. It has been surrounded by etched cladding rings. It has
a height of ~4 ym with a base diameter of ~3 ym.

The fiber emission properties are characterized by scanning the transmission using
two identical fibers in the air. The transmission maps are obtained at a different fiber-
to-fiber distance and reveled a central spot (Figure 2.9 (b)). However, the central spot
size is varying with the fiber-to-fiber distance. The mean beam waist size is calculated
using the Gaussian fitting in two distinct planes (vertical and horizontal). The minimum
beam waist is observed at 15 ym distance from the nano-antenna, which revels the focal
point of the fiber. Further, the produced light beam starts diverging with an angle of ~4°
(Figure 2.9 (b)). This divergence angle corresponds to a NA of 0.035. This angle is about
5 times smaller as compared to the divergence of tapered fiber tips.
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The positive axicon fibers are implemented for studied particle manipulation which
has been discussed in chapter 3. Moreover, a single and dual fiber geometries of these
fibers are used for studying the trapping behavior of NaYF,:Er/Yb nanorods (not men-
tioned in this manuscript) [115].

2.3.4 Fresnel lens fibers

The Fresnel lens fibers are the 3D printed fibers that have been made by depositing a
Fresnel lens on the standard single-mode optical fibers (Figure 2.10 (1)(a) & (b)). A
Fresnel lens is a diffractive optical element composed of a series of concentric radially
symmetric rings that are alternating opaque and transparent zones. The radii of these

concentric rings are given by [93],
2)2
rn:\/n)\f+n4 (2.3)

where 1 be an integer, A be the wavelength of light, and f be the focal length. In case
of A << f, the radii can be directly as r,, = nAf. Thus, this can be designed based on the
focal length and A considering the application. In our case, these fibers are designed to
generate a focused beam at a certain distance based on our trapping laser 808 nm. There
are three types of Fresnel lens fibers with the N.A. 0.3, 0.5, and 0.7 which are designed
using the software ZEMAX (V.13, Zemax, LLC). The laser beam propagates through the
fiber core and gets expanded by propagating through a solid cylinder with a length of
500pm called a socket and then it gets converged by the Fresnel lens at a focal point.
For designing the fibers N.A., their focal lengths are calculated in water using a phase
function. The Fresnel lens fibers of NA 0.3, 0.5, and 0.7 have the focal lengths 200, 100,
50 um, respectively, in water. The geometrical ray tracing of the fibers are obtained using
the local grating approximation (Figure 2.10 (2)).

These three types of Fresnel lens structures are fabricated by femtosecond two-
photon lithography using a Photonic Professional GT (Nanoscribe GmbH) system at 4!/
Physics Institute, University of Stuttgart [118]. A commercial IP-Dip resist is used for
fabricating the high-resolution features of the diffractive Fresnel lenses facet. The lens is
deposited on single-mode fiber (S780HP, Thorlabs) with a cladding diameter of 125 ym
and the core about 5 ym. The fabrication method allows fabricating the lens with the
high aspect ratios of different segments. A minimum lateral size of 1.67 ym is chosen for
the lens with N.A. of 0.3 and 0.5, however, segments reach to the outer border for 0.5.
Thus, for the higher N.A. of 0.7, it is required to fabricate it using two lenses. The second
lens is fixed over the first lens by the support of 6 pillars which are designed by mechan-
ical design software. The diffractive power of 0.7 lens is distributed over two separate
lenses and considering the water filling between these two lenses. The total writing times
were 50, 55, and 80 min for the lenses of NA = 0.3, 0.5, and 0.7, respectively.

The basic features of the fabricated Fresnel lens are characterized by studying the
beam profile in water using an inverted microscope which consists of a water immersion
objective (studied at 4" Physics Institute, University of Stuttgart). The beam profile
intensity cut measurements are compared with an in-house wave optical simulation of
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Figure 2.10: (1) (a) A schematic of Fresnel lens, (b) 3D printed Fresnel lens fiber. Images
of Fresnel lenses with three different numerical apertures: (i) NA = 0.3, (ii) NA = 0.5,
and (iii) NA = 0.7. Column wise, (2) their false color SEM images, and (3) beam profile
measurements of Fresnel lenses in water. The white line is an axial intensity cut at the
center of the beam produced by the respective fibers.

the lenses using a volumetric wave propagation method based on the beam propagation
method (Figure 2.10 (3)). The measured and simulated axial intensity distributions have
appeared good qualitative agreement to the shape of the beam.

The fiber-to-fiber light transmission is measured at Institute Néel before the trap-
ping experiments. The transmission measurement is obtained at a different fiber-to-fiber
distance (Dy_ys) until the minimum spot size was observed. At twice the focal distance
of the fibers, the obtained transmission maps have revealed an approximation of the
circular Gaussian shape of the beam. For example, the beam waist measurements of the
Fresnel lens with 0.5 are presented in Figure 2.11. The minimum spot size (waist) for this
fiber measured to be ~1.13 ym. The beam spot size can be corrected since two identical
fibers are used. This correction is made by dividing the spot size by V2 and calculated as
~0.80 ym. The beam waist varies parabolically near to the focal point of the fiber. The
measured transmission in air and water reveal that light intensity is 1.4 times smaller
in water. However, exact intensity measurement in water is difficult to be found since a
significant fraction of light is scattered by these lenses. In such condition, this correction
factor is not taken into account and only light power measured in air is used for analyz-
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Figure 2.11: The beam waist plot is obtained at the different fiber-to-fiber distance. (In-
set) The transmission map obtained at 196 ym between the Fresnel lens fiber.

ing the trapping measurements which is presented in chapter 4.The Fresnel lens fibers
are used for stable trapping of nanoparticles.

2.3.5 Total internal reflection (TIR)-probe fibers

The TIR-probe fibers are the micro-structured probe (called TIR-probe) deposited on a
single mode optical fiber. This TIR-probe is working on principle of total internal re-
flection (TIR) and it is particularly designed for the particle trapping in the single fiber
geometry. This fiber is designed and fabricated at 4" Physics Institute, University of
Stuttgart. The TIR-probe is designed in such a way that it can produce a focused annular
beam by total internal reflection of light which occurs inside the probe. It has a N.A. of
1.0 and a back focal length of 50 ym.

The TIR-probe is fabricated by 3D printing using a photopolymer in Nanoscribe.This
probe is deposited on fiber with the support of an expansion cylinder made of polymer.
During the fiber design and fabrication, a special consideration has given to maintain
TIR effect at all surfaces by keeping all angles of reflection above the critical angle.

The light beam propagates through the single-mode fiber (SMF) to the expansion
cylinder where it expands over a distance of 500 ym and split into two distinct branches
(Figure 2.12 (a)). Light in the red branch gets reflected twice before it converges at focal
point whereas in the dark yellow branch it gets reflected once. The probe is fabricated in
such a manner that lights from the two branches converge at one focal point.

For characterizing the probe fiber, the beam profile measurement is performed in
water at the same laboratory following the similar procedure used in case of Fresnel
lens. The highest intensity is obtained at the focal point ~ 50 ym from probe aperture
in axial direction. We measure the transmission through the fiber probe at Institut Néel
(Figure 2.12 (c)). For scanning the transmitted light we have used a tapered fiber tip
since the probe fiber is meant for a single fiber geometry. Perhaps this is not the best way
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Figure 2.12: (a) A scheme of TIR-fiber’s working principle. (b) The microscopic image of
TIR fiber. (c) Transmission measurement image of TIR probe fiber in which the transmit-
ted light is scanned by a tapered fiber tip.

to characterize the fiber, however, this allows measuring the transmitted beam shape.
We have obtained a beam spot with a quasi Gaussian shape using the transmission map.
The spot size is determined to be ~2 ym. The characterized fiber is used for the stable
trapping of nanoparticles in water with the single fiber geometry. .

2.4 Data analysis

The characterization of an optical trap is required to quantify the trapping strength.
For this analysis, we treat a recorded trapping sequence or video and track the residual
Brownian motion of a trapped particle or position fluctuation. We would like to explain
our data analysis technique using particle trapping measurements performed with two
identical tapered fiber tips. This measurement is used for practicing the trapping exper-
iments on suspension tweezers setup.

In practice experiments, we have trapped a 1 ym spherical polystyrene particle as
a function of light power at a fixed fiber-to-fiber distance (Ds_s) of 20 ym. Then it is
followed as a function of distance at fixed light power 27.7 mW. These trapping mea-
surement videos are recorded using our microscope camera with a typical frame rate
of up to 330 fps during the trapping experiments. A standard recorded video contains
about 4000-5000 images. We already discussed the importance of a higher frame rate
of the trapping videos to determine the high-frequency movement of particles. To track
these videos, we have developed a particle tracking algorithm in the Scilab environment
that can automatically track the trapped particle from the recorded videos.

In our tracking algorithm, we measure the trapped particle circular bright spot (el-
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liptical shape in the case of nanorods) profile in two distinct directions, axial and trans-
verse relative to the fiber axis. These two profiles (in pixels) are fitted with a Gaussian
function. The particle position corresponds to a point where the amplitude is maximum.
This method is well suited for monitoring an individual particle, and it allows time-
dependent position tracking in x-y directions. In the case of nanorods, a time-dependent
nanorod angular orientation can be tracked based on their two observed widths.

A 2-dimensional particle position tracking curve is presented in Figure 2.13 (a),
which corresponds to a trapping measurement at 27.7 mW light power and for a Dy
= 26.7 ym. The presented tracking curve is one of the best among the other measured
traps. It is a bit elongated in the axial direction, however, close to an isotopic trapping
potential. A well isotopic trapping potential has been reported for a 1 ym particle using
a counter-propagating approach of taper fibers in [2], [18]. The given trap is enough to
explain our analysis approach to quantify the trapping efficiency. Figure 2.13 (b) shows a
time-dependent position tracking curve in real-time in the axial and transverse direction.
Based on the two-dimension position tracking, we used two complementary methods to
determine trapping efficiencies, more general the trap stiffness. These two complemen-
tary methods are Boltzmann statistics (BS) and power spectra analysis (PSA).

Before discussing these two complimentary approaches, we would like to recall the
motion of a trapped particle using the Langevin equation in the presence of a viscous
medium, the one-dimensional motion of the trapped particle can be written as [119],

mi(t) + yox(t) + kx(t) = (2kpTy) (1) (2.4)

where m, x, and X are the mass, velocity, and acceleration of the particle, respectively,
and yy = 6mna is the drag or friction coefficient for a spherical particle of radius a in
a fluidic medium of viscosity #. On the left-hand side of the above equation, the first,
second, and third terms are acting force (Newton’s second law of motion), drag force,
and restoring force or harmonic force of a trap, respectively. Whereas the term on the
right-hand side is the Brownian force of particle at absolute temperature T [2]. The term
kg represents the Boltzmann constant. £(t) in Brownian force explains the influence of
the thermal noise. The influence of thermal noise can not be neglected, as it tries to push
the particle out of the trap, and the optical force pulls it back to the center of the trap.

For the microscopic particles, the particle motion depends on the medium. For ex-
ample, in liquid, the particle motion is extremely over-damped and its inertial effects
which are associated with the mass of particle are negligible[119]. The inertial effect can
be quantified using the Reynolds number, Re = pax/y, where p is the density of suspen-
sion medium. The inertial effects decay in a very short period of time which is known as

momentum relaxation time or characteristic time (7y = Z). For example, in our experi-
0 Yo
4

ment we used polystyrene particles (1 ym) having a mass ( m = 37a’p), where a is radius
and p is density of polystyrene) of 5.5x107!¢ kg and its coefficient of friction in water at
20°C is yg = 9.44x10 2 kg/s. The characteristic time for kinetic energy loss is ~6x1078
s due to the friction. This characteristic time is much shorter than the experimental time
resolution at the sampling rate of about 300 Hz. Therefore, we can neglect the first term
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Figure 2.13: (a) A 2 dimensional tracking curve of an optically trapped particle using
two identical tapered fiber tips with a light power of 27.7 mW at a D¢_¢ of 26.7 ym. (b)
Time-dependent position tracking curve in two directions. (c) The particle position dis-
tribution which is obtained using BS and fitted a Gaussian function to determine the trap
stiffness. (c) The PSA of trapped particle position fluctuation in the two given directions.

of Equation 2.4 and the system is considered over-damped.
1
Yox(t) +xx(t) = (2kgTyo)2 £ (1) (2.5)

Following the eq. 2.4 and Figure 2.13, we would like to discuss our approach for deter-
mining the trap stiffness of a harmonic trap.

2.4.1 Boltzmann statistics method

The Boltzmann statistics is one of most common method which is used for deducing
the trap stiffness (x). This method is based on the finding the probability density of
a particle in a potential well at certain position. This methods uses the equipartition
of energy theorem and potential energy (U(x)) of a harmonic trap for accounting the
trapping strength and can be written as,

<U(x)>= %Kx < (x—xg)* >= %kBT (2.6)
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where, x; is a mean position of the particle and x is the particle displacement from

the mean position. Now considering the equipartition of energy in eq. 2.4, the energy
distribution of an optically trapped particle inside the potential well obtained using the
Boltzmann statistics as [2],

P(x) = lexp(_%;;o)z) (2.7)

where Z is a normalization factor known as the partition function. For experimental
measurements, the trap stiffness can be obtained by fitting a Gaussian function to prob-
ability distribution and can be written as

P(x) = Aexp(—Bo?) (2.8)

where A =1/Z, B = x,/2kgT and o, = x-Xq is a standard deviation function. Then, the

trap stiffness can be directly obtained in the given form «, = ZI;BZT.

Figure 2.13 (c) shows the Gaussian fittings on the position distribution obtained by
the Boltzmann statistics in the axial and transverse directions. The x values are calcu-
lated as 0.04 and 0.12 pN/um in the axial and transverse direction, respectively. Simi-
larly, the « is obtained for all measurements.

We often use this method to characterize our trapping measurements since it is not
only straightforward to determine the x but also allows visualizing the shape of the trap-
ping potential. The method becomes interesting for a trap with more than one stable
trapping position to visualize, however, the related x is meaningless. It does not require
any feature of the trapped particle such as shape, size, refractive index, and viscosity of
the surrounding medium.

2.4.2 Power spectrum analysis:

The power spectrum analysis is another widely used method of characterizing the optical
trap [119]. This method uses the power spectrum of a signal. The power spectrum of a
signal is defined as the magnitude squared of the Fourier transform of the signal divided
by the total measuring time. In general, power spectrum is the energy density dived by
the frequency of a analog signal (E = f:o [x(t)|>dt).

The power spectrum of an optically trapped particle is obtained by performing
Fourier Transform of eq. 2.4. The obtained spectrum has a Lorentzian shape and is
described as follows [2],

2kgT
P(fo) = % (2.9)
Yolfe +fo )
where f; is the oscillation frequency obtained from Fourier transform and f, = #}/0 is

the corner frequency, the ratio of trap stiffness and friction coefficient. Considering these
frequencies, the power spectrum distinguished into two regimes:
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Case 1 : When the corner frequency is higher than oscillation frequency, (fy << f;)
which means that the Brownian motion of a particle get restricted by the optical force
responsible for the trapping. In this case, the eq.2.4.2 follows as

SﬂszTyO
K2

P(fy << f,) = (2.10)

The power spectrum becomes constant and is inversely proportional to the square of .

Case 2 : When the oscillation frequency dominates over the corner frequency (fy >> f.),
which means that Brownian motion leads the power spectrum and no more dependent
on trap stiffness. In this case, the eq.2.4.2 follows as

2kpT
j2 )= 2B 2.11
(fo>>fo) of? (2.11)

i.e., the power spectra is fully explained by using the oscillation frequency and it is no
more dependent on «.

Figure 2.13 (d) shows the power spectra of trapped particle position fluctuation in
the axial and transverse directions at 27.7 mW and a D;_¢ of 16 ym. Through this anal-
ysis, the x values are calculated as 0.06 and 0.18 pN/um in the axial and transverse
direction, respectively. These values correspond to the corner frequencies (f;) of 1 and 3
Hz in the given two directions. These two values also estimated by visualizing the power
spectrum, which corresponds to the transition curvature between the two planes. Thus,
the « value for all measurements are obtained using this method.

Moreover, this method has the advantage of verifying the calculated « as it allows us
to calculate the temperature and radius of the trapped particle based on the fitted free
parameters. This feature makes it more reliable.

Figure 2.14: A plot of x as a function of (a) applied light power (b) fiber-to-fiber distance
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2.4.3 Trapping efficiency analysis

The x, which is obtained by employing the above two methods (BS and PSA), are plotted
separately as a different light powers and then at different distances at a light power
27.7 mW (Figure 2.14 (a) and (b), respectively). An agreement is observed for x values
obtained from the above analysis. The normalized trapping stiffness () is obtained by
fitting a linear slope. For a power-dependent measurement, a linear dependency of « is
observed on the light power. Their % values are 8.0 and 9.4 pN - yum~!-W~! in transverse
direction for BS and PSA respectively. Similarly, in the axial direction, these values are
determined as 2.3 and 3.4 pNum~!W~! for BS and PSA, respectively. The ®1,4s./ Raxial
ratios are observed as 3.5 and 2.8 for the BS and PSA methods, respectively.

The « values for the measurements as a function of the D;_ between the tips (Figure
2.14 (b)). These values have appeared higher when the distance is closer. It is measured
as 0.87 pN - ym~! for a Dy_¢ = ~10 pm using BS and further it reduces with a factor of

2
1/D?_,.

The presented values are found in good agreement with previously reported work
[2]. The results show that these methods are very in order to characterize our experi-
mental measurements, which is discussed in chapter 4. These studies also allow us to
understand the experimental tweezers setup and optical trapping experiment as a be-
ginner.

2.5 Conclusion

We have explained our two experimental setups aimed for optical trapping experiments
in air and suspension (water). First, fibered air-tweezers setup, which is currently being
developed, has been discussed with the primary approach to developing this setup, espe-
cially the trapping chamber. Our other tweezers setup which is excellently working for
the particle trapping experiments in suspension, has been discussed with our approach
to measure emission spectroscopy of the optically trapped luminescent particles.

We have discussed the fabrication and emission properties of five different micro and
nanostructured fibers. These are presented here in the prospect of their implementation
for trapping experiments on these tweezers setups. The TIR-probe fiber is explicitly
designed for particle trapping in suspension.

Finally, we have discussed two complementary methods: BS and PSA, to quantify the
trapping efficiency of our experimental observation and reliability on values deduced by
these methods. Further, these complementary approaches allow us to study the trapping
behaviors of anisotropic nanoparticles.
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Chapter 3

Optical manipulation in air

Introduction

This chapter is focused on experiments performed for the development of air-tweezers
setup. Firstly, we present optical manipulation experiments using a single optical fiber
for studying the influence of light beam on a particle in air. These measurements include
the demonstration of water-aerosol droplets manipulation, which is performed in the ini-
tial stage. Further, particle manipulation is sequentially studied using the three different
optical fibers. Finally, we present numerical simulation performed to understand and
interpret the obtained experimental manipulation results.

3.1 Optical manipulation

In the previous chapter 2, we have presented a trapping chamber development for the
particle trapping experiments in air. The basic idea for this experimental development
is to trap a single airborne nanoparticle a single fiber and dual fibers tweezers approach.
Figure 3.1 represents the schematics of particle manipulation experiment with three
steps, which is followed initially to study and characterized our experimental setup.
First, we observe free-falling particles using our microscope in front of the fiber tip.
Then we apply a light beam on these particles and, finally, observing the influence of
light beam on them.

The optical manipulation observation has been recorded with a typical frame rate of
about 100 fps. Then recorded videos are treated to determine a time-dependent trajec-
tory of the droplet. It has already been said that we have used a manual track to observe
the particle’s position using the observation video in the Image ] program. Then, we use
this data to calculate the droplet speed and related optical force using a homemade algo-
rithm dedicated to optical force measurement. This algorithm is based on the Langevin
equation of particle motion and allows determining the optical force. This equation can
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Figure 3.1: Schematics of optical manipulation experiment using a single tapered fiber
tip.

be given in terms of Stokes coefficient (yy = 67#a) for air medium as [103],
Fo = mx(t) + (6mtna)x(t) (3.1)

where m is the particle mass, # is the medium viscosity, a is the radius of particle, x(t)
and %(t) is the particle speed and acceleration, respectively. For a water-aerosol droplet
diameter of 2.8 ym, mass is calculated as m = 1.15 x 1074 kg (with water density p = 997
kg-m~%) and Stokes coefficient as yy = 4.9x10710 kg-s~! (with air viscosity n = 18.6x107°
kg-(m.s)~! at 25°). For a polystyrene particle, m = 5.5 x 1071 kg (with polystyrene parti-
cle density p = 1.05x103 kg:-m~%) and y, = 1.75x10710 kg-s7!.

3.1.1 Tapered fiber tip
Droplets

In the primary stage, we initiate our experiment using simple distilled water-based aerosols
droplets and a tapered fiber tip. We choose to start with these droplets because they are
simple to use and do not require any sealed or closed environment, unlike nanoparticles.
Also, no special equipment for health protection is needed. Considering the preliminary
stage of experiments, it is beneficial to start with simple equipment having a low cost.

We inject the aerosol into the trapping chamber by following the procedure ex-
plained in section 2.1. We switch on laser once we observe a few free-falling droplets
in front of the fiber tip. In the first step, it observes that droplet sizes are reducing and
evaporating rapidly in light. It has been known from D.R. Burnham’s work that salt can
be used to increase the surface tension of the droplets and enhance the relative moisture
inside the trapping chamber [73]. Therefore, we have suspended edible salt (100 ug) to
distilled water (10 ml) and sonicated for a few minutes. Then this mixture is used for
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Figure 3.2: The microscopic image of the manipulated of a droplet at the light power of
2.5 mW using the tapered fiber tip.

generating the aerosol droplets. Initially, we also observe that free-falling droplets are
attracted to fiber tip due to adhesive forces. So, we use a wire to earth the fiber tip, which
allows the discharging of its electrostatic charge.

The first droplet manipulation is observed at a light power of 2.1 mW. On apply-
ing the light beam on the droplets, we observed that the droplet is strongly propelled
in the direction of light propagation. We record this observation video, and then, this
measurement is repeated on several droplets at the same power. Further, the droplet ma-
nipulation experiment is studied as a function of light power by varying the power from
0.05 mW to 3.5 mW in several steps. The influence of light beam on a droplet at 2.5 mW
can be observed in Figure 3.2.

From the first observation at 2.1 mW), it is observed that the droplets are not pulled
or attracted towards the beam center, i.e., the region of higher intensity. In figure 3.3
(a) shows the x-y trajectory of a pushed droplet after experiencing an optical force due
to the light beam. The optical force experienced by the droplet at each position is sepa-
rately measured in axial (x) and transverse (y) direction using the algorithm on Langevin
equation 3.1. An arrow (not very well visible) shows the position and the direction of
the pushed droplet. A visible range color map shows the magnitude of optical force with
dark red as maximum force and dark blue as the minimum.

The droplets have experienced a very high optical force in the axial direction force
compared to the force in the transverse direction. Also, the droplets are not pulled by
the optical force into the beam center. However, the maximum optical force is estimated
to be 3.6 pN near to the fiber tip, which can be identified with red arrows in the given
figure. The pushed droplets’ trajectory length depends on the distance between the fiber
tip and the initial droplet position. It has also been noticed that the droplets are pushed
at an angle that can be related to the divergence angle (20°) of the beam.

Figure 3.3 (b), shows the measurements studied as function of light power. These
measurements reveal that the optical force experienced by droplets are increasing with
increased light power. Also, it influences the pushed droplet trajectories length as the
highest power appears with a larger trajectory. In this case, the maximum optical force
is estimated to be 5.5 pN at a distance of about 10 ym from the fiber tip.

The analyzed result suggests that the presence of high optical force in axial direc-
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Figure 3.3: (a) The trajectories of the pushed droplets under the influence of laser beam
at 2.1 mW. The coordinate (0,0) shows the point of the fiber tip apex. The dark red and
dark blue colors are representing the maximum and minimum optical force experienced
by the droplets. (b) The trajectories of the droplets at different light powers.

tions leads to pushed droplets strongly and unable to attract them towards the beam
center. These experimental measurements provide an approximate idea about the op-
tical forces experienced by the droplets. In principle, It is expected that the droplets
should be attracted to the high gradient region for stable optical trapping. However, af-
ter this experiment, we found the salt precipitation on the tip surface. This precipitation
also affects the light emission property of the fiber tip.

Particles

Further, we use the polystyrene particles of 1 ym for optical manipulation. The particle
manipulation is studied using a new tapered fiber tip by replacing the old one. These
particles are injected into the trapping chamber with ethanol aerosol as per the proce-
dure explained in the last chapter 2. After the quick evaporation of ethanol aerosol, the
particles are easily observed falling due to gravity with Brownian motion. Once particles
are observed, we instantly switch on the laser, like the previous experiment.

On applying a light beam with a power of 12.7 mW on the particles, we observe
that the light beam is strongly pushing these particles away from the beam center in the
transverse direction (Figure 3.4). However, this measurement is repeated to observed
the influence of the light beam on the particles. The observation videos are recorded at
different light power ranging between 5 mW and 30 mW.
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Fiber tip

Particle

oy

z Pushed particle aftert = 0.3 s

Figure 3.4: The microscopic image of manipulated particle at 12.7 mW. The particle trail
appears due to the high speed of the particle near to the fiber tip.

The particle trajectories corresponding to different light powers can be seen in Figure
3.5. It can be clearly observed that the trajectories of the particles depend on light power,
as the trajectories appear longer on higher light power. It suggests that the optical force
experienced by the particles is highly influencing in axial direction. In this measurement,
the particles did not pull into the beam waist, and they are further moving away from
beam center. However, the maximum optical force is estimated to be 0.27 pN at a light
power of 30.9 mW for the closet position to the fiber tip. However, moving away from
fiber tip, the optical force is decreasing gradually. In this case, the attracting force due to
the light beam is less than that of the pushing force.
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Figure 3.5: (a) A 2D plot of the trajectories of pushed particles under the influence of
different light powers.

The particle manipulation experiments show that particle trapping is not possible
by employing this fiber. The critical problem behind the trapping is that the particles
are not attracted to the light beam waist. The particles are mostly pushed away from the
beam center with an angle more than the beam diverging angle. Comparing to previous
work on trapping in water with the same particle and fibers [2], they reveal a completely
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different story for experimental measurement in air. However, the experienced optical
forces have appeared comparatively lesser than the previous one measured in suspen-
sion. Therefore, we have decided to use a different approach, such as a less diverging
beam for our next measurements.

3.1.2 Negative axicon fiber:

In the last experiment, we have observed that optical manipulation with a diverging fiber
is challenging. For further measurement, we choose a negative axicon fiber that emits a
less diverging beam. As we have seen in the previous chapter 2 that the central spot of
this fiber is diverging with a small angle of about 3.2°.

Initially, the visualization of particles is difficult due to the broad aperture of the
fiber, i.e., to find a particle at the axial center of the fiber. The particles are injected
into the chamber using the same procedure as the previous experiment. When we apply
a light beam with 1 mW power, we have observed particle is pushed axial direction.
However, after this moment, we do not observe any falling particle or influence at our
microscope focus. Then we further move vertical direction above the fiber axial center.
At the height of 70 ym, we observe that some particles are influenced and moving axial
direction with Brownian motion. This influence can be attributed to the rings of the
beam produced by this fiber. However, for our experimental analysis, we have recorded
the videos of particle manipulation at different light powers.
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Figure 3.6: A 2D plot of trajectories of particles which are pushed under the influence
by light beam emitted by the negative axicon tip.

The influence of the light beam on the particles can be seen in Figure 3.6. It is
observed that the particles are pushed by beam over a broad region of ~50 ym either side
of the tip center. The maximum optical force is determined as 0.048 pN at 7.9 mW light
power. The optical forces are observed depending on the laser powers. The higher light
power influences the particle, which leads to a long trajectory.

The particle manipulation observed using the negative axicon does have any sig-
nificant influence. It is even worse than the taper fiber tip, and there are difficulties in
particle visualization and the influence of rings of the light beam. Therefore, we have
dropped this fiber for the particle manipulation experiment and choose a less diverging
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fiber, which is the positive axicon fibers.

3.1.3 Positive axicon fiber

The positive axicon fiber tip has been chosen because it produces a least diverging beam.
At first, the manipulation experiment is performed using a single positive axicon fiber.
The series of measurements is first performed at a light power of 10.8 mW. It is observed
that the light beam strongly pushes the particles in the direction of light propagation,
and the trajectories of the pushed particle are presented in Figure 3.8 (a). The influence
of optical force decreases when particles are moving away from the fiber axicon. The
maximum optical force experienced by the particles is determined to be 0.4 pN at a
distance of 10 ym away from the fiber axicon.

Particle Pushed particle
t=0.35s

Fiber

Figure 3.7: The particle manipulation under the influence of the laser beam which is
produced by a positive axicon fiber at a light power of 10.8 mW.

Further, a series of manipulation measurements are recorded at different light power
from 3 mW to 16.5 mW to investigate the impact of power. The trajectories of pushed
particles at different light power can be seen in Figure 3.8 (b). The optical forces are
observed to depend on the light powers as it increased with increasing light power.

P=10.8 mW
. 0.4
20 » r-'-—r“""vv""-r o
— -¥
E - 0.3
= 0 L S T o T T e
> - . e .

o
"'"h..'hn..g... -
T T T T s, 0.2

20 40 60 80 100 120

y
- x x [pum] 0.1
z

Figure 3.8: The 2D trajectories of particles under the influence of light beam emitted by
the positive axicon tip at 10.8 mW.

The demonstration of particle manipulation using the positive axicon fiber has shown
that the particles have not been influenced along the beam gradient. Also, they still expe-
rience the higher optical force in the axial direction compare to the transverse direction.
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It has also appeared that these particles are being pushed through a narrow-angle very
lower compared to tapered fiber tip manipulation. At this stage, we have made an ef-
fort to trap these particles using the counter-propagating approach. However, due to the
high scattering force, particles have been pushed by both fibers but have not trapped,
or not for even while. Therefore, we have stopped our experimental measurements and
performed the theoretical analysis to find out the real problem.

3.2 Numerical simulations

The experimental measurements have shown that the air-tweezers setup is not very well
working for particle trapping, since the particles are pushed by the optical force away
from the beam center in the transverse direction. It is known from experimental obser-
vation that the optical force is unable to pull the particle into a high gradient region. To
understand our experimental observation, we have been performed numerical simula-
tions. We have used a homemade program that is developed in the Sci-lab environment
for this simulation. The simulation is performed considering the parameters observed for
light beam emission of tapered fiber tip and 1 pm polystyrene particle [2]. For this sim-
ulation, first, we calculate the electric field of light beam considering a Gaussian beam
and then use the Rayleigh approximation. For calculating the electric field in terms of r
as the radial distance from the axial center of beam and z be an axial distance from the
beam, the equation can be given as [120],

E(r,z) = E £ 20 ey __r2 exp|—ilkz+k r —1(z2) (3.2)
2= B0 TP w2 | R Y '

where, E is the electric field at origin (0,0), 7 is the imagenary unit, k is the wave number
(=2mn/A, Ais light wavelength and n be the medium’s refractive index), wy is the radius
at beam waist, w(z) is beam waist along z-direction where field is decreasing by a factor of
61—2, R(z) is the radius of curvature and 1 is the Gouy phase at z. The E( has been calculated

from the beam intensity (I = cne |E|2/2), based on the experimentally measured light
power (P = fI -dA, where dA is a differential closed surface of the laser beam). The
parameters, which are used in the simulations are: Ey = 1-10° W-m~! (which corresponds
to a light power of ~4.1 mW), A =808 nm, n =1 for air, wy = 1 ym, and particle size a=0.5
pm [2], [3].

Further, the application of dipolar approximation in Rayleigh regimes allows deduc-
ing the optical force in transverse and axial directions. This approximation helps to avoid
the rigorous mathematical calculations and straightforward. It is also very well known
that the optical force experienced by a trapped particle in this regime is a combination
of two forces called scattering and gradient force.

Figure 3.9 (a) and (b), respectively, show the simulated scattering force map, which
has been experienced by the particle in both axial and transverse directions, represented
by x and y, respectively. This force has appeared higher in the axial direction as compared
to the transverse one. Also, it is higher near the tip apex about 34 pN but decreases while
moving away from the tip. In Figure 3.9 (c), the influence of scattering force can be
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Figure 3.9: The scattering force obtained through the simulation (a) axial direction and
(b) transverse direction. (c) The simulation of the scattering force experienced by the
particles under the influence of the laser beam.

observed on a particle as it pushes the particle strongly away from the fiber tip in the
axial direction.

Similarly, the gradient force is also calculated in both x and y directions, which has
been presented in Figure 3.10 (a) and (b). The gradient force has appeared very lower as
compared to the scattering force (Figure 3.10 (c)). The maximum gradient force has ap-
peared near to tip about 15 fN. Thus one can observed that the optical force in transverse
direction is almost negligible. Therefore, the particles are unable to be attracted by the
light beam toward the beam center.

This simulation have confirmed the dominance of the scattering force over the gra-
dient force, causing strong pushing of particles in the axial direction, which has been
observed in experimental measurements. Also, it shows that the optical force in trans-
verse direction does have much impact on the particles. In general, this study shows the
real challenges of optical trapping in air using a diverging beam producing fibers. In
such a condition, we are looking to use other structured optical fibers, producing other
than the diverging light beam.
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Figure 3.10: The simulated gradient force using the simulation in (a) axial (x) direction
and (b) transverse (y) direction. (c) The simulation of the gradient force experienced by
the particles due to the laser beam.

3.3 Conclusions

A newly developed fibered air tweezers setup is employed to study particle manipula-
tion with a single fiber tip. The influence of the laser beam on the droplets and particles
is studied separately using three distinct fibers. Firstly, manipulation using the tapered
fiber tip has reveled that the droplets and particles are not attracted to the beam center
and also strongly pushed in the light propagation direction. The negative axicon fiber
is also unsuccessful in manipulating the particles since a significant problem appeared
due to rings of the beam. In the case of positive axicon fiber, the particles are efficiently
pushed in the axial direction but without getting pulled towards the beam center. Nu-
merical simulations have been performed to understand the results observed with the
experimentally and are coherent with this measurement. This simulation has revealed
the real difficulties found in trapping in air.




Chapter 4

Optical trapping in suspension

Introduction

In this chapter, we present the optical trapping of micro and nanoparticles using a sus-
pension tweezers setup employing different micro-structured optical fibers. This chapter
is divided into three parts based on the particles of interest that are used for studying the
trapping events. In the first part, we discuss the trapping measurements by employing
two different 3D optical fibers; Fresnel lens and TIR-probe fibers. In the next part, we
have focus on the application of tapered fiber tip and Fresnel lens fibers for studying
optical trapping and spectroscopic investigation of Eu-doped nanorods. Finally, the last
part shows the application of Fresnel lens fibers for optical trapping of CsWO3 nanopar-
ticles.

4.1 Trapping of polystyrene particles

4.1.1 Fresnel lens fibers
1 ym spherical particle

In chapter 2, we have briefly introduced the fabrication and characterization of Fresnel
lens fibers with three different N.A. of 0.3, 0.5, and 0.7. These fibers are sequentially
implemented for the optical trapping of polystyrene particles (1 ym in diameter), which
allows studying their trapping performance in suspension. In this process, two identical
fibers with the same N.A. are aligned in a counter-propagating geometry so that they can
transmit a maximum intensity to each other and create an optical trap by cancelling their
radiation pressure at an equilibrium point (4.1(a)).

We begin trapping experiments with the fibers having N.A. =0.3. In the present
case, we observe the particle trapping at a fiber-to-fiber distance (Ds_¢) of 385 ym, which
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Figure 4.1: A microscopic image of a particle trapping using the counter-propagating
beams of Fresnel lens fibers of 0.7 N.A. (b) A x-y trajectory of trapped particles observed
using the three fibers different of N.A.= 0.3, 0.5, and 0.7, respectively. (Here, y-and x-axis
has similar axis values.). (c) The time dependent position tracking curve corresponds to
transverse and axial directions.

is corresponding to twice of their focal lengths. For such a large distance, the trapped
particles appears as small bright circular spots in the bright-field microscopy mode. Also,
it is not possible to observe the two fibers with this distance in a microscopic image. Thus,
we could only record the video of bright spots (particles).

The particle trapping has been studied at different light powers (from 24.2 mW to
3.9 mW) varying in a controlled manner. Here, we would like to mention that the used
light power is the total output of fiber measured in air. Subsequently, we use the fibers
with N.A. of 0.5, which allows measuring the trapping performance of particleata (Dy_¢)
of 195 ym by varying the light power from 10.5 mW to 0.21 mW in several steps. In the
case of 0.7 N.A. fibers, the particle trapping is observed at 125 ym and studied by varying
the power from 25.7 mW to 9.24 mW. For this trapping distance, two fibers could be
visualized in microscopic images along with a trapped particle.

In these experimental observation, one can easily observe the differences between
these fibers based on the trapped particle movement. The most stable trapping events
have been observed using the fibers having 0.5 N.A. They have allowed us trapping the
particle even at a very low power of 0.21 mW. It is the lowest trapping light power at
which we have demonstrated a stable particle trapping until now.

Subsequently, we characterize trapping videos to obtain x-y tracking and time-dependent
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Figure 4.2: Position distribution of optically trapped particles using three different fibers
with 0.3, 0.5, and 0.7 N.A. using BS method in (a), (b), (c) for transverse and (d), (e), and
(f) for axial directions. The dashed lines represent the best Gaussian fits to the position
distribution.

position (Figure 4.1 (b) and (c)), for all three types of fibers. These tracking curves have
revealed an anisotropic trapping volume for all three types of fibers. For example, the
most efficient effective tracking curve is observed using 0.5 N.A. fibers. It has a smaller
confined trapping volume which increases on lowering the light power. It also appears
relatively elongated in the axial direction. For the fibers having 0.3 N.A., the trapping
volume is much larger, and it further increases for 0.7. The trapped particles show a
non-uniform movement in the axial direction with a relatively high oscillation frequency.
Also, they are more confined in the transverse direction.

The position distribution of the trapped particles is obtained independently in the
transverse and axial directions using the BS method. Figure 4.2 shows the obtained posi-
tion distributions, which are studied as a function of light power. The distribution is very
wide in the axial direction and narrow in the transverse direction. By fitting a Gaussian
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Figure 4.3: PSA method to obtained «x values for all three types of fibers. (a), (b), (c) for
transverse and (d), (e) and (f) for axial directions, respectively. The dashed lines indicate
the best Lorentzian fitting curves. A peak at 67 to 68 Hz results from the mechanical
vibration of the visualization system but it does not have any significant influence on
trapping results.

function to the distribution, trap stiffness (x) can be deduced in both directions. It can
be noticed that on lowering the power, the distribution width increases, and therefore x
decreases. Also, in few cases such as the measurement at 10.5 mW using the 0.5 N.A.
fibers, the particle is confined with two meta-stable trapping positions in the transverse
direction due to a slow mean trapping position shift. In this case, the position distribu-
tion is fitted with two Gaussian peaks, and thus, k¥ does not have any meaningful value.
Also, a fewer measurements (e.g., 24.2 mW for N.A. 0.3, 6.35 mW for N.A. 0.5 and 21.7,
and 25.7 mW for N.A. 0.7) in the axial direction, are also observed with two meta-stable
positions.

Applying the PSA method, k values are calculated for all three types of fibers at
different light powers. In the axial direction, a good agreement between experimental
results and fitting model can be noticed in Figure 4.3. However, in the transverse direc-
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tion, this fitting model does not fit well for the measurements at higher light power (e.g.,
24.2 mW for N.A. 0.3 and 10.5 mW for N.A. 0.5). In these measurements, it can also
be noticed that below 10 Hz, the power spectrum increases with decrease in frequency,
which is caused due to the slow mean trapping position shift. In this case, the x values
are not accounted to determine the trapping efficiency.
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Figure 4.4: Trap stiffness in (a) transverse and (b) axial directions, which have been cal-
culated using the BS and PSA for three fibers with 0.3, 0.5, and 0.7 N.A. at different
light powers. The filled-in symbols represent values with a confirmed fit while hollow
symbols represent the values of non-confirmed fits.

To determine trapping efficiency, we plot x as a function of light power for all the
three types of fibers. Figure 4.4 shows a comparison of trapping efficiencies measured
using the different fibers independently in axial and transverse directions. The normal-
ized K values, deduced using the BS and PSA methods, have been presented in Table 4.1.
One can observe the difference between the x values obtained by BS and PSA method:s.
This discrepancy can be accounted using two reasons: first, the appearance of two meta-
stable positions in BS and second, values at higher light power are not coherent with the
fitting in PSA, especially at the higher light power. In both the scenarios, the x values
have been underestimated. Also, we have neglected lower frequencies during the PSA
fittings. Therefore, it has resulted in higher x values than the ones calculated by the BS
method.

Table 4.1: Trapping efficiency of the fibers with three different N.A. are listed in terms
of the normalized trap stiffness (&) in (pN-pum~'-W~1) which separately calculated using
the BS and PSA methods (NA: numerical aperture of the Fresnel lens, D;_: fiber-to-fiber
distance, dpgticle: particle diameter)

NA Df—f dparticle Ktrans. Kaxial
(um)  (um) BS PSA BS PSA
0.3 385 1.0 127.7 2682 3.1 135
0.5 195 1.0 1217.6 17629 31.3 50.5
0.7 125 1.0 10.5 13.3 1.9 26
0.5 195 0.5 34.9 28.2 21 3.2

We have observed the highest trapping efficiency using 0.5 N.A. fibers with ® =
1763 pN.um~'.-W~! in transverse direction. Compared with similar measurements that
have been previously performed using the tapered fiber tips [2] and nano-antennas (which
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generate quasi Bessel beams) [114], the presented & values are 30-50 times higher. In the
case of fibers with N.A. = 0.3, the trapping efficiency is lower than N.A. = 0.5., however,
their trapping performance for such a large Dy_; of ~395 pm is interesting for the far-
field trapping applications. Finally, the least trapping efficiency is observed for fibers
having N.A. = 0.7. Low trapping efficiency of N.A. 0.7 fibers can be accounted for using
their fabrication structure and the alignment of the doublet lenses.

Based on the optical trapping using the Fresnel lens fibers with three different N.A.,
we choose the most efficient fibers for further trapping applications. Also, their imple-
mentation in our experimental setup is very easy.

Trapping of particles with a diameter of 0.5 ym

In the further experiment, we have chosen to trap a polystyrene particle with a diameter
of 0.5 ym using the fibers of 0.5 N. A. A particle is stably trapped at a light power of
27.75 mW. However, it leaves the trap if the light power is decreased. This occurrence
has been confirmed based on several observations.
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Figure 4.5: (a) Tracking curve of a trapped particle with a size of 0.5 ym. (b) Position
distribution in axial and transverse direction. The dashed lines are the best Gaussian
fits. (c) PSA fitting curves in axial and transverse direction. The dashed line are the best

Lorentzian fits.

The x-y trajectory of trapped particle can be observed in Figure 4.5 (a), which also
shows an anisotropic trapping volume. The particle is efficiently confined in the trans-
verse direction compare to axial one. The application of BS and PSA allow calculating
the normalized % independently in the transverse and axial directions (Figure 4.5) (b)
and (c), respectively. The measured & value is determined using the PSA as 34.9 and
3.2 pN-um~1.-W~! in transverse and axial directions, respectively. The obtained values
which determined by these two methods are listed in Table 4.1 and have appeared with
a good agreement and it is higher in the transverse.
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Figure 4.6: Oscillating movement of 0.5 ym diameter particle in the dual-fiber trap with
slightly misaligned fibers. The trapped particle oscillates at about 10 Hz in a slightly
tilted elliptical orbit with axial and transverse amplitudes of 3.5 and 0.3um, respectively.

During this trapping experiment, we have observed an event in which a trapped
particle oscillates between the two fibers (Fig. 4.6). It occur due to a slight misalignment
of the two counter-propagating light beams. The particle starts oscillating in a slightly
tilted elliptical orbit at a frequency of about 10Hz. It has an amplitude of 3.5 and 0.3 ym
in the axial and transverse directions, respectively. The maximum optical force of about
1.9 pN is obtained at the equilibrium position from a distance between two fibers.

Based on these experimental studies, we conclude the particle trapping experiment
using Fresnel lens fibers. Their high trapping performance has allowed measuring a
trapped particle with high accuracy. The smaller N.A. (0.3 and 0.5) fibers have appeared
very effective in far-field optical trapping or manipulation, which can be further used
for studying single nanoparticle or biological specimens. Considering our interest in
investigating the anisotropic luminescent feature of NaYF4:Eu®* nanorods, the 0.5 N.A.
fibers can provide a befitting scenario for measuring their PL emission.
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4.1.2 TIR-probe Fibers

We have used TIR-probe fibers for studying the optical trapping in a single fiber geometry
by producing an annular beam. For this experiment, we have used two different sizes of
polystyrene particles of 0.5 and 1 ym in diameter which have been trapped in two distinct

trapping experiments.
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Figure 4.7: (a) A microscopic image is labelled to represents the particle trapping using
a single TIR-probe fiber, (b) and (c) present the microscopic images which have been
captured at a light power of 16.8 mW of for a trapped particles at two different trapping
positions D; = ~40 ym and D, = ~50 ym, respectively. Scales of these two images are the
same. (d) Trajectories of the trapped particle at two different powers.

The particle trapping is observed at five different light powers in the range from
16.8 mW to 5 mW. Figure 4.7 (a) shows the trapping of a particle at the focal point of
the fiber. In the video observation, we have found that the particles are trapped at two
stable positions, first at ~45 ym (D) and second at ~50 ym (D, ) from the end of the fiber
(Figure 4.7 (b) & (c)). These two positions occur due to the converging of light beams at
two distinct spots. These two events are observed in two distinct trapping sequences. We
have seen that the particle jumps from first to second trapping position, however, it is
rare to observe two particles trapped at two separate positions simultaneously in a video.
For the light power below ~ 14 mW, the particles are stably trapped at the first trapping
position. Note that the light power which has been used in this experiment is the total
emitted fiber’s output power measured in air.

Trajectories of trapped particles at two different light powers are presented in figure
4.7 (d). In measurements at 16.8 and 13.9 mW light power, the trapped particles jump
from the first to the second position during the interval of image sequence acquisition
(3-5 min). The tracking plots reveal an anisotropic trapping potential and indicates that
particles are stably trapped at D;. The particle is more confined in transverse direction
compared to the axial direction. It is observed that the particle trajectories elongate on
lowering the light power. Also, a small tilt can be noticed in each trajectory but is more
pronounced for the particles trapped at D; than in (D). This tilt has appeared due to an
asymmetry of the converging beams, which caused by a minor misalignment of optical
element during probe fabrication.
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Figure 4.8: Position distribution of trapped particle at different light powers. (a) & (b)
corresponds to D; (= 45 ym) and D, (= 50 ym) in transverse direction, respectively. (c)
& (d) corresponds to D; and D,, in axial direction, respectively.

Position distribution of trapped particles is obtained separately in transverse and
axial directions using the BS method to determine the x values. Figure 4.8 represent the
position distribution for the two trapping position in both directions. The obtained «
values are linearly dependent on the applied light powers (Figure 4.9). The normalized &
values for the two trapping positions are determined in both directions, which are listed
in Table 4.2. The & in the transverse has appeared 4.4 times higher than axial direction at
the D;. Also, the particle trapping at D, position is two times more stable as compared
to trapping at D,.

In comparison with trapping of 1 ym particles in a similar experiment, which are
traped at a position of about to 46.2 ym from the fiber, we have observed that particles
are strongly confined near the first trapping positions. Depending on the &;,4,,5/Raxial
ratio, 0.5 ym particles are 50% less stably trapped at the first trapping position. Com-
pared with the trapping performance of Fresnel lens Fibers with 0.5 N.A. for 0.5 ym,
this fiber is about 3 times more efficient. However, it is 5-6 times less stable for 1 ym
particles. Furthermore, this fiber supports transporting the optically trapped particles
from one position to another in a controlled manner. It has allowed transportation of 1
pum particles in transverse and axial directions with a speed of 15 ym/s.

In general, the TIR-probe fiber has presented an excellent trapping performance by
producing at a highly stable optical trap for particles. However, the appearance of more
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Figure 4.9: A plot of obtained x against the corresponding light powers for the both
trapping positions.

Table 4.2: Normalized trap stiffness £ obtained using BS method for the particle trapping
using TIR-probe fiber. Dy: distance from fiber

Dy [pm] R [pN-pm~T-W]
axial trans. &y 05/ Raxial

45 224 97.8 4.4

50 10.6  56.6 5.2

than one trapping spots leads to the distribution of optical force, which slightly reduces
its efficiency. This undesirable feature can be eradicated by considering the design of its
fabrication. This fiber can show great potential for trapping of the biological specimens
or even smaller particles than the ones presented here. Considering the design of this
probe fiber, it can be highly beneficial for measuring the fluorescence emission through
it for spectroscopy or bio-imaging applications.
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4.2 Trapping of NaYF, nanorods

The experimental measurement presented so far are studied with spherical particles.
It has observed interesting to study the trapping behaviors of anisotropic luminescent
nanoparticles following our previous research activities [3], [4]. The main interest of
this experimental study is to characterize the luminescent features of a single nanoparti-
cle in reduced environmental conditions such as a substrate-free environment. For this
specific purpose, we have used lanthanide-doped nanoparticles, which are featured with
anisotropic luminescent emission. The principle of these nanoparticles is based on the
process of photon conversion in which they absorb a light energy during the laser excita-
tion and emit the light in the energy range from UV to infrared region [121]. In general,
the nanoparticles show Stokes shift emission when they emit photon having less energy
than the absorbed one [122]. In the process, where they emit higher energy than the
absorbed energy, it is known as an anti-Stokes emission.

For our spectroscopic characterization, we choose to characterize the PL emission
of europium (Eu3*) doped NaYF, nanorods. These special nanorods have been chosen
considering the following reasons:

1. The aspect ratio (length/width) of the rod is well controlled and may be easily
modified [4], [123], [124].

2. The fabrication of these nanorods is well controlled and they have good dispersion
in water [123].

3. These nanorods show excellent anisotropic luminescent properties due to the dis-
tribution of (Eu®*) ions in the anisotropic host matrix [124]-[126].

4. These nanorods allow us to study anisotropic emission of an optically trapped sin-
gle particle. This measurement is a highly exciting aspect for the study of orienta-
tion resolved emission properties [124], [126].

5. We have already used the Er/Yb doped NaYF, nanorods, with different aspect ra-
tios and successfully studied their emission spectra efficiently [4].

6. These nanoparticles are suitable for the biomedical application [127]

In general, the NaYF, nanorods are bio-compatible materials used as one of the ef-
ficient host materials for rare-earth dopants for emission in visible range [128], [129].
The presence of Yttrium in the host nano-crystal structure allows doping with other lan-
thanide ions very easily and can activate them very efficiently [130].

4.2.1 Nanorods elaboration

The NaYF4:Eu®* nanorods are developed by Jeongmo Kim as part of his Ph.D. thesis
work at PMC, Ecole Polytechnique, Palaiseau [123], [131]. The NaYF4:Eu* nanorods
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are elaborated following the hydrothermal methods and it is described in detail [123],
[131]. In a typical chemical experiment, 45 mmol (1.8 g) of NaOH is mixed in 6 mL
of water. Later, 15 mL of ethanol (EtOH) and 30 mL of oleic acid (OA) is added to
the mixed solution gently while stirring [132], [133]. Thereafter, 0.95 mmol (288 mg)
of Y(Cl)3-6H20, 0.05 mmol (18 mg) of Eu(Cl)3;-6H,O and 10.2 mmol(377mg) of NH4F
dissolved in 4 mL of water and added selectively to the obtained chemical solution. Then,
the obtained solution is transferred into an autoclave and heated at 200°C while stirring
continuously for 24 hrs. Then, this solution is cooled down to ambient temperature to
obtain suspended nanoparticles. The resultant nanoparticles are precipitated in 50 mL
of ethanol and collected by centrifugation.
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Figure 4.10: (a) SEM image of NaYF4:Eu®* nanorods. The obtained distribution of parti-
cle length and size. The fitted curves correspond to a Gaussian fitting.

Afterward, the obtained nanoparticles are washed with water and ethanol several
times and dried in a vacuum chamber to obtain the white powder of nanoparticles.
Through this process, 60% of the resultant product is obtained from the original amount
of yttrium chloride.

The produced nanoparticles are characterized at PMC, Palaiseau using different char-
acterization techniques such as SEM [123], [131]. The morphology of nanoparticles is
studied in SEM and their size distribution is measured (Figure 4.10). Their length and
width are determined by fitting a Gaussian function to the distribution and observed
with a mean length of 1.2 + 0.4 ym and diameter of 120 + 20 nm. Using X-ray diffraction
technique (XRD), a hexagonal structure is observed for these nanorods [123], [131]

The final step is performed to functionalize these nanoparticles. For this 20 mg of
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NaYF,:Eu3* nanoparticles are added in oleic acid and kept for sonication, followed by
three times centrifugation with 2 mL aqueous citrate solution (0.2 M). Finally, the resul-
tant solution is washed with EtOH and water to remove the excess oleic acid molecules
and ensured that the nanorods are well dispersed in water [123]. To use these nanopar-
ticles for our optical trapping experiments, the nanorods solution is extensively diluted
in water and sonicated for 10 - 15 minutes to get a well dispersed trapping sample.

These nanorods are trapped using two different types of optical fibers: a single ta-
pered fiber tip [2], and Fresnel lens fibers. These trapping experiments are exploited to
measure the Eu3* emission spectra and PL decay lifetime.
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4.2.2 Tapered fiber tips
Nanorod trapping

The NaYF,:Eu* nanorods are trapped by employing a tapered fiber tip in single fiber
geometry. The trapped nanorods are visualized by Eu* ions PL emission which has
been excited using a 394 nm pump laser having a typical pump power of ~25 mW. Their
images are characterized by bright elliptical spots with a typical length and width of 1.5
pm and 500 - 600 nm. The characterized particle width corresponds to the microscopic
resolution of our visualization system of about 500 nm and thus it is not possible to
resolve the actual nanorod width.
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Figure 4.11: Nanorod trapping using the single tapered fiber tip at a light power of
17.3 mW. (a) the x-y trajectory of the nanorod with and without tip contact. (b) Three
preferred orthogonal orientations of the trapped nanorods. Time-dependent (c) tracking
width and (d) angular orientation tracking of trapped nanorod with and without tip

contact.

In the present measurement, the optical trapping of nanorods is studied by varying
the applied light power from 11.8 mW to 52.1 mW in several steps. In trapping videos,
the nanorods behaviors are distinguishable with two effects; first trapping at tip contact
or in the proximity of fiber tip. In case of trapping a nanorod at tip contact, a second
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nanorod is trapped at a distance of ~5 ym from the fiber tip in axial direction, however,
itis rare. For a trapping event at 17.8 mW, the nanorod is first trapped near to the fiber tip
(at ~1 - 1.5 ym) about =9 sec before going back to at the tip contact (Figure 4.11). Further
increasing the power, nanorod’s dynamic movement is reduced and shifted towards tip
contact and slowly becomes stable. The observation times for a trapped nanorod with or
without tip contact are listed in Table 4.3. For the powers above 34 mW, the nanorods are
efficiently trapped at the fiber tip contact and remain in the same condition during the
entire recording interval up to 15 sec. The nanorods are leaving their trapping position
immediately after switching off the trapping laser. Thus it confirms that the observed
results are due to optical forces only.
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Figure 4.12: Nanorod trapping is studied as a function of light power. (a) the x-y trajec-
tory of trapped nanorods. (b) Nanorod angular orientation distribution and best fitted
Gaussian curves allow us to deduce distribution width (A6). Inset: A plot of AO vs. the
used light powers.

Table 4.3: The observation time to find a trapped nanorod with or without the fiber tip
contact. AO[°]: nanorods angular distribution width in tip contact.

Power [mW] Time [s] A0[°]
with contact without contact

52.1 15.0 - 3.1
46.2 15.0 - 4.0
40.6 15.0 - 3.6
34.8 15.0 - 5.7
28.9 12.5 2.5 4.5
23.0 12.0 3.0 4.7
17.3 8.9 6.1 5.3
11.8% 3.8 3.7 -

+ nanorod left the trap after 7.5 s.

The x-y trajectory of trapped nanorods at 17.3 mW is present in Figure 4.11 (a). It
reveals an anisotropic trapping volume, which is highly elongated in the axial direction.
The range of nanorod’s residual motion is small compared to its length. The nanorods
are mainly oriented parallel to the fiber axis while in the tip contact. However, in the
case of without tip contact, the nanorods are rotating with two meta-stable orientation
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either parallel (i) or perpendicular ((ii) & (iii)) to fiber axis (Figure 4.11(b) & (c)). The first
two orientations (i) and (ii) are corresponding to two distinct tracking widths, whereas
the last orientation (iii) can be dedicated to a case when the two widths are the same. In
this case, we have measured the angle (6) of nanorod orientation based on the nanorod
tracking, which allows us to distinguish the two orientations.

In general, x-y tracking curves as a function of light power are obtained. These
curves have revealed that nanorods are trapped in an anisotropy trapping volume (Figure
4.12 (a)). It shows that nanorods trapping at high power have one stable trapping posi-
tion whereas at low powers it has more than one stable trapping positions. The Nanorods
Brownian movement is increasing when power is reduced. The nanorod Brownian mo-
tion is completely dominating in the case of lowest power, therefore nanorod left the trap
after 7.5 sec.
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Figure 4.13: Position distribution of trapped nanorods when they stay away from the tip
contact are given in (a) transverse and (b) axial direction. Inset: A plot which is showing
k as a function of powers for without tip contact in axial direction.

Nanorod trapping with tip contact excludes the application of the harmonic poten-
tial approximation and the related trap stiffness x. However, in this case, we use resid-
ual angular nanorod motion to evaluate the light power-dependent trapping efficiency.
Figure 4.12 (b) represents the probability distribution of the angular orientation of the
nanorod at contact and fitted with a Gaussian function. Their mean angular orientation
(refer to Gaussian peak) is measured about 8° to 10° tilted with respect to the fiber axis.
This small tilt is considered as due to geometric imperfections at the fiber tip contact
point. The angular orientation width (A0) is deduced using the Gaussian fits. A plot of
AB vs. light power is obtained, which shows that the orientation width decreases linearly
on increasing the trapping power (inset, Figure 4.12 (b)).

For accounting trapping efficiency, we choose the trapping events when the particle
is not in tip contact. Figure 4.13 (a) and (b) shows the position distributions of without
tip-contact trapped nanorods in transverse and axial directions, respectively. It can be
observed that distributions are not well symmetric in transverse direction. For tip contact
trapping, the validity of the harmonic oscillator model can be questionable, and thus, a
valid x value can not be deduced. For the position distribution in the axial direction,
the distance between trapped particles mean position and fiber tip contact decreases
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when light power is increased. Also, it remains symmetric, and the distribution width is
decreasing while power increases. In this case, we measured the x values using the BS
method, which shows a linear dependency on light power (Inset: Figure 4.13 (b)). The
normalized % values is estimated about 6 pN - ym~1-W~1.
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Figure 4.14: (a) Position tracking curve for two distinguished trapped nanorods: in-tip
contact (0 ym) and off-tip at (5 ym). (b) Angle tracking curve of the off-tip nanorod. (c)
BS of trapped nanorods on-tip contact and off-tip (d) PSA fitting for the off-tip trapped
nanorod.

During a trapping event at high light power, we observe a second nanorod is trapped
at a secondary stable trapping position at a distance of about 4-6 ym from the fiber
tip, whereas the first nanorod is at the tip contact, simultaneously (inset: Figure 4.14
(a)). Through this observation, it is noticed that off-tip nanorod is less stably trapped
compare to trapping in fiber tip contact. The x-y tracking of off-tip nanorod trapping
shows an anisotropic trapping volume which is larger compared to trapping of in-tip con-
tact. Nanorod orientation tracking reveals the preferential orientation of off-tip nanorod,
which is mostly oriented parallel to the fiber axis (Figure 4.14(b)). Also, we find that this
nanorod has a wider angular orientation distribution width compare to the last case. The
position distribution widths for off-tip nanorod are observed about 0.8 and 1.2 ym in
transverse and axial directions, respectively (Figure 4.14(c)). In this case, the application
of BS and PSA methods are very straightforward to apply in the framework of harmonic
oscillator approximation (Figure 4.14(c) and (d)). Considering the anisotropy of nanorod,
we use a corrected expression for the Stokes’ friction coefficient in the PSA [134]-[136],

4rly

70 = In(1/d) + 0.84 (4.1)

where 77 is the dynamic viscosity of the surrounding medium ( in the case of water 5
=8.65x107* N-s:-m~! at 300 K), / and d are the nanorod length and diameter, respectively.
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The resultant friction coefficient is calculated as 5.32 x10~° N-ss-m~!. The normalized &
value is deduced as 1.7 and 1.9 pN-um~1-W~! using the BS and PSA methods, respec-
tively, in transverse direction. The resultant x values, which are deduced using these
methods are found to be in the good agreement.

The presented nanorods trapping results have been observed in good agreement
with previous works based on trapping of NaYF,:Er/Yb nanorods with different aspect
ratios [4], [98]. In the previous work, it has been observed that nanorods trapping be-
havior depends fundamentally on their length. The nanorods having a length shorter
than 1 pm are pushed by light beam away from the used optical fiber tips and, therefore,
stably trapped using dual fibers approach. However, the nanorods longer than 1 ym are
pulled by the beam towards the tips and thus are not stable in the dual fibers approach.
In the present work, we have also observed the similar effect for nanorods around 1.9 ym
long. Compared to the trapping efficiency of 1.9 ym long nanorods, the normalized trap
stiffness is observed similar in axial direction, but about 4 times higher in transverse one
[98]. Moreover, the mean distance from the fiber tip is the same.

Spectroscopy

In chapter 2, we have presented the scheme of our experiment, which allows us to mea-
sure emission spectroscopy of the trapped nanoparticles. Using this setup, it is possible
to record the spectroscopy with two accessible configurations; firstly, through the mi-
croscope objective and secondly, through the trapping optical fiber with respect to the
nanorod axis and other configuration is in parallel direction. In the present experiment,
we have measured anisotropic PL emission of a trapped NaYF,:Eu* nanorods in contact
of a tapered fiber tip.
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Figure 4.15: (a) Energy diagram of Eu®* ions emission from °Dj to ’Dj transition via ra-
diative transition. (b) The spectrum of Eu®* ions PL emission in perpendicular direction
which observed on facet of a cleaved fiber. (Inset) Microscopic image of the nanorods on
the facet.

Figure 4.15 (a) shows the energy level diagram of Eu®* ions emission under the PL
excitation of 394 nm light. This excitation line correspond to energy transition from
ground state (“Fy) to excited state (°Dg) [137]. After excitation, the Eu3* ions relaxes to
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the lower state by releasing their energy via nonradiative multiphonon relaxation path-
ways. The rate of this relaxation depends exponentially on the phonon energy of NaYF,
matrix (has a relatively low phonon energy about 300-400 cm™!) [137]. As a result of
multiphonon relaxation, it emits PL via a radiative transition of °Dy—"F; [124].

In the very first measurement, we have observed emission spectra through the per-
pendicular directions using a few NaYF4:Eu®* nanorod clusters on facet of a cleaved fiber.
The fiber is placed vertically to the microscope objective which is used to align the two
directions for recording the emission (inset, Figure 4.16 (b)). The recorded spectrum in
perpendicular direction has appeared with several peaks, which correspond to Eu3* ions
PL emission (Figure 4.16 (b)). The strongest emission is measured for a transition at 614
nm and then at 590 nm. These two peaks are originated from the radiative transitions of
°Dy—’F, and *Dy—’F;, which are corresponding to electric dipole (ED) and magnetic
dipole (MD) transitions, respectively [137].

However, the used method of alignment has not provided the benefit for observing
the emission through fiber (parallel direction) since it is difficult to align the nanorod
at the fiber’s core. To make it easier, we have used a tapered fiber tip, which has the
advantage of its tip geometry, which allows us easy picking of nanorods from the sus-
pension sample. Thus using a few nanorods, which are adhered to the fiber tip apex with
an orientation parallel to the fiber axis, we have aligned the parallel direction to record
nanorod’s PL is observed through the fiber. Afterward, in successive experiments, we
measure the Eu3* ions PL emission using an optically trapped nanorod in tip-contact of
the fiber, in the given two directions and later on the nanorods stuck to the tip.

For spectroscopy, we have chosen to trap the nanorods at 34.8 mW. For this power,
a nanorod can be strongly trapped in fiber tip contact with a nanorod orientation distri-
bution of about 4°. The emission spectra are recorded with a slit width of 0.88 mm and
an integration time of 10 seconds. During the spectroscopic measurements, we have fo-
cused our observation on the two strongest transitions. Figure 4.16 (a) presents the spec-
tra recorded separately in perpendicular and parallel directions for the trapped nanorod
and the nanorods adhered to fiber tip, respectively. These spectra show that the peak
regions are 608 - 620 nm and 586 - 595 nm for ED and MD transitions. PL emission
appears relatively stronger for the trapped nanorod, especially in the parallel direction,
which may be featured due to the auto-alignment of nanorod with fiber tip (inset Figure
4.16 (a)). The small peak at around 583 nm corresponds to energy transition °D;—"Fj,
and is well-pronounced for the perpendicular spectra and detected mainly for the ad-
herent nanorod. The ED peak shape is observed slightly broader in the perpendicular
direction. The spectra in parallel direction suggest that observed PL emission is mostly
due to the trapped nanorod’s long axis.

Polarization resolved emission spectroscopy

Afterward, we have studied a polarization-dependent PL emission spectra for ED and
MD transitions (Figure 4.16(b)). These measurements are recorded with a slit width of
about 0.88 mm and an integration time of 10 sec in the perpendicular direction with
respect to the nanorod axis. In parallel direction, no polarisation-dependency of Eu3*
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Figure 4.16: (a) Eu®" PL emission spectra obtained in two orthogonal directions: per-
pendicular and parallel directions with respect to the nanorod axis for trapped and
stuck nanorods, respectively. Inset: comparison of two spectra measured on the trapped
nanorod in perpendicular direction without normalization. (b) Polarization-dependent
Eu®* PL emission spectra are presented for a wavelength range of 580-625 nm in the
perpendicular direction with a polarizer angle from 90° to 360°. (c) Schematics of o and
7t configuration for Eu®* emission, where p’ and i represent the electric and magnetic
dipole moments.

emission is observed which reflects the hexagonal symmetry of the crystalline nanorod
with the c-axis parallel to the rod axis.

We measure the polarization-resolved spectra separately for ED (608 to 620 nm) and
MD transitions (586 to 595 nm). The spectra are measured for a full cycle of 360° with
a step of 15°. For this measurement, we choose to begin spectral recording for a polar-
ization angle (refer to 0°) where the ED peak has a maximum intensity which appears
perpendicular to the nanorod axis. This spectrum at 0° polarizer angle actually corre-
sponds to o-configuration of polarization with respect to the nanorod axis. Similarly,
180°, and 360°, which are appeared with maximum peak intensity have been denoted by
o and those at 90° and 270° with minimum intensity by 7. (Figure 4.16 (b)).

Firstly, the observed spectra of ED transition are analyzed by measuring the peak
intensity. The experimentally measured spectra are fitted with four Gaussian peaks 610.2
nm, 613.2 nm, 614.9 nm, and 617.5 nm.A polar diagram is obtained using the measured
peak intensities (Figure 4.17 (a)). The obtained values are fitted with an orthogonal polar
function,

I=A-c052(6p—(p)+B-sin2(9p—q0), (4.2)

with I is the intensity, Op the polarization angle, and ¢ a phase shift, which shows the
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Figure 4.17: Polarisation-dependent Eu®* emission spectra with raw and peak fitted
curves for (a) ED and (b) MD. For ED, four Gaussian peaks are fitted at a = 610.2 nm, b
=613.2nm, ¢ = 614.9 nm, and d = 617.5 nm. For MD there are three Lorentzian peaks
ata=>588.2nm, b =589.9 nm, c = 592.4 nm.

actual orientation of nanorod. A and B are two free parameters used in fitting, represent-
ing the contribution of two orthogonal directions to the experimental reference system.
The fitted parameters are listed in Table 4.4. The emission is clearly of o configuration
with the highest intensity ratio (A/B) of 2.8 for the 614.9 nm peak. Considering only the
two strongest peaks (613.2 nm and 614.9 nm), a nanorod orientation is measured to be
8°.

Table 4.4: List of fitting parameters for the ED and MD transitions (pf: peak fitting, int.:
integration over wavelength range).

Peak A [nm] orient. A B @ A,B ratio
ED (pf) 610.2 o 133 86 -6.1° £ 4.3° 1.3
ED (pf) 613.2 o 760 316  7.9°%2.0° 2.4
ED (pf) 614.9 o 647 232 8.2°+2.3° 2.8
ED (pf) 617.5 /I 199 281 13.3°+4.1° 1.4
MD; (pf) 588.2 iy 600 1200 10.1°x2.7° 2.0
MD; (pf) 589.9 /¢ 486 897 10.6° +2.8° 1.8
MD, (pf) 592.4 o 2466 358 7.5°+2.1° 6.9
MD; (int.) 586.0 - 590.8 4 876 1752 9.0°+1.8° 1.9
MD, (int.) 590.8 - 595.0 o 1275 586 4.9°+2.2° 2.3

The MD spectra are fitted with three Lorentzian peaks of equal width at 588.2 nm,
589.9 nm, and 592.4 nm (Figure 4.17 (b)). The polar intensity plots clearly show that the
first two peaks (588.2 nm and 589.9 nm) correspond to MD; and the third one to MD,
transition emissions with the o and m-configuration, respectively (Figure 4.18 (b)).. Peak
fitting approach shows higher visibility, especially for 592.4 nm peak, which is appeared
with an A, B ratio of 6.9.

Figure4.17 (b) presents the polarization-dependent MD transition (586 - 595 nm)
with two subregions, MD; and MD,. A line at 590.8 nm separates these two subre-
gions, which represents the intersection point of all spectra. The polar plots are obtained
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Figure 4.18: The measure intensity polar plot for (a) ED, and (b) MD by peak fitting, and
(c) MD by the integrated intensity approach.

using the integrated intensities of MD; and MD,, which indicate their polarisation de-
pendency, and it allows us to identify their configurations. The subregions MD; and
MD, corresponds to the emissions with 7w and o-configurations of nanorod, respectively
(Figure 4.18 (c)). Moreover, fitting the polar function (Eq. 4.2) measured integrated in-
tensities, the actual nanorod orientation angles are deduced about 9° and 4.9° for MD,
and MD,, respectively. The obtained angles are observed in good agreement with the
values (~4°) obtained from particle tracking based on trapping video analysis (Figure
4.12 (b)).

To conclude this measurement, we have studied the polarization dependency of two
peaks, ED and MD transitions of Eu3* emission. In a comparison to the ED emission, the
MD emission is observed with two subregions (MD; and MD,) having the opposite polar-
ization dependency. Their emission configurations are determined using the orthogonal
polar fitting that allows measuring the nanorod orientation 7.5° to 10.6° using a peak
fitting approach. This result appear to be coherent with nanorod measured by means of
trapping video observation. This experimental characterization shows that we can use
the spectroscopic approach to measure the nanorod orientation.

Our measurements appear in good agreement with the similar works which are
performed to measure the Eu®* emission on quartz substrate [123] and in confocal mi-
croscopy on a single nanorod [138]. Previously, Kim et al. have shown a strong influ-
ence of host nanocrystals on Eu® by measuring a polarization-dependency in LaPO, host
matrix [124]. They have also observed the ¢ and 7t configurations for MD; and MD,,
respectively.
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4.2.3 Fresnel lens fibers
Nanorod trapping

Here, we present a pure, contact-free optical trapping of NaYF:Eu* nanorods using the
counter-propagating light beams of Fresnel lens fibers of 0.5 N.A. As in the last section,
a tip contact-based trapping environment has limited the studying the behaviour of a
purely trapped nanorod also it can have influenced the luminescent features of Eu3*.
Therefore, we trap these nanorods far from the fiber using Fresnel lens fibers.
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Figure 4.19: (a) The time-dependent angle tracking curves of trapped nanorods at a light
power of 32.2 mW. (b) observed PL intensity as a function of number of nanorods in a
cluster. (c) The x-y trajectory of a three nanorods cluster (3NRs) as a function of light
power.

We have observed a stable and reproducible nanorods trapping at a Dy_y about
200 um. These trapping events are studied at five different light powers (from 11 mW -
32.2mW). In the experimental measurement, we often observe that the untrapped nanorods
are easily attracted to the optical trap. When they enter the trap, they become indistin-
guishable along with the trapped nanorod, and usually, their long axis aligned parallel
to the fibers. Once they assemble within the trap, their separation is not possible but
there PL intensity is observed to be increasing. Therefore, we measure the emitted PL
intensity of trapped nanorods to estimate the number of nanorods inside the optical trap
(or calls it nanorod cluster). It has been observed that the PL intensity is increasing in
steps when a nanorod assembles to the trapped nanorods. Figure 4.19 (b) shows a plot
of PL intensity which increases when the number of trapped nanorods is increasing in
the trap. The obtained lowest PL intensity is estimated for a single nanorod (1 NR) and
highest for three nanorods (3 NRs). Therefore, it is possible to observe their trapping
behavior as a function of the trapped number of nanorods present in the optical trap or
nanorod cluster’s size.

Three distinct nanorods or clusters are trapped at a particular light power of 32.2 mW
in three separate trapping observations. The x-y tracking curves of trapped nanorod clus-
ters are displayed in (Figure 4.19 (a)), which reveals an anisotropic trapping volume. All
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Figure 4.20: Position distribution of trapped nanorods cluster of three different size at
32.2 mW in (a) transverse and (b) axial direction. The dashed line are the best Gaussian
fitting. PSA fitting curves in (c) transverse and (d) Axial direction. The dashed lines
represents the best Lorentzian fitting curve.

nanorods have a similar movement in the axial direction but are getting strongly confined
in transverse direction when the number of nanorods increases. They move about 0.5 to
1.0 ym about their mean position in axial directions with a preferred nanorod orientation
and mostly aligned parallel to the fiber axis. Based on the function of light power, the 3
NRs cluster’s trapping volumes are getting smaller with increasing the light power and
thus, their trapping stability is increasing (Figure 4.19 (c)). Similarly, the trapping of 1
NR is also studied at different light power in range from 32.2 mW to 21.8 mW.

The position distribution of trapped nanorod clusters is measured separately in
transverse and axial directions, which are displayed in Figure 4.20 (a) and (b), respec-
tively. The distribution width obtained is smaller for a 3 NRs cluster in the transverse
direction as compared to that in axial direction. The x values are deduced using the BS
and PSA methods. Two metastable positions can be observed in the case of 1 NR that
excludes determining the related x. The PSA method allows us to deduce the x value
by fitting a Lorentzian to experimental data (Figure 4.20 (c) and (d)). For this fitting, we
have used three different nanorod sizes of 120, 180, and 240 nm with a friction coeffi-
cient (given in eq. 4.1) and limited to the frequency range of 0.3 Hz to 100 Hz. It can
be noticed from Figure, the power spectra are increasing below 3 Hz in the transverse
direction. While it fits very well to the experiment data in the axial direction.
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Figure 4.21: Plot of x values obtained as a function of light power for the three different
size nanorod clusters in (a) transverse and (b) axial direction. (Insets) a plot of normal-
ized x value for all three nanorod clusters at 32.2 mW (a) transverse and axial direction.

In general, the obtained x values using PSA are a bit higher than BS. The 3 NRs
are almost 2.5 and 7 times efficiently trapped than 2 NRs and 1 NR, respectively in the
transverse direction. Their 4,5, / Kayviq ratio shows that they are 7 to 33 times stable in
the transverse direction than the axial direction. In addition, we have observed that they
reveal very different trapping stability for these two directions. The & for nanorods are
exponentially increasing in the transverse direction, while converging to a threshold in
the axial direction.
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Figure 4.22: (a) Angular orientation distribution for the nanorod clusters trapped at 33.2
mW light power. (Inset) The nanorod angular distribution width obtained as a function
of the number of nanorods in a cluster. (b) Plot A6 as a function of light power for 1 NR
and 3 NRs cluster.

Depending on the number of nanorods, their angular orientation distribution is
measured and allows determining the angular width (A0) (Figure 4.22 (a)). This width is
decreases as the number of nanorods increases in a cluster (inset, Figure 4.22 (a)). More-
over, the power-dependent measurements reveals that distribution width is decreasing
linearly as light power increases (Figure 4.22 (b)). Based on the nanorod orientation, it
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can be observed a nanorod cluster of 3 NRs is 0.7 times efficiently confined than the 1
NR.

Table 4.5: Normalized trap stiffness () obtained by BS and PSA in transverse and axial
direction, respectively, along with nanorod angular orientation width (A0) for one, two
and three rods trapped at P = 32.2 mW.

& [pN-pm~" W] 76[°]
Trans. Axial RTrans! Raxial
BS PSA BS PSA BS
1 rod 12.4 493 1.78 - 7.2 5.8°
2 rods 35.0 - 2.4 - 14.5 4.2°
3 rods 90.1 99.8 2.74 3.76 32.8 3.9°

Comparing these results to trapping of spherical polystyrene particles of 0.5 and
1 pym using the same fibers, we observed that nanorods trapping efficiency are 20-100
times (depending on the number of nanorods) lesser than 1 ym particles but in compar-
ison to 0.5 ym particles they are efficient. In the case of nanorods trapping using the
tapered fiber tips, the Fresnel lens fibers have provided a very efficient trap, however, the
mean nanorod orientation distribution widths remain coherent.

Spectroscopy

Afterward, the stable trapping of NaYF4:Eu®* nanorods is exploited to study the polariza-
tion—-dependent Eu®* ions PL emission feature. The spectroscopic recording is performed
on a trapped single nanorods, which is at 32.2 mW. This light power has been chosen to
ensure maximum trapping stability. The emission spectra are recorded only through
the microscope objective, which is in a perpendicular direction with respect to fiber and
nanorod axis, respectively. These measurements have been recorded with a slit width of
0.88 mm and an integration time of 10 sec.

MD ED

1.0f

0.5f

Norm. counts

580 590 600 610 620
wavelength [nm]

Figure 4.23: Polarization-dependent spectra observed for Eu®>* PL emission in perpen-
dicular direction (through the microscope objective) to the nanorod axis. The spectrum
with a dark yellow line recorded on the glass substrate.
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The polarization-resolved spectroscopy of two main transitions °Dy — “F, (ED) and
°Dy — ’F; (MD) is measured with a polarization angle from 0° to 180°. Here, we would
like to mention that the measured 0° spectrum is now corresponds to the polarization
angle parallel to the nanorod axis. In this measurements, we have corrected the error
of referring the spectra corresponding to the polarization angle, e.g., 90° is referred to
o-polarization and 180° with 7nt-polarization. Several attempts have been made to record
a full 360° polarization angle measurements but could not be done due to intrusion of
multiple upcoming nanorods in the optical trap. There is no option to control these
unwanted guest nanorods.
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Figure 4.24: Polarisation-dependent Eu®* emission spectra with raw and peak fitted
curves for (a) ED and (b) MD. For ED, four Gaussian peaks are fitted at a = 610.3 nm, b
=613.6 nm, c = 615.3 nm, and d = 617.7 nm. For MD, there are three Lorentzian peaks
ata=588.0nm, b =589.9 nm, c =592.3 nm.

The observed spectra of Eu®* PL emission shows the two strong peaks at 608 -
620 nm and 586 - 595 nm similar to our previous measurement with tapered fiber tip
(Figure 4.23 (a)). The strongest peak is observed at 608 - 620 nm, which corresponds to
ED transition. A o orientation can be clearly noticed for ED peak with a measurement
of 90° polarization in the given figure. Whereas two separate subregions can be found in
case MD transitions for a peak region of 586 to 595 nm. Moreover, a third spectrum is
shown in Figure (4.23 (a)) is measured on nanorod cluster ( of 10 - 15 nanorods) over a
glass substrate at the end of the experiments but not used for measuring the polarization
dependency. This spectra clearly shows all three observable peaks of MD (about 588,
590, and 592 nm) and two peaks for ED (about 614 and 617 nm). Also, an observable
peak of about 583 nm, which corresponds to °D; — ’Fj transition, is more pronounced
for nanorods on the substrate.

The influence of polarization is separately studied for ED and MD transitions in this
experiment. Firstly, we have measured ED transition spectra and observed that peaks
are still not visible to identify. For this reason, we use a peak fitting approach using
four Gaussian peaks at 610.3, 613.6, 615.3, and 617.7 nm. The peak intensities corre-
spond to these peaks are used for determining a normalized emission diagram in polar
form. These intensities are normalized by the maximum peak intensity corresponding
to the given peak’s spectra. This normalization is used to measure a-angle between the
respective dipole moments and the nanorod c-axis, which we will explain further in this
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Figure 4.25: The normalized emission polar plot for (a) ED (peak fitting) (b) MD (peak
fitting), and (c) MD (integrated intensity). The values are normalized using the maximum
value.

chapter.

We have measured peak intensities of 0° to 180° for presenting the first half of the
polar plot and then used these values for the next half 180° to 360° as a mirror image. By
fitting the orthogonal polar function (eq. 4.2), nanorod orientation angle is obtained. The
parameters fitted to this polar function are listed in Table 4.6. Figure 4.25(a) shows the o-
configuration for the first three peaks (610.3, 613.6, and 615.3 nm) and r-configuration
for last one (617.7 nm). The 613.6 is observed with a maximum peak intensity (A,B)
ratio of 3.7 with an orientation of 9°. The main influence of this dipole transition can be
observed only on the two peaks 613.6 nm and 615.3 nm, whereas the other two peaks do
not show much variation for spectral emission.

Further, the a angle suggests that the electric and magnetic dipole moments (p and
m) are not perfectly parallel or perpendicular to nanorod c-axis. It can be estimated
using the paraxial approximation discussed in the ref. [124]. It can be deduced using the
A and B parameters [138]. For a ED, A = 1/2 -sin’*a and B = cos?a and for MD, A = cos’a
and B = 1/2 -sin’a. In both scenario it has to satisfy the trigonometric relation as sin’a +
cos’a = 1. The peaks at 613.6 and 615.3 nm show approximately a similar & angle about

62°.
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Table 4.6: Main fitting parameters for ED and MD transitions (int.: integration over
wavelength range, pf.: peak fitting).

Peak A [nm] orient. A B A, Bratio Q@ a

ED(pf) 610.3 o 0.51 0.46 1.1 -7.5°+£1.9° 47.3°
ED(pf) 613.6 o 0.75 0.20 3.7 9.3°+2.1° 62.1°
ED(pf) 615.3 o 0.76 0.22 3.5 -1.8°+1.7° 62.0°
ED(pf) 617.7 T 0.42 0.51 1.2 -9.2°+8.2° 44.4°
MD1 (pf) 588.0 T 0.33 0.69 2.1 2.2°+1.5° 54.9°
MD1 (pf) 589.9 1 0.26 0.72 2.8 49°+1.5° 59.3°
MD?2 (pf) 592.3 o 0.76 0.18 4.2 6.3° £1.0° 36.9°
MD1 (int.) 586.0-590.8 T 0.37 0.66 2.0 4.2°+2.0° 525°
MD2 (int.) 590.8 - 595.0 o 0.66 0.31 2.1 4.0°+1.4° 35.7°

The influence of polarization on MD transition (586 - 595 nm) is analyzed, which
revels the two distinguished subregions called MD; and MD, (Figure 4.24(b)). These
spectra are fitted with three Lorentzian peaks at 588, 589.9, and 592.2 nm. The first
two peaks belong to the MD; region with m-configuration, whereas the last one to the
MD, regions with o-configuration (Figure 4.25(b)). The polar fitting provides measuring
with A,B ratio of 2.1, 2.8,and 4.2, respectively, for these three peaks and other fitted
parameters are listed in Table 4.6. In this case, a angles are measured about 55°, 59°,
and 37° for the respective peaks.

The spectra of MD; and MD, regions are intersecting at a line 590.5 nm and their
peak total intensity is separately measured. The polar diagram based on the integrated
intensity has revealed the configuration of MD; and MD, PL emission as ¢ and -
configuration (Figure 4.25(c)). The polar fitting parameters are given in Table 4.6. The
both regions are appeared to have a similar peak intensity ratio about 2 and ¢-values
about 4°, Also, « is deduced about 52 © and 36°, respectively for these two regions.

Compared with the integrated intensity approach, the peak fitting approach shows
very high visibility, and it has resulted in a higher A/B ratio. Especially in the ED transi-
tion case, it shows no significant variation for 617.7 nm peak while the other two strong
peaks show higher visibility. The polar diagram based on the integrated intensity of MD;
and MD,, regions has revealed the ¢ value about 4°, which is in excellent agreement with
observed video analysis about 5°. For measuring the a angle, peak fitting clearly shows
improvement because it is not very clear from the integrated intensity approach. In the
case of the ED transition « is found with an angle above to 45° for o-configuration and
close to 45° for . On the other hand, for the MD transitions, it is well below and above
45° for o and 7 configurations, respectively.

Here, we compare these results with the previous one with tip contact measure-
ments, and we have high visibility with normalized polar emission. However, no signif-
icant difference is observed. A small difference can be observed in peaks values, which
differ due to the peak fitting procedure. The obtained results show a good agreement for
the measured nanorod orientation angle (¢) between purely free and fiber tip-contact
trapped nanorod emission. It is also in good agreement for emission spectra with two
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other similar reported measurements, as we have discussed earlier [123], especially for
a angle [138]. This experimental analysis suggests no such influence of tip contact envi-
ronment, affecting the Eu®* PL emission.

Lifetime measurement

We have measured the lifetime of Eu3* PL using the trapped nanorods. The lifetime of
the PL emission can be defined as the time required by a population of n electronically
excited molecules to be dropped by a factor of 1/e [139]. The PL emission with the
intensity I(¢) occurs from an excited state residue at a given time t can be given by

I(t) = Ipexp(—t/T) (4.3)

where I is the PL intensity at t = 0 and 7 is the PL lifetime. The 7 is an intrinsic
characteristic of the excited molecule, which depends on the various factors, for exam-
ple, change in the chemical environment (viscosity, polarity, pH), shape, and size of the

noncrystalline structure, and doping of molecular mixtures [140], [141]. Any change in
these factors can easily influence the decay time.
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Figure 4.26: (a) Measurement of pump light intensity, which is produced after modu-
lating with rectangular waveform (at 11 Hz) at different pump powers (Ppys). (b) PL
emission is measured on the trapped nanorod as a function pump power. (c) The plot
of PL power vs. pump power (P4pp) for trapped and glass substrate nanorods. (Here,
Ppy represents the power measured using power meter whereas P4pp is pump power
measured using APD detector.)
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Figure 4.27: The PL lifetime measured using the exponential fitting to the experimental
data for (a) trapped nanorods and (b) a cluster of 10-15 nanorods on glass-substrate. (c)
A plot of 7 vs. the pump power (P,,,) for trapped and glass-substrate nanorod.

To excite particles, we have modulated our pump laser to produce a rectangular
waveform (with a decay time ~20 ps), which is explained in Chapter 2. The PL intensity
is measured at four different pump powers from 7.5 mW to 12.2 mW. These pump powers
are the total output powers measured through the microscope objective. Here, we would
like to mention that we are losing a high fraction of PL power (more than 50%) through
the microscope objective, which has resulted in a very low signal. These signals are
acquired with maximum gain (2.65-10° V/W) of the APD detector.

Figure 4.26 (a) shows pump intensity with a direct exposure of pumping laser to
APD. While in (b), the measured PL intensities using a single trapped nanorods cluster
of 2 - 3 particles at the different pump power. A linear dependency is observed between
PL emission and pump power 4.26 (c). Moreover, the PL emission is acquired using a
cluster of 10 - 15 nanorods over a glass slide, It has also shown that its PL is depending
on the pump power.

Subsequently, the acquired data are analyzed to determine the 7 by fitting the expo-
nential eq. 4.3 (Figure 4.27 (a)). These fitting are obtained for a range of 0.5 ms to 10 ms
to exclude the any influence of pump on PL decays. For the trapped nanorods, the PL de-
cay with a 7 of about 4.4 ms (Figure 4.27 (c)). In the case of PL measurement on the glass
substrate, numerical fitting is obtained with two decay times, representing the short 7
and long 7 lifetimes. The 7, and 7; are measured about 1 and 4 ms. The fast decay time
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can be explained using the spectrum measured on the glass substrate, which shows the
third observable peak at 583 nm for °D; — 7 Ds transition. This transition occurs due to
the nonradiative route and has a faster decay rate than the >Dj state [137].

The Eu3* PL lifetime is measured using two distinct procedures: first, a purely op-
tically trapped in water and second, on the glass substrate. In the first case, a mono-
exponential emission decay is observed while a bi-exponential decay is observed for the
second case. There is no significant difference observed on 7 as the function pump power.
These obtained results are found in good agreement with the previously reported results
[137].
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4.3 Trapping of Cs,WO; nanoparticles

Further, we would like to characterize a new variety of nanoparticles, those can show
great potential in nanophotonic applications considering their plasmonic excitation fea-
ture [142]. This feature is based on the localize surface plasmonic resonance which arise
due to the elementary excitations between photons and phonons of metallic nanparticles
during light-matter interaction.

Previously, W03 nanoparticles have been reported with excellent optoelectrical prop-
erties due to their outer-d valence electrons [142]-[144]. They host localized surface plas-
monic resonance and allows tuning the plasmonic resonance using Cs as a dopant. The
Cs has a excellent light absorption capability in the NIR region. Due to plasmonic reso-
nance feature, these nanoparticles are known as plasmonic oxide nanoparticles. For our
trapping application, we choose the Cs, W03 nanoparticles for the following reason. It
works as positive charge carriers [145]-[147].

1. A well controlled elaboration process which allows procuring nanoparticles with a
good crystallinity. [148], [149].

2. These nanoparticles are featured with a tunable bandgap that can be readily tuned
by varying oxygen stoichiometry [142].

3. These nanoparticles have shown excellent photothermal converting feature by ab-
sorbing a light from mid-visible to NIR range [142], [150].

4. These nanoparticles are fascinating also due to their photo-catalytic feature [143].

4.3.1 Elaboration of Cs,WOj3; nanoparticles

The Cs, W03 nanoparticles elaboration is done by Yannis Cheref in the course work of his
doctoral studies at PMC, Ecole Polytechnique, Palaiseau. [148]. These nanoparticles are
polycrystalline nanoparticles, which are elaborated by following a solid-state synthesis
process. A stoichiometric mixture of Cs,WO,, WO3, and metallic tungsten powders are
thoroughly grounded, then pressed into a pellet and sealed into a quartz tube at 2.2x10~%
mbar. Then this tube is heated in a tubular furnace at 700° C for 24 h. Then nanopar-
ticles powder is collected and characterized in X-Ray Diffraction, which confirms a pure
hexagonal phase of Cs( 33WO3 nanoparticles.

The obtained blue powder are grounded using a planetary ball mill and then, dis-
persed in isopropanol (IPA), using polyvinylpyrrolidone (PVP), a polymer, as a stabiliz-
ing agent. Over time, the larger particles of the mixture are sedimented at the bottom
of the flask. In contrast, the smaller ones stay dispersed in the liquid phase. Thus, the
“supernatant” samples contain only these smaller particles.

Further, the nanoparticles sample which are obtained after thoroughly stirring of
the segmented mixture are reffered namely, “stirred” sample. In general, the stirred
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sample contains particles of different sizes. The obtained particle sample are character-
ized by SEM imaging techniques at PMC. These images show “stirred” nanoparticles are
appeared with a heterogeneous size distribution [148]. Thus particles are ranging from
a few tens to several hundreds of nanometers for stirred nanoparticles.

\(b)
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Figure 4.28: (a) SEM image of Cs(33WOj3 nanoparticles. (b) Absorption and scattering
spectra observed in UV-Vis-NIR spectroscopy.

A fraction of elaborated samples dispersed in IPA is further diluted to preserve these
samples for the optical experiment. While another fraction of the sample is diluted in
tetrachloroethylene (TCE) to measure the absorption and scattering spectra in UV-Vis-
NIR spectroscopy (Cary 5000, Agilent) at PMC, Ecole Polytechnique [148]. Figure 4.28
(b) shows the absorption and scattering spectra. These nanoparticles show less light
absorption in the visible region, and higher light scattering in IR region.

4.3.2 Optical trapping using Fresnel lens fibers

We have observed the stable and reproducible trapping of Csy33WO3 using the Fres-
nel lens Fibers. The nanoparticles are trapped at a fiber-to-fiber distance (Ds_¢) about
195 ym using the counter-propagating beams of Fresnel lens fibers. Firstly, the nanopar-
ticle trapping is studied at different light power. Then, it is followed to observe the
nanoparticle’s trapping as a function of D¢_r by moving one of the fiber. These two trap-
ping events are observed with two distinct Csy33WO3; nanoparticles which have been
visualized in dark-field microscopy. These nanoparticles are observed with a small circu-
lar bright spot of 500 nm (Inset: Figure 4.29 (a)).

The single nanoparticle is first trapped at a light power of 16.4 mW and is then
reduced up to 8.6 mW in a controlled manner. These trapping events are observed with
one nanoparticle which remains trapped until 8.6 mW. In the distance-based trapping
events, the nanoparticle trapping is observed at a light power of 16.4 mW by moving one
fiber away from another for the D;_¢ from 193 to 196.5 pym in the axial direction.

Afterward, we have analyzed the trapping videos. Figure 4.29 (a) represents the
position tracking curves of the trapped nanoparticle. It shows that the residual Brownian
motion of trapped nanoparticle is increasing when power is reduced. Moreover, it reveals
trapping volume as anisotropic potential, which can be readily identified through their
trajectories. In general, the nanoparticle is efficiently trapped in the transverse direction
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Figure 4.29: Position tracking curves of trapped Csg33WO3 nanoparticles (a) at a Dy_y
of 194.75 nm with applying different light powers and (b) at different Dy_; from 193 ym
to 196.5 ym with applying a light power of 16.4 mW.

but has a highly elongated trajectory in axial one. Similarly, tracking curves are also
obtained for the trapping measurements of D;_¢ variation. We have observed a high
trapping stability in a transverse direction as compare to the axial direction. (Figure 4.29

(b)).

The « values are deduced using the BS and PSA methods (Figure 4.30 (a) & (b)). The
values are obtained in transverse direction since the experimental data are fitted with
one Gaussian peak for both events based on light power and distance. In the axial direc-
tion, at lower light powers we observe two or more metastable trapping positions for the
trapped nanoparticle. The PSA model fits very well, considering a particle size of 200 nm
for the power-dependent and 350 nm for the distance-dependent measurements. How-
ever, this approximation is only working in a transverse direction for a frequency range
of 1 to 120 Hz. Also, in this case, we have found the two or more metastable positions
in axial directions, are usually separated by a distance about 200 nm - 1 ym between the
two peaks. Figure 4.31 (a) shows that the « is linearly depending on light power for both
methods. Their normalized % values are determined to be 69.5 and 70.6 pN-um~!-W~!
through BS and PSA methods, respectively, in the transverse direction. Moreover, the x
values against different distance can be observed in Figure 4.31 (b). The obtained values
are listed in Table 4.7. A variation in x values corresponding to Dy_r can be easily seen in
the given figure. Fitting a polynomial function to measure x, we identify the most stable
trapping position found at a Dy_¢ of ~195 ym. The trapping stability of trap gradually
decreases when moving away from the central position.

Considering the size of nanoparticles, which is not very well known to us, it isn’t easy
to accurately analyze this trapping result. However, their trapping efficiency obtained by
two methods are in good agreements in the transverse direction. These trapping analysis
can be seen as advantages and disadvantages of these methods, BS does not require any
shape and size information to deduce the x and PSA does not require this information.
In such case, the nanoparticle size measured with PSA is significant. The observation
of more than one stable trapping position in the axial direction is very straight forward
here. It can be accounted using the following reasons: first, the light beams are not well
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Figure 4.30: Position distribution and Gaussian fitting curve obtained applying BS
method in (a) transverse and (b) axial directions. PSA fitting curves obtained in (b) trans-
verse and (d) axial direction. The dashed lines shows the best fitting curves (Gaussian for
BS and Lorentzian for PSA).

aligned, second, due to the slow mean position shift. Also, the influence of thermal scat-
tering due to absorption of the trapping light can be neglected for these nanoparticles.

Trapping results presented here are not yet sufficient to explain the absorption fea-
ture of Cs( 33 WOj3 nanoparticles. It further requires a theoretical modeling to understand
the influence of optical forces considering the absorption of 808 nm wavelength. It can
also influence the plasmonic enhancement in these nanoparticle. This feature may allow
us to understand the tunable plasmonic excitation in these nanoparticles based on their
shape, size, and composition using a single nanoparticle (Figure 4.28 (b)).

4.4 Conclusion

In this chapter, we have presented the stable and reproducible optical trapping of dielec-
tric particles in suspension using the fibered optical tweezers. Considering the interest of
our study, this chapter focuses on two points; first, the enhancement of existing trapping
efficiency using 3D printed fibers. Second, the implementation of these fibers for char-
acterizing the anisotropic luminescent nanorods and plasmonics oxides nanoparticles.
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Figure 4.31: The plots of obtained « values (a) against the used light powers at the Dy_
of 194.75 um (b) at different trapping distances between the two fibers.

Table 4.7: Normalized trap stiffness & in pN-um~!1-W~! of CsWO3 using Fresnel lens
fibers obtained by BS and PSA methods. D _;: fiber-to-fiber distance

Df—f K (pN~,um_1-W_1)
(um) Transverse Axial

BS PSA BS PSA
194.75 69.5 70.6 2.9 3.5
193 36.6 37.8 - -
194 48.2 - - -
195 63.4 61.6 - -
196 51.2 524 - -

In the first part of this chapter, we have shown the implementation of two new
microstructured fibers; Fresnel lens and TIR-probe to our suspension fibered tweez-
ers. The Fresnel lens fibers allow us to achieve very high trapping efficiency in counter-
propagating geometry of their two identical fibers of the same N.A. The N.A. of 0.5 Fres-
nel lens fibers are measured with an excellent trapping performance (£ = 1769 pN-um~1-W~1!)
for the 1 ym spherical particles at a 195 ym fiber-to-fiber distance (Ds_¢) in comparison
with two other N.A. of 0.3 and 0.7. It also shows a good trapping performance for 0.5
pm particles at the same (Dy_r). Further in this part, a TIR-probe fiber is characterized
with good trapping efficiency (& = ~98 pN-um~'-W™1) for a 0.5 ym particles at 45 ym
distance.

In the second part, we have discussed the optical trapping of anisotropic NaYF,:Eu
nanorods, implementing the two distinct structured fiber based tweezers: tapered fiber
tips and Fresnel lens. These experimental characterizations are presented based on the
different scenarios of nanorods trapping, first trapping in fiber tip contact (using tapered
fiber tip) and second far-field trapping using a counter—propagating approach (using
Fresnel lens). These stable nanorod trapping events are exploited to study the anisotropic
Eu®* PL emission based on the electric and magnetic dipole transitions. Moreover, we
have characterized polarization-dependent feature of the PL emission to determine o
and 7 featured emissions for these two transitions. Furthermore, the high trapping sta-
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bility with the Fresnel lens allows for measuring the lifetime of about 4.4 ms for Eu3*
PL emission. Here, we have shown that the spectroscopic investigation can be used to
determine the nanorod orientation similar to the trapping video observations.

Finally, in the last part, we have discussed the optical trapping of Cs 33 WO3 nanopar-
ticles, which are aimed to study their absorption properties. The counter-propagating
beams of Fresnel lens fibers provided stable and reproducible trapping the 200 nm - 350
nm nanoparticles. The particle trapping at different distance shows the trapping stabil-
ity can be controlled by approaching the equilibrium position. This experiment is yet
not sufficient to describe overall trapping feature of Cs( 33 WOj3 nanoparticles at a single
particle level. It further requires a theoretical study to understand the optical applies
experienced by particle, accounting for the absorptive nature of these nanoparticles.
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Conclusion and perspectives

This Ph.D. thesis aims to study the optical trapping of nanoparticles separately in air and
water using fibered optical tweezers. In this context, we are developing an experimental
fibered tweezers setup dedicated to particle trapping in air. For this experimental de-
velopment, we have performed optical manipulations of water aerosols and polystyrene
particles using a tapered fiber tip, which produces a diverging light beam. These exper-
imental studies have shown the difficulties for particle trapping using diverging beams.
Later, the particle manipulation is studied using two other fibers, negative axicon, and
positive axicon fibers, having a relatively lesser diverging beams. It has been observed
that manipulated particles are not moving towards the center of the light beam instead
they are being pushed away from the beam center in transverse direction. Numerical
simulations have been performed to confirmed the experimental measurements. Due to
this influence, manipulated particles are pushed away from the beam center in the trans-
verse direction. These results shows that the particles trapping using the fibers with a
diverging beam is not possible. We are also considering developing a micro-structured
fiber that can provide a stronger beam gradient to attract the particle for trapping in air.

On the other hand, a well developed experimental setup working in water allows sta-
ble trapping of suspended particles using two tapered fiber tips in counter-propagating
geometry. To further enhance the trapping performance of this setup, we have employed
3D printed Fresnel lens fibers, which allow converging the light beams at a particular
distance corresponding to their focal length. In a comparative study using Fresnel lens
fibers of three different N.A. = 0.3, 0.5, and 0.7, we have performed a stable and re-
producible optical trapping of a polystyrene particle (1 ym) at three different trapping
distances corresponding to twice of their focal lengths. The fibers having an N.A. of 0.5
are found to have the highest trapping efficiency for a fiber-to-fiber distance of about
200 pm. Using the Fresnel lens fibers (N.A. = 0.5), we have achieved the highest trap-
ping efficiency of about 1763 and 50 pN-um~!-W~! in the transverse and axial direction,
respectively, for this experimental setup. Also, we can perform an efficient particle trap-
ping with even very low light power down to 200 pW.

We have also demonstrated a very stable particle (0.5 and 1 ym) trapping in a single
fiber geometry using 3D printed TIR-probe fiber. The fiber has enabled an optical trap
by focusing annular beam at distance of about 45 ym. Using a TIR-probe fiber, we have
achieved high trapping stability in both, transverse and axial directions. It is highly
versatile for manipulating and transporting the microscopic objects three-dimensionally.
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Further, in our experimental work, we have investigated the optical trapping of
anisotropic NaYF4:Eu3* nanorods with a high aspect ratio (1.2 ym and 120 nm in length
and diameter, respectively). This nanorod trapping is one of the objectives of this the-
sis to characterize anisotropic Eu®>* PL emission. This characterization is performed in
two following scenarios, first trapping with a diverging beam and second, using a con-
verging beam. In the first case, we have studied stably trapped nanorods in tip-contact
to the tapered fiber tip. In this contact-based trapping, the nanorods are preferentially
aligned nearly parallel to the fiber axis. This trapping event is exploited for measuring
the emission in two orthogonal directions, perpendicular and parallel to the nanorod
axis. The measured spectra have allowed us to characterize the electric and magnetic
dipole transitions emission. Moreover, polarization dependency of Eu®* emission is ob-
served in perpendicular direction, while the emission remains polarization-independent
in the parallel direction. The measured polarization-dependent spectra have allowed de-
termining the polarized emission in the form of ¢ and m-configurations for these two
transitions. Using this spectroscopic investigation, we have determined a nanorod ori-
entation of about 8° to 10° with respect to the fiber axis. These results show that the
nanorod orientation can be determined by spectroscopic means, which can be much
faster than using video observations.

Further, contact-free, stable nanorod trapping is studied using the Fresnel lens fibers.
In this experiment, we have characterized the number of trapped nanorods inside the op-
tical trap by observing the PL intensity. It has allowed studying the nanorod trapping as
a function of the number of nanorods. The Nanorod trapping efficiency is increasing if
the number of nanorods increases. Moreover, the nanorod trapping is used for study-
ing the polarization-dependent emission, which has allowed determining the o and 7-
configurations of the electric and magnetic dipole transitions and the nanorod orienta-
tion. It has allowed determining the angle between electric or magnetic dipole moments
and the crystallographic axis of nanorods. Furthermore, we have measured the lifetime
of PL decay on an optically trapped nanorod cluster (two or more than two nanorods)
about to 4.4 ms.

Finally, in our recent work, we have demonstrated stable trapping of Csj33WO3
nanoparticles (with a size of 200 nm - 350 nm) using the Fresnel lens fibers. Their trap-
ping efficiency is determined to be 70 and 3.5 pN-um~!-W~! in the transverse and axial
direction. The obtained trapping efficiently are found in good agreement with two com-
plementary models (BS and PSA) which have been used for characterizing these mea-
surements.

To conclude this manuscript based on the experimental work, the air-tweezers setup
is still developing to realize the particle trapping. It further opens the possibilities to ex-
plore these experimental studies using the new microstructured fibers. In this perspec-
tive, the theoretical characterization of fiber performance will help in designing such a
fiber that allows achieving a higher attracting force in the transverse direction.

Our suspension tweezers are sufficiently matured to characterize the micro and
nanoparticles using nanostructured fibers. Moreover, we are further working to enhance
the trapping stability as well as the setup’s flexibility by exploring microstructured op-
tical fibers in the particle trapping experiments. Besides, it also offers the following
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interesting perspectives that can be realized in the near future.

* As we have seen, the use of 3D printed fibers has provided an efficient optical
tweezing technique. In the future, it can allow the integration of a microfluidic
channel for the experimental characterization of nanoparticles as well as biological
molecules efficiently [151]. It can also be interesting to explore optical trapping
with a beam configuration other than the fundamental mode of the light beam
(Gaussian beam). The use of advanced beams such as the Laguerre-Gaussian beam
(which is associated with the orbital angular momentum (OAM) of light) can allow
studying the influence of light OAM on the particles [152]. This kind of fibers will
allow spinning or rotating a nanoparticle efficiently [153] and useful for studying
spin relaxometry with optically trapped nanoparticles [154].

* Another perspective is to facilitate this experimental setup for characterizing the
luminescent feature of nanoparticles based on their crystal structure, anisotropy,
doping, the influence of host matrix, the polarization of the incident light beam.
It can allow quantifying the influence of the local environment and orientation on
their luminescent features. It can also be benefited to study the PL decay rates
of particular transitions at a single molecular level [137]. Moreover, our tweezers
setup can be used for optical trapping and manipulation of biological samples and
other nanostructured having the PL emission.

* The optical trapping of plasmonic oxide nanoparticles is still a perspective for
studying their important feature of plasmonic excitation [150]. Also, our exper-
imental setup can be used for investigating the optical properties of noble metal
nanoparticles, which have triggered wide interest in linear optics due to the exis-
tence of localized plasmon resonances [82].
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Spectroscopic characterization of optically trapped nanoparticles

Abstract

Since the past few decades, optical tweezers have emerged as a tool for contactless trapping and
manipulating nanoparticles. The optical trapping using optical fibers is a complementary and versatile
approach that allows easy integration of other experimental techniques such as spectroscopy. In this context,
we have studied the optical trapping of nanoparticles using two distinct fiber tweezers setups in air and
water, respectively. The particle trapping in air has been observed as challenging, using a diverging beam
produced by nanostructured fibers, since it could not pull the particles towards the center of the light beam.
In contrast, the particle trapping in water has appeared to be very efficient, which has been realized using
two counter-facing tapered fiber tips. To further enhance the trapping efficiency and flexibility of this setup,
we have implemented two different 3D printed fibers: Fresnel lens and total internal reflection (TIR)-probe
fibers. This experimental setup has been used for optical trapping and spectroscopic characterization of
europium-doped nanorods by employing two different fiber types. Firstly, we have studied the stable
nanorod trapping in tip-contact using a diverging beam producing beam fiber. Secondly, the efficient
nanorod trapping has been realized using the counter-propagating converging beams of two Fresnel lens
fibers at about 200 pm distance between these fibers. These nanorod trapping experiments have been
exploited for measuring the direction and polarization-resolved Eu** photoluminescence emission. A
polarization-dependent emission has been studied in a perpendicular direction with respect to the nanorod
axis, which allowed the determination of ¢ and m-polarization of emission electric and magnetic dipole
transitions. We have precisely determined the orientation of optically trapped nanorods using trapping
videos and spectroscopic means. It further motivates us for faster spectroscopic analysis of these nanorods
from the perspective of microrheologic experiments. In the last experiment, we have trapped plasmonic
oxide nanoparticles in the aspect of studying their light absorption feature for bio-sensing applications.

Keywords: Optical tweezers, fiber optics, Eu**-doped nanorods, spectroscopy, photoluminescence.
Résumé

Depuis quelques décennies, les pinces optiques sont devenues un outil de piégeage et de manipulation sans
contact de nanoparticules. Le piégeage optique a 1'aide de fibres optiques est une approche complémentaire
et polyvalente qui permet 1’intégration aisée d'autres techniques expérimentales telles que la spectroscopie.
Dans ce contexte, nous avons étudié le piégeage optique de nanoparticules a l'aide de deux configurations
de pinces distinctes dans 1'air et l'eau, respectivement. Le piégeage des particules dans l'air a été observé
comme difficile, en utilisant un faisceau divergent produit par des fibres nanostructurées, car il ne pouvait
pas attirer les particules vers le centre du faisceau lumineux. En revanche, le piégeage des particules dans
l'eau s'est avéré trés efficace, ce qui a été réalisé en utilisant deux pointes de fibres coniques opposées. Pour
améliorer encore 1'efficacité et la flexibilité de piégeage de cette configuration, nous avons implémenté deux
fibres imprimées en 3D différentes: une lentille de Fresnel et des fibres a réflexion interne totale (TIR). Cette
configuration expérimentale a été utilisée pour le piégeage optique et la caractérisation spectroscopique de
nanobatonnets dopés a I'europium en employant deux types de fibres différents. Dans un premier temps,
nous avons étudié le piégeage stable de nanobatonnts en contact vaec la pointe a l'aide d'un faisceau
divergent. Deuxiemement, le piégeage efficace de nanbatonnets a été réalisé en utilisant les faisceaux
convergents a contre-propagation de deux fibres a lentille de Fresnel a une distance d'environ 200 pm entre
ces fibres. Ces expériences de piégeage de nanorod ont été exploitées pour mesurer la direction et 1'émission
de photoluminescence Eu®*" résolue en polarisation. L’émission dépendant de la polarisation a été étudiée
dans une direction perpendiculaire par rapport a 1'axe de la nanobatonnet, ce qui a permis de déterminer la
polarisation ¢ et m des transitions dipolaires électriques et magnétiques. Nous avons déterminé avec
précision 'orientation des nanorbatonnets piégés optiquement a l'aide de vidéos de piégeage et de moyens
spectroscopiques. Cela nous motive en outre pour une analyse spectroscopique plus rapide de ces
nanobatonnets du point de vue des expériences microrhéologiques. Dans la derniére expérience, nous avons
piégé des nanoparticules d'oxyde plasmonique dans le but d'étudier leur d'absorption optique pour des
applications de bio-détection.



	Acknowledgement
	Contents
	General introduction
	Introduction to optical trapping
	Fundamental
	History
	How to realize stable optical trapping

	Theory of optical force
	Ray-optic regime
	Rayleigh regime
	Intermediate regime

	State of art
	Beam focusing optical tweezers
	Fiber optical tweezers


	Experimental techniques
	Air tweezers
	Laser and fiber positioning
	Particle visualization
	Particle feeding system

	Suspension tweezers and spectrometer
	Laser and fiber positioning
	Particle visualization
	Fluidic chamber
	Spectroscopy
	Photoluminescence lifetime

	Optical fibers
	Tapered fiber tips
	Negative axicon fibers
	Positive axicon fibers
	Fresnel lens fibers
	Total internal reflection (TIR)-probe fibers

	Data analysis
	Boltzmann statistics method
	Power spectrum analysis:
	Trapping efficiency analysis

	Conclusion

	Optical manipulation in air
	Optical manipulation
	Tapered fiber tip
	Negative axicon fiber:
	Positive axicon fiber

	Numerical simulations
	Conclusions

	Optical trapping in suspension
	Trapping of polystyrene particles
	Fresnel lens fibers
	TIR-probe Fibers

	Trapping of NaYF4 nanorods
	Nanorods elaboration
	Tapered fiber tips
	Fresnel lens fibers

	Trapping of CsxWO3 nanoparticles
	Elaboration of CsxWO3 nanoparticles
	Optical trapping using Fresnel lens fibers

	Conclusion

	Conclusion and perspectives
	Bibliography

