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Abstract

Nanophotonics deals with how electromagnetic fields can be confined and squeezed to
orders of dimensions below the light wavelength. Plasmonics, one of the fields of nanophotonics,
study collective free electron oscillations driven by light in metallic nanostructures and interfaces.
The greater part of plasmonics applications utilizes the plasmons light localization property and the
resulting enhanced photon density of states. Plasmonic effects can also be used to harvest and
modify photon angular momentum. In this thesis, plasmonics is used in two different ways: 1) to
induce rotation in optically trapped gold nanoparticles, and 2) to create chiroptically active
metasurfaces.

Optical tweezers was pioneered in the early 1970s by the work of A. Ashkin. As its name
suggests, optical tweezers allow for precise control of the position and movement of small objects
with light. This can be used for manipulation of fragile samples, such as living cells, and
nanoparticles with nanometer-level precision, as well as for sensing of forces in the piconewton
range. Adding rotation frequency control to the set of features applicable to a trapped particle could
expand the utility of optical tweezers to nanoscale viscosity probing, mixing in micro- and
nanofluidics, and microtooling of soft matter. In this thesis, gold nanoparticles, trapped by a 2D
optical trapping setup against an interface, were set in rotation using a circularly polarized laser
beam. The absorbed and scattered photons possess an intrinsic spin angular momentum that
generate an optical torque, which is balanced by a drag force from the surrounding water. The
power dependence of the rotation frequencies could be well fitted by classic electromagnetism and
hydrodynamic theories. Additionally, the light induced heating of the nanoparticles at higher laser
powers was shown to strongly influence the friction of the enclosing liquid. New measurements on
nanorods rotating against a water-oil interface showed increased rotation frequencies, possibly due
to a particle orientation change. Rotating nanoparticles could offer a new route to probe interfaces
as well as being nanoscale sources of emulsion.

In order to manipulate photon angular momentum, nanoparticle metasurfaces were
fabricated with a focus on breaking their overall geometrical symmetry. The main technique used
was hole-mask colloidal lithography, which is low cost, high speed, and offers large area coverage.
Based on this method, and thanks to metallic angular and rotating evaporation techniques, diverse
nanostructure patterns with increased feature control were developed. Starting from a simple
geometrical principle, chirality, two types of metasurfaces were investigated. Both showed
pronounced optical activity, that is, different optical response to illumination with right- or left-
handed circularly polarized light. In the case of tetramers built from particles with different height,
forming a staircase, an intrinsic chiral response was induced through strong near-field coupling and
phase retardation effects. In the case of anisotropic particle layers, an evanescent illumination
configuration resulted in extrinsic chirality, which allowed for a contrast of around 90% in
reflection between right- and left-handed circularly polarized light. This effect arises from the
illumination geometry, the polarization-dependent excitation efficiency of the nanoparticles with
respect to their orientation, and the density of dipoles on the surface. The observed phenomena
might be utilized in, for example, polarization manipulation and enantiomer sensing.

Taken together, the results presented in this thesis offer some new insights into the
fascinating interaction between circularly polarized light and plasmonics nanoparticles. The results
may also provide as well a platform for further development of complex nanostructures for basic
studies and diverse plasmonic applications.

Keywords: localized surface plasmons, metasurfaces, optical trapping, nanofabrication, colloidal
lithography, chirality, circularly polarized light
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Chapter 1

Introduction

Light is one of the most important conveniences in our everyday life. It allows us
to perceive objects, volumes, and materials. What we call visible light is proper to our
species. The colours we perceive, which is based on the photoreceptors located in our
retina, interpret the world around us in a particular way. For example, unlike humans
who have three different colour sensitive cells in their retina (red, green, and blue), dogs
have only two (blue and yellow). The mantis shrimp has one of the most elaborate visual
systems ever discovered and their eyes carry 16 types of colour receptive cones. We
couldn't understand a world seen through their eyes. Light lets living beings probe the
properties of matter. For instance, we will suppose that a reflective object is made from
metal and insects will go to plants whose colours have evolved in an attractive form to
them.

An aspect of light often forgotten is its polarization. The ability to manipulate the
polarization of light is essential to numerous applications including spectroscopy,
microscopy, telecommunications, etc. One of the earliest applications of a material whose
properties depend on the light polarization is the use of Iceland spar by navigators to tell
the direction of the sun in cloudy and twilight conditions. Since then control of linearly
polarized light has progressed by leaps and bounds and is as common as going to the
cinema to watch a 3D movie.

Circular polarization is another important type of light polarization. In the case of
linearly polarized light, the light wave oscillates in a plane as it travels forward. For
circularly polarized light, imagine that the light wave is a corkscrew moving forward. Of
course, any corkscrew found in a kitchen rotates to the right. For light, one has both
right-handed and left-handed circularly polarized light. Probed with circularly polarized
light, certain objects behave differently depending on the light handedness. Among them,
some are at the origin of life itself such as DNA and the amino-acids. They all possess a
geometrical property called chirality. Chirality was defined by Lord W. T. Kelvin in 1904
as the following:[1]

“I call any geometrical figure, or group of points, chiral, and say it has chirality if its image
in a plane mirror, ideally realized, cannot be brought to coincide with itself.”



Chirality of molecules became very important during the advent of
stereochemistry, started in 1874 by A. Le Bel and ]J. H. van't Hoff.[2, 3] Getting
information about the handedness of molecules is important in the development of
effective drugs. The main way, to this day, of quantifying molecular chirality is by
measuring the so-called circular dichroism. However, molecules interact very weakly
with light and chirality signals are therefore low.

On the other hand, metallic nanoparticles interact very strongly with light. The
most famous historically example of the use of colloidal metal particles are the Lycurgus
cup, a Roman chalice from the 4™ century, and the colourful stained glass windows in
medieval European cathedrals. It is only in the 19" century that the optical properties of
gold particles were investigated in a scientific manner by M. Faraday.[4] Then, G. Mie
continued the research and proposed a theory to predict the optical properties of
spherical particles.[5] According to Mie theory, the colour of a metallic sphere depends
on the sphere dimensions, on the dielectric function of the material composing the
sphere, and on the dielectric function of the surrounding medium. Nowadays, the
electromagnetic waves coupled resonantly to the free electron plasma of a conducting
nanoparticle, and at the origin of its colour, are called localized surface plasmons (LSPs).

Advances in nanofabrication techniques paved the way to the development of
chiral plasmonic nanostructures. Contrary to the weak interaction of chiral molecules
which is due to the mismatch in size between the molecule scale and the circularly
polarized light helical pitch, plasmonic nanoparticles are within the correct size range to
obtain strong optical chirality, as has been reported for artificial metamaterials in
multiple articles.[6-8] As chiral structure geometries developed, their potential for
applications expanded to include, for example, broadband polarizers, enantioselective
sensing platforms, negative refractive index metamaterials and optical communication
devices.[9-12]

On a closely related subject, light has the ability to interact mechanically with
matter. This was first observed by ]. Kepler in 1619 when following the direction of a
comet's tail with respect to its position to the sun.[13] Later, in 1986, A. Ashkin and
coworkers created the optical tweezers.[14] Optical tweezers techniques have since
been used for over 30 years to manipulate and study the properties of micro- and
nanometer-sized particles. The ability to achieve displacements with nanometer
accuracy and measure forces down to the piconewton level has opened up new areas of
study in biology, chemistry, and physics, such as the observation of single molecules,
DNA properties and single metallic nanoparticles.[15-17] Circularly polarized light has
also its importance here. Indeed, each circularly polarized photon carries a spin angular
momentum able to induce an optical torque on matter. Rotating nanoparticles are of
interest for micro-rheology sensing, microfluidics actuators, and propellers.

Supporting the progresses in nanotechnology, nanofabrication advances are
critical in defining what are the next nanostructures available. Top-down techniques,
such as photolithography and electron-beam lithography, are widely used in research.
Hole-mask colloidal lithography is a quicker and cheaper method. It can produce
homogeneous nanostructured layers over large areas. However it has its limitations,
such as accuracy and features design. Pushing the limits of fabrication methods by the
integration of new variables, such as tilted evaporation or surface chemistry, may
diversify plasmonic applications.

This thesis focuses on the interaction of circularly polarized light with plasmonic
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nanoparticles and plasmonic metasurfaces. Chapter 2 introduces the basics of surface
plasmons based on different simple models. One can start by considering a single
nanoparticle as a dipolar antenna coupled to an external electromagnetic field. But as
the number of particles increases, interaction mechanisms need to be included to
account for the effect of each dipole on its neighbours. Increasing the number of
particles to densily fill a whole layer results in a metasurface, a new category of material
with properties sometimes not found in nature. In Chapter 3 shows how plasmonic
particles can mimic a geometrical property of crucial importance in nature: chirality.
This symmetry-breaking approach is a convenient way to couple to circularly polarized
light. Different strategies are available, such as the realization of spirals, tetrahedrons, or
the simpler extrinsic chirality. Chapter 4 is dedicated to optical trapping. By means of
circularly polarized light, optical torque can be applied on nanoparticles, which can be
set in rotation at frequencies of several tens of kilohertz. Included in that chapter,
observations on the rotation of nanorods at an oil-water interface are presented.
Nanofabrication has been a large part of my PhD worth. Its evolution can be seen
through Papers II, 111, and IV. Chapter 5 completes what can be read from my papers by
adding some process details. A summary and outlook of my overall work is given in
Chapter 6.






Chapter 2

Surface Plasmons

The work presented in this thesis deals with plasmonic nanoparticles either on a
substrate or in solution. Depending on the number of nanostructures, one can employ a
great variety of models. Single nanoparticles can be viewed as dipolar optical
nanoantennas,[18-21] few neighbouring nanoparticles interact and couple together to
hybridize similarly to molecular bonds,[22, 23] and an array of nanoparticles can be
thought of as a metasurface with macroscopic optical properties.[24, 25] This indicates
how complex the optical properties of nanostructures can be. Thus, if we want to
understand the optical characteristics of such systems, some basic physical
considerations are needed. Here, I will try to provide some basic insights into plasmonic
systems.

Plasmonics describes the electromagnetic response of metals over a wide
wavelength range. It can be explained classically by solving Maxwell's equations.[26] The
optical properties of free electron metals follow the plasma model. When an
electromagnetic field is applied, the free electrons in the metal oscillate collectively
against the fixed positive ions. These oscillations are the so-called plasmons. However,
this approach is limited at visible frequencies for noble metals, such as gold and silver,
due to their interband transitions from bound electrons and the associated strong
absorption. On the other hand, for alkali metals the range can be extended to the
ultraviolet. When the impinging electromagnetic field excites a propagating plasmon at
the interface between a conductor and a dielectric, one has surface plasmon polaritons
(SPPs).[27, 28] If instead of a continuous interface, one has a finite conducting
nanoparticle of any shape, the electromagnetic waves couple to non-propagating
plasmons, also called localized surface plasmons (LSPs).[5]

In general, plasmons can be excited in any kind of metallic sample. Nonetheless,
certain conditions must be met for SPPs to be excited on planar metallic surfaces. To
generate LSPs in a metallic nanoparticle, direct light illumination is sufficient, and the
LSPs detection is straightforward. In this chapter, surface plasmons are described for a
variety of systems. First, a short presentation is made on the modelling of noble metals
optical properties. Then, I go over the equations leading to a description of SPPs in a
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semi-infinite system. Third, spheroid metallic nanoparticles are considered, and the
conditions to achieve dipole surface plasmons are discussed. Fourth paragraph is about
the coupled dipole approximation model to simply calculate interactions between
nanoparticles. The fifth part is a brief introduction to the modified Fresnel coefficients,
used in the case of a nanoparticle metasurface.

2.1 The Drude model

When we look at metals in our daily life, they appear highly reflective for
frequencies up to the visible and do not allow external electromagnetic fields to
penetrate through them. As a consequence they are usually used as waveguides for
microwave and far-infrared technologies where the perfect conductor approximation is
valid. Towards the near-infrared and visible range of the spectrum, the electromagnetic
field penetrates deeper, which therefore leads to higher dissipation.

At optical frequencies, the properties of metals are described by a complex
dielectric constant, €. The dielectric function of a metal can thus be written as a function
of the frequency, w, as g(w) = &(w) + i &(w). In the free electron approximation, applying
an electromagnetic field induces an oscillation from the electrons damped through
collisions. These collisions occur at a characteristic average collision frequency, y = 1/7.
The electrons are associated to an effective mass m and an elementary charge e. One can
summarize this via the following equation of motion:[29]

d’x dx _

4 —
dt’ Y

m —eE (2.1)

, where x is the position of the electron with respect to the core centre. If we assume E to
be an harmonic oscillation, it can be rewritten as E(t) = Evexp(-iwt). Thus, equation (2. 1)
has a particular solution of the form x(w, t) = xo(w)exp(-iwt), and upon substitution one
can find:

e

x(t)= E(t) (2.2)

m(w2+iy(n)

When the electrons are displaced, each electron creates a dipole moment p = -ex,
that adds up to an induced macroscopic polarization P = Np, where N is the number of
electrons per unit volume. Then, the polarization can be written as:

_N 62E0

p=— 20
m(o’+iyo)

(2.3)

The polarization is related to the dielectric constant and the permittivity of free
space, &, via according to literature:[29]

P=¢,(e-1)E, (2.4)
Substituting equation (2. 4) into (2. 3) allows us to reach the expression for the
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complex dielectric function, e(w):

e(w)=1-——"—— (2.5)
o +iyow
, where w,” = Ne’/eom is the so-called plasma frequency of the free electrons.[30, 31]

Equation (2. 5) is also known as the Drude model.[32] The real and imaginary parts of
the dielectric function can be further expressed as:

2
w

e o)=1- u)2+p)’2
2 (2.6)
w,Y
o(o’+y’)

E/((D):

If we are only working at frequencies w < w,, the metal keeps its metallic
behaviour. Frequencies near w, are large, leading to y << w. Under this assumption, &(w)
becomes:

e(m)zl—% (2.7)

Although equation (2. 7) is the result of many assumptions and simplifications, it
remains useful in the understanding of metal optical properties. The corresponding
complex refractive index, n(w) with £(w) = n(w)?, is mainly imaginary, meaning that the
reflection coefficient is close to 1, and the electromagnetic field decreases exponentially
inside the metal. However, in the case of real metals, such as silver and gold, interband
transitions occurring at near-infrared and visible wavelengths modify the dielectric
function. Interband transitions can be described by the equation of motion:

d’x dx

% +myw+moo§x=—eE (2.8)

m

, which represents electrons bound to the atom experiencing a restoring force and with a
resonance frequency, w,. Using equation (2. 8) together with equation (2. 5) and
recalculating the polarization adds Lorentzian terms to the free electrons solution to
account for the interband transitions.

After getting a clearer view of the optical characteristics of metals, one can
approach a system composed of an interface composed of a dielectric and a conductor
and how SPPs are formed.

2.2 Surface plasmon polaritons

SPPs-based biosensors have become a staple tool for the investigation of
biomolecular binding and general refractometric sensing. When excited, a SPP will give
rise to a drop in intensity of the reflected light. A change in the refractive index of the
dielectric medium alters the coupling condition between the light wave and the SPP. This
can be observed as a change in the properties of the light wave such as coupling
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Figure 2.1: Schematic used for the derivation of the surface plasmons conditions. Two semi-
infinite media are separated by an interface at z = 0.

wavelength, intensity, and phase for example. Nowadays, a SPPs-based sensor can
measure changes in the refractive index down to 107 RIU.[33]

In order to investigate the physical properties of SPPs, we now consider the case
of two semi-infinite nonmagnetic media with respective dielectric functions &; and &;.
Their interface is located at z = 0, such as depicted in Figure 2.1. This classical problem is
solved by starting from the Maxwell's equations in the absence of external sources.
Maxwell's equations are given by:[26]

VxH=c10E,
cot

VXE=—10 g (2.9)

, where the index i = 1, 2 depends on the z position. By solving this set of equations, it can
usually be shown that two groups of solutions are possible. They correspond to the s-
polarized (or TE) and p-polarized (or TM) modes, also equivalent to the electric field E
and magnetic field H being parallel to the interface, respectively. Assuming the surface is
ideal, propagating waves occur along the surface if the component of the electric field
normal to the interface is non-zero. Thus, s-polarized surface plasmon polaritons can not
exist and we are left with finding the conditions for which a TM-wave can propagate
along the propagation direction x at the interface z = 0 and with evanescent decay
perpendicular to it. The electric and magnetic wave fields can be expressed as:

Ei:(Eix’ 0, E[z)exp(_giz)exp(i(kix_o‘)t))
H.=(0,E,, 0)exp(—g z)exp(i(k x—w1))

iy’

(2. 10)

, where k; is the wave-vector parallel to the surface, and ¢; is a positive constant such that
the waves are bound to the interface.



Using equations (2. 10) in equations (2. 9) reduces the system of equations to:
ig1H1y=+% ¢ E,.

' o (2.11)
1§2H2y:_; &E,,

,and
Gi= kiz_ei% (2.12)
c

Due to boundary conditions, the electric and magnetic fields components parallel
to the surface must be continuous. Applying the continuity condition to equations (2. 11)
and (2. 12) leads to:

S S2
o, te H,,=0 (2.13)
H, ~H,, =0

Solving the equations set (2. 13) results in:

€ &
§+§:o (2.14)
, which is the surface plasmons condition.

Moreover, if the media on the two sides of the interface have their dielectric
constants with opposite signs, SPPs can exist only under the condition that ¢; > 0. By
substituting equation (2. 12) in equation (2. 14), it follows that k; = k; = k and we arrive
at the following equation:[34]

_ow | &%
k=0 | (2. 15)

This result is the dispersion relation of SPPs propagating at the interface between
two semi-infinite media. For a metal-dielectric interface, choosing vacuum characterized
by &, = 1 as the dielectric and for a metal with negligible damping described by equation
(2.7), equation (2. 15) transforms into:

2 2

0 —w
=9 P 2.16
c\ 20— ( )

Figure 2.2 shows equation (2. 16) being plotted as a function of frequency w
normalized by w,. w = ck is the light line, and the solid line to the right of it represents
the SPPs being bound to the surface. The dispersion relation is:

2 4
mz(k)=%+c2k2—\/%+c4k4 (2.17)

We can thus see that in vacuum, for large wave-vectors, the frequency of the SPP
is asymptotic to the non-dispersive surface plasmon frequency, w; = w,/+/2.



kc/wp

Figure 2.2: Dispersion relation of surface plasmons at a Drude metal-air interface.

For a flat interface, light impinging from the dielectric side will have a dispersion line
above the light line and exciting SPPs will be impossible. To allow such external radiation
to couple, surface roughness or grating are required to add an additional wave-vector
component to the photons.[35-37] For a thin metal film, surface plasmons can be
coupled on the air side through a high-index glass prism.

Now that it was seen how the problem of two semi-infinite media can be solved
and leads to the localization of the electromagnetic field in one dimension, one can
consider how to model conductive nanoparticles behaviour in an oscillating field.

2. 3 Localized surface plasmons

The detection of small changes in the wavelength position of LSPs in metal
nanostructures has been used successfully in biosensing applications, such as label-free
detection. The sensing principle is based on the plasmon resonance spectral shift caused
by a change in the dielectric properties of the environment similar to the SPPs. LSPs
allow real-time monitoring of molecular binding events using standard optical
spectroscopy reaching as far as single-molecule detection.[38]

LSPs arise naturally in metallic nanostructures in an oscillating electromagnetic
field. Similarly to surface plasmons, the electromagnetic field will drive the electrons.
The curvature of the nanoparticle will exert an effective restoring force, creating a
resonance at which point there will be amplification of the field both inside and in the
near-field region outside of the nanostructure. The simplest case consists of a metallic
particle whose dimensions are much smaller than the wavelength of light considered.
This is the quasi-static approximation. It means that over the whole particle, there is no
phase retardation of the harmonically oscillating electromagnetic field. One can thus
derive formulas using an electrostatic field and add the time dependence afterwards.

Let's consider a sphere or radius a in a uniform electrostatic field E = Eou,. The
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particle, characterized by ¢;, is surrounded by an isotropic non-absorbing medium with
dielectric constant &,. The applied field will induce a dipole moment, p, proportional to
the amplitude |Ey| such that p = gse.aE, with a being the polarizability of the particle.
Doing the calculations would lead us to the following expression of the polarizability,
which takes the form of a Clausius-Mossotti relation:[26]

3 €76
€,+2¢,

a=4ma (2.18)

By replacing &; with the Drude function, this point-like dipole would have its
polarizability equal to:

2 2.
+ 1—¢,)/(1+2
a=4mnd( . (;)0 _(00 1)“?)( _ &)/ €2>> (2.19)
Wy,—W —IYy® W,— W —IiYyw

, with w, = a)p/\/[1+2£2). If the nanoparticle is in vacuum, &, = 1 , the polarizability
becomes a Lorentzian with a resonance at w, = w,,/\/.'a’ . From the more general equation
(2. 18), it is clear that a resonant condition is reached for a minimum value of | &;+ Z¢;|.
[39, 40] The associated mode is called the dipole surface plasmon. We can also see that
changes in the dielectric, such as an increase of the value &z, would make the resonance
red-shifts. Such a sensitivity to the surrounding medium makes metallic nanoparticles
good candidates as an optical sensing tool.[41]

A 10X10

W

ext

Cext (a-u-)

Normalized C
o
~

A?OO 600 800 1000 4?00 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2.3: Point-dipole simulation of gold ellipsoids surrounded by a medium of refractive
index n = 1.25 illuminated at normal incidence. (A)Anisotropic spheroid (2a; = 120nm, 2a; =
60nm, 2a; = 30nm) with the incident light polarization parallel to the long- (a;) and short-axis
(az), respectively. (B)Oblate spheroid with constant thickness 2a; = 30nm and for variable
diameter 2a; = 2a; = 30-150nm.

The optical cross-sections of a nanosphere surrounded by a dielectric medium are
equal to:[39]

4 4 2
ko o 8mk o €176

C,.,=——wr= a
67 37 |e+2¢, (2.20)
€,—€
— I <X =4 3~ 1 2
C,=k3(a)=4nka \s(7€1+2€2)

, With C = Cop + Cy, Where Cx, Cap, and C. are the extinction, absorption, and scattering
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cross-sections, respectively.

If we change the sphere to a more general geometrical shape, like an ellipsoid
with semi-axis a;, az and a;, then the expressions of the nanostructure polarizabilities
along each axis are altered from equation (2. 18) to:[39]

€&
a33ez+3Li(el—e2)

o,=4ma,a,

1

(2.21)

> L=1

, where i = 1, 2, 3 denotes the direction along the different axis of the ellipsoid, and L; are
the depolarization factors. Usually nanodisks are modelled by an oblate spheroid for
simplicity (a; = az, a; > as). Prolate spheroids (a; = az, a; < as), and anisotropic particles in
general, are of interest due to their different resonances depending on the impinging
light direction and polarization. For example, by illuminating an anisotropic
nanoparticle, such as simulated in Figure 2.3A, at normal incidence, aligning the light
polarization along the short-axis or long-axis of the particle will allow different
resonances to be probed. The two peaks in the extinction cross-sections spectra are
related to the two in-plane resonances. Gold nanorods and the dependence of their
optical properties on their aspect ratio has been the subject of many studies.[42] It is
observed that for an increasing aspect ratio, anisotropic nanoparticles see a small blue-
shift of their transversal resonance and a strong red-shift of their longitudinal resonance.
Extending the model further, by including the field retardation effects and
radiative damping, can become important for larger particles as it induces small spectral
changes. The so-called modified long wavelength approximation (MLWA) takes them
into account and has been introduced by M. Meier and A. Wokaun for a sphere,[43, 44]
and by T. Jensen for an ellipsoid in the following expression:[45]
& 2.22
A mrwa e B PE (2.22)
47teoezaai 67T €E €,

o

1

, Wwhere «; is the quasi-static polarizability in the direction i of an ellipsoid of radii a;, a,
and as from equation (2. 21). Following the MLWA, Figure 2.3B shows the extinction
cross sections of gold ellipsoids of different diameters with constant thickness. As the
diameter increases, there is a significant red-shift of the resonance position as well as a
broadening due to the increase of the depolarization factor and radiation-damping.

When two or more nanostructures are brought together, they interact. Based on
the point-dipole model introduced in this part, the coupled dipole approximation (CDA)
can be used to describe the resulting behaviour.

2. 4 Interparticle coupling

The resonant wavelength of a metallic nanoparticle is known to be dependent on
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its size, shape, material, and surrounding medium. When several particles are brought
together, such as in aggregated colloids, “hotspots” appear and the coupling between
particles becomes very important. Near-field coupling effects will shift the plasmon
resonant wavelength as a function of particle separation. Localized field enhancement in
hotspots provides dramatic changes in the emission properties of fluorescent molecules
and can lead to strong surface-enhanced Raman scattering (SERS).[45]

The coupled dipole approximation (CDA) is a simple model able to describe
coupled plasmonic nanostructures.[44, 46, 47] Its main advantage relies in the speed at
which it can perform calculations for a system composed of numerous nanoparticles. In
this method, each nanoparticle is approximated by a point-dipole located at its centre of
mass. Contrary to Mie theory, multipoles are not included in the interparticle
interactions which causes the interactions to be underestimated for nanoparticles
separated by close distances.

Each particle j that composes our system is assumed to be an ellipsoid and is
associated with a polarizability following the MLWA. One can ascribe them to a diagonal
polarizability tensor:

dj,ii:aii,MLWA
o = d{)’” ~0 8 (2.23)
i a;,
0

, where a;; muwa is the quasi-static polarizability of an ellipsoid according to equations (2.
22) along the axesi=x,, z.
The CDA method is then based on solving the following equation:

=0 .F.=a.\E, —) A
pi=a;E; OL/( inc.,j Z:J .lkpk) (2.24)
Einc,szOexp(iij—iu)t)

, where p; represents the point-dipole located at positions r;j from the origin, and E; is the
local electric field. E; can be decomposed into the incident plane-wave field, Ei, j, and the
sum of the retarded induced dipole field, - Ayxp:, by a particle k at a position j. Ajc is a 3x3
matrix for j # k:

(ikr ) . ikr , —1
ix(kz(rjk rjk_13)+#

Pk Vi

A, =exp (3747 ,—15)) (2.25)
, where k = w/con, rje = |r; - ri| , 7, = (1; - i) /Tin, 13 is the 3x3 identity matrix, and n is the
surrounding medium refractive index. By defining 4; = &;1 the scattering problem

reduces to a system of 3N complex linear equations, N being the total number of dipoles
in the system:

M=

Ajkpk:Einc,j (2.26)

k=1
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Figure 2.4: CDA calculations of a gold dimer in a surrounding medium with refractive index n =
1.25. The oblate spheroids ( 2a; = 120nm, 2a; = 120nm, 2as = 30nm ) separated by a gap d = 0-
60nm are illuminated by light whose polarization is perpendicular (solid lines) and parallel
(dashed lines) to the dimer axis. As the gap decreases, the longitudinal and transversal modes
shift to the red and blue, respectively.

Solving equations (2. 24) by direct matrix inversion gives the dipole moments of
the nanoparticles, from which can be calculated the extinction, absorption, and
scattering cross-sections according to:

). (2.27)

When placing two point-dipoles next to each other, the dipole moment of each
particle is the sum of the moment induced by the incident field and by the scattered field
from the neighbouring particle. As a consequence, the dimer nanostructure will have
different resonance conditions with respect to the individual single particles composing
it. When illuminated at normal incidence with light polarization along the dimer axis,
closing the gap in the dimer will decrease the restoring force inducing a red-shift of the
resonance. When illuminated with light polarization perpendicular to the dimer axis, the
opposite happens; the restoring force increases as the interparticle distance shortens
resulting in a slight blue shift of the resonance. To illustrate this behaviour, two oblate
(2a; = 120nm, 2a; = 120nm, 2a; = 30nm) gold spheroids have been modelled by CDA in a
surrounding medium with refractive index n = 1.25. The gap distance, d, was varied from
0 to 60nm, and resonances for perpendicular (solid lines) and parallel (dashed lines)
light polarization have been computed. The results are displayed in Figure 2.4. Indeed,
both red-shift from the longitudinal mode and blue-shift from the transversal mode
happen, albeit being limited for the blue-shift.

It has been observed in literature that the CDA model underestimates
interparticle interactions for close interparticle distances due to the omission of higher-
order modes.[46] In the near-field interaction regime, higher-order multipoles must be
included. A correction can be made for multipolar effects by making the spheroids
boundaries overlap (d < 0).[47]
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As the number of point-dipoles included in the system increases, one can
transition to another model where the nanostructures are not considered individually
but as a metasurface.

2. 6 Modified Fresnel coefficients

The samples usually prepared in our labs are based on the hole-mask colloidal
lithography (HCL) method.[48] The lithography relies on the use of latex beads to create
holes in the patterning mask. They can be viewed as two-dimensional arrays of
nanoparticles. Due to the processing technique employed, the nanoparticles are placed
randomly on a substrate with a typical interparticle average distance equals to 2-3 bead
diameters. The array is characterized by a short-range order, which means that the
nanostructures are weakly interacting with each other over long distances.[49] When
light is impinging on the sample, a quasi-infinite number of dipoles scatter coherently.
However, the optical response from the substrate surface musts not be neglected. As
such, the metasurface composed by the nanostructures meta-atoms can be described by
an effective refractive index of a two-dimensional interference phenomenon between the
reflection from the substrate surface, and the reflectance from the nanostructures layer.
Derived from Maxwell's equation using some specific boundary conditions, one arrives
at a set of modified Fresnel coefficient to characterize the optical properties of the
nanoparticles array.[50] Reports have been made in the literature about the use of the
modified Fresnel coefficients as equivalent to the island film theory. It proved to be very
useful in modelling the conditions to obtain total light annihilation from arrays of
nanoparticles.[51]

As seen previously, it is reasonable to consider each nanoparticle as a point-
dipole. If we deal with a layer of nanoparticles whose thickness is significantly smaller
than their lateral dimensions, they can be approximated by a single interface and
associated to a surface polarization which is the sum of the nanoparticles
polarizabilities. In turn, the surface polarizability will modify the boundary conditions of
equations (2. 9). To the picture of the two semi-infinite media depicted in Figure 2.1
musts be added a surface component at z = 0.

Figure 2.5: Schematic of an ellipsoid represented as a point-dipole positioned at the interface
between two semi-infinite media 1 and 2.

The electrical fields can be rewritten as E=E,0(-z) + Ey,6(z) + E:0(-z), where 0 and
6 are the Heaviside and Dirac delta functions, respectively. The modified boundary
conditions for a non-magnetic system, may be written as:[50]
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(2.28)

, where the || index denotes the xy-plane. Skipping past the derivations following the
modified boundary conditions, the modified Fresnel coefficients for nanodisks are given
by the following equations:

0
g Mcos 0,—n,cos0,—i ?p%;sk cos0;cos0,

)4
ro=—
P i 0
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; 0
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, where p and s denote the incident light polarization, i, r, and t denote the incident,
reflected, and transmitted fields, respectively, p is the nanoparticles surface density, and
aaisc is the in-plane polarizability of a disk modelled as an oblate spheroid. Detailed
derivations can be found in the literature in the case of nanodisks, [50, 52] and in the
Supplementary Material of Paper III in the case of a thin anisotropic ellipsoid. The
strength of this model is in the resulting simplicity of its components where substrate
and nanoparticles contributions can be separated. The nanoparticles are not considered
individually any more but as an effective medium.
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Chapter 3

Chirality

Symmetry is often associated with perfection and beauty. However, complete
perfect symmetry (e. g. a sphere) is not present in nature. On the other hand, asymmetry
plays a fundamental role in life and what surrounds us. From the shell of a snail, to the
double helix of DNA, these examples (see Figure 3.1) illustrate a certain spatial
organization. In 1904, Lord Kelvin gave a geometrical definition of chirality (see Chapter
1).[1] An especially notable example are our very own hands. Our right and left hands
are mirror-images of each other; however, when superposed on each other they cannot
be matched. Following their denomination one defines right-handed (RH) and left-
handed (LH) enantiomers, according to their spatial organization, which are objects with
opposite chirality.

From the very foundations of life, molecules give us innumerable examples of
chirality. Almost all natural amino-acids are present as L-enantiomers, whereas all
sugars are in the D(R)-configuration. Although many of their physical properties are
identical, enantiomer molecules show stereo-selectivity. They are involved in chemical
processes with molecules sharing the same handedness. As such, being able to
distinguish between two enantiomeric forms is vital in the drug industry. Indeed,
depending on its enantiomeric form, the same molecule can either be effective, or on the
other hand present some secondary effects or no effect at all to treat some specific
symptoms of a sickness. A tragic example is the one of the thalidomide. It was released
as a painkiller drug and given to pregnant women to fight against morning sickness.
Being a chiral molecule, when prepared in an achiral environment it has a 50% chance to
be produced in either right- or left-handed configuration. What was distributed was a
mix of both enantiomers. Although one handedness of the thalidomide acted as
designed, the other handedness fixed itself on the DNA of the foetus inside the mother's
womb. This caused different limbs malformations at birth for babies worldwide.
Thalidomide is just one of the many examples when knowing handedness of a
medication being produced is of vital importance.
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: e A
Figure 3.1: Chirality examples. (A)Spotted sea snail shell, (B)artist impression of a DNA double
helix, and (C) one of the twisted-jute polarizers used by ]. C. Bose.

The first technique developed to characterize molecular chirality was optical.
Probing and comparing the interactions of a solution of molecules with left-handed
circularly polarized light (LCP) and right-handed circularly polarized light (RCP) lead to
the observation of a certain optical activity. Depending on the sign and amplitude of this
optical activity, one would obtain a signature of the molecule geometry.

Materials ability to rotate light polarization was first demonstrated in quartz in
1811 by D. F ]. Arago.[53] and in 1812 by ].-B. Biot.[54] At that time, chirality was
associated to the optical activity of the media, that is to say the rotation of the
polarization plane of light as it goes through a 3D medium. A few years later, in 1815, J.-
B. Biot showed polarization rotation in organic liquids such as turpentine and aqueous
solutions of sugar. In 1825, Fresnel presented his theory of optical rotation preceded by
his discovery of circularly polarized light.[55] It defined the optical activity as a
consequence of circular birefringence for which different optical indices are ascribed to
a certain medium for left- and right-handed circularly polarized light. Back in 1848, L.
Pasteur studied how light polarization is affected by enantiomeric solutions of tartaric
acid.[56] Enantiomers, chirality, and optical activity became then firmly linked. In 1874,
J. A. Le Bel and ]. H. van't Hoff managed to put together the relationship between optical
activity and molecular structure, thereby starting the path of stereochemistry.[2, 3]
Circular dichroism, the so-called Cotton effect,[57] circular birefringence, and optical
activity came to be standard in the structural study of media and are very commonly
used nowadays. But it is J. C. Bose in 1898, who after some experimentation with
twisted bundles of jute, created artificial 3D-chiral structures able to modify the
polarization state of mm-waves.

However, nowadays, advances in micro- and nanotechnology processing
techniques allow an increased control in the patterning of nanostructures. This caused a
renewed interest in the realization of metamaterials presenting optical activity. For
instance, chiral metamaterials can be designed to obtain negative refractive index,[58]
some achieve strong optical rotation,[59, 60] and three-dimensional chiral structures
such as helices may be used as broadband circular polarizers.[61] But the most
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important is the possibility they offer to enhance the chiroptical effects of molecules
through optical chirality.[62] In the following paragraphs I look over some of the recent
developments in the field. In the first part a definition of different chiroptical effects is
given, as well as what type of measurement can evaluate them. This is followed in a
second paragraph by considerations on 3D helical- and tetrahedral-based chirality. The
third paragraph is dedicated to another strategy to obtain chirality known as extrinsic
chirality. In the last fourth part, superchirality is briefly discussed.

3.1 Chiroptical effects

Different chiroptical effects can be distinguished in organic molecules. Many of
them are based on the tetrahedral bonding of the carbon atom. This bonding was
uncovered by both A. Le Bel,[2] and ]. H. van't Hoff.[3] In an achiral environment,
formation of either enantiomeric form of a molecule has equal probabilities, and the
energy needed to achieve either is also the same. Although chirality is more of a Boolean
information, an object is either right-handed or left-handed, the chiroptical effects born
from handedness are measurable and quantifiable informations. A chiral medium can be
characterized optically by a refractive index, n, and an extinction coefficient, k. Of course
for chiral media, both these quantities are altered for right- and left-handed circularly
polarized light. The refractive index indicates how much the light speed is being reduced
in a medium. The extinction coefficient shows how much the amplitude of the
electromagnetic field, corresponding to the scattering and absorption of a material, is
being affected by travelling through a substance. Linearly polarized light can be
considered as the sum of a right- (RCP) and left-handed circularly polarized light (LCP)

A | B ¢ c
CETs0 X AN
LCP, RCP
Linearly polarized Optical rotation Circular dichroism

Figure 3.2: Chiroptical effects on linearly polarized light. (A)Linearly polarized light as the sum
of a right- and left-handed circularly polarized light components of equal amplitudes. (B)RCP
and LCP light experiences different phase velocities resulting in a rotation of the wave plane.
This is the so-called optical rotation. (C)RCP and LCP light are scattered and/or absorbed
differently resulting in an elliptical polarization state. This is the so-called circular dichroism.
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components of equal amplitudes (as depicted in Figure 3.2A). If the refractive indices of
the sample for LCP and RCP are different, when the components are recombined, the
plane-polarized radiation will be rotated by an angle ¢, as shown in Figure 3.2B. This
effect is called optical rotation or circular birefringence. When characterizing a material
optically as a function of wavelength, one measures the optical rotatory dispersion
(ORD) and the angle ¢ is equal to:

_ T[(nLCP_nRCP)l

N A

(3.1)

, where [ is the path length through the material, and nge or n,cr represents the refractive
index for right- and left-handed circularly polarized light, respectively.

In the case where the extinction coefficient is different depending on whether
RCP or LCP light is propagating through the medium, the end result is different. Phase
velocities for both handedness would be the same. However, scattering and absorption
are altered depending on the light polarization. The two amplitudes of the linearly
polarized light components are not equal any more upon exiting the material. When RCP
and LCP light are now summed, the polarization state of the electromagnetic field is
elliptical. It follows that this chiroptical effect is the so-called ellipticity, &. When
characterizing a material as a function of wavelength, one measures the difference in
amplitude between RCP and LCP light and calculates a quantity called circular dichroism
(CD):

72 e
CD(md)ztanezng—;f;’ (3.2)
RCP LCP
, where Igcp or Icp is the light intensity that has passed through the medium upon
illumination by RCP and LCP light, respectively.

Through both optical rotatory dispersion and circular dichroism, one can
determine the chiral purity of a molecular solution. The sign of the CD determines the
handedness of the different molecular branch elements. Enantiomeric forms of a
molecule display opposite signals for ORD and CD. This property can be used to
distinguish a true 3D chiral object. For a chiral object following the definition given by
Lord Kelvin,[1] the system handedness should be the same from all angles. As a
consequence, the CD spectra from two opposite directions of illumination should be
identical. On the other hand, a 2D planar chiral system is defined as an object which
cannot be superimposed with itself until left from the plane. When flipped, a 2D planar
chiral system has its handedness changed. Thus, the flipped structure CD signal is the
opposite as it was upon illumination from the initial orientation.

V. A. Fedotov et al. and A. Drezet et al. provided a good way to characterize
different types of chiral media through the use of the Jones matrix.[63, 68] It has to be
reminded that under the paraxial approximation, the properties of light going through a
medium can be fully described and understood by defining a 2X2 Jones matrix, J, such
that:

J., J

XX Xy

J, J

yx pag

(3.3)
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However, since a chiral media is considered here, it is more practical to have the Jones
matrix in a circularly polarized light basis:

Jll ‘]Zr
Jrl Jrr

ozl

, where U is the unitary matrix to transform the linear basis. If the Lorentz principle is
respected, one will arrive at the Jones matrix for the flipped medium. Flipping the
medium can be done by a rotation by an angle m of the yz-plane around the x-axis. One
thus obtains:

=UJU!

(3.4)

J 1l Jrl
Jlr J rr

J e

(3. 5)

Getting back to the definition of chirality by Lord Kelvin and formulating it in
terms of transformation matrices go as follows. What needs to be looked at are the
optical characteristics of the medium, or sample, through a planar symmetry II,. The
transformation matrix in circular polarization basis, corresponding to a mirror
symmetry with respect to a symmetry axis at a /2 angle from the x-axis, is equal to:

- 0 e
H‘1:(e+i11 0 ) (3 6)

Through the symmetry, the initial Jones matrix is transformed in the circular
basis to:

—i2n
J J,e

rr

4 3.7
J/reﬂzn Ji 5.7

Trying to follow Lord Kelvin's definition means that under mirror-symmetry, a
non-chiral system should be invariant under the transformation. The initial Jones matrix
and the transformed matrix should be equivalent. This condition is possible only if both
following equalities are respected:

Jll: Jrr

_ +i2n
Jrl - Jlr e

(3.8)

It also means that now a definition in terms of Jones matrix elements to obtain
optical chirality is reached:

']ll;/:']rr

3.9
|Jlr # Jrl ( )

Optical chirality is obtained if either or both of these conditions are respected.
From the aforementioned inequalities, three classes of chiralty can be distinguished.

-21-



I-Ju#]J-and [Jl.] =[] This corresponds to the class usually being denominated
3D chiral.

Il - J; = J»and [Jl,/ # []./. The nanostructures belonging to this class are generally
2D chiral.

III - J; # J-and []I,] # []]. It is the more general case of chirality.

In the following paragraph, I discuss about chiral plasmonic structures whose
geometries take example on naturally chiral systems such as the DNA helical shape, and
the tetrahedral conformations around a carbon atom.

3. 2 Helical and tetrahedral chirality

The first strategies developed in chiral nanostructuring can be linked to the ones
adopted by chiral molecules and biological systems. The clearest example of three-
dimensional chirality might be a simple helix and is copied from the DNA double helix
representation.

An intuitive explanation of what happens when circularly polarized light
impinges on a plasmonic structure can be given starting from Figure 3.3. As explained in
Chapter 2, an electromagnetic wave drives electron cloud oscillations at the surface of a
plasmonic nanoparticle. In the case of circularly polarized light impinging on a
nanosphere, the electron cloud moves and describes a spiral. Circulation of the electrons
gives rise to an electric current as they spiral around the sphere. For a metallic helix, the
handedness could create a surface current along or against the metallic helix own
handedness.

+++

@ / RH helix

LCP €

Figure 3.3: A metallic nanosphere and a right-handed helix excited by LCP light. As the light
propagates, the electron cloud is being driven in a spiral manner. There is no difference from the
point of view of the nanosphere whether the light polarization is right- or left-handed. However
the surface current circulation can be hindered depending on the helix handedness with respect
to the one of the impinging light.

The first strong chiroptical signals from plasmonic nanostructures were reported
for gammadion structures.[60] In that article, 2D gold nanostructures capped by
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chromium showed circular dichroism stronger than chiral molecular media with an
equivalent thickness. It inspired several other articles as a base for enantiomer sensing,
[62] as well as optical rotation[64], and breaking of time-reversal symmetry.[65]
However, it created a debate as to what is planar chirality.[65-67] Indeed, from a
geometrical point of view, the structures themselves are two-dimensional and as such
the circular dichroism spectra measured from opposite direction of illumination should
be mirrors of each other. In reality, the gammadion samples displayed similar CD spectra
from front and back illumination. As a consequence, something had to break the
symmetry in a third dimension for the chirality definition to be consistent. The
conclusion reached was that the chromium capping on one side and the substrate
presence on the other side created two asymetrical interfaces.

More definite three-dimensional nanostructures taking the shape of helices were
studied and produced.[69-74] Most of these examples are systems fabricated from a
bottom-up approach by adding gold nanoparticles to an already chiral template. This
method is the closest to being used in “real” applications as it is faster, cheaper, and
easier to mass-produce than a top-down approach. However, their design is quite limited
for now compared to the flexibility of patterns offered by lithography techniques. All the
examples mentioned are composed by simple colloidal particles and the final
dimensions of the chiral objects in solution are hard to control in a reliable way to
produce a mono-disperse sample.

Another typical architecture used in three-dimensional chiral systems is the
tetrahedron. It is inspired by the tetrahedral bonding structure stemming from carbon
chiral centres. Two paths are possible when adopting a tetrahedral shape as seen in

«

Figure 3.4: Illustration of two different approaches to tetrahedral chirality: from the geometry of
the structure (constitutional chirality), or from the unbalance between the elements of the
structure (compositional chirality).

Constitutional Compositional

Figure 3.4. Symmetry can be broken by designing a tetrahedron with an asymmetrical
structure but with identical components. This is called constitutional chirality. It is the
preferred design for plasmonic three-dimensional chiral nanostructures.[69, 77, 78] The
reason for that is quite simple. Indeed, as the plasmonic elements are of the same
dimensions, coupling occurs easily. On the other hand if the structure geometry is achiral
as in the case of compositional chirality, the symmetry breaking will originate from the
choice of elements with different “weights”.[69, 77, 79, 80]
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It is generally accepted that constitutional chirality can offer a higher optical
activity than compositional chirality.[77] It can be explained as follows. Upon interaction
with the incoming circularly polarized light, the resonant gold particles couples
efficiently. Real currents flowing in each particle are excited, as well as currents between
the coupled elements. Due to the shape asymmetry, the displacement currents follow a
helical movement, which induces a magnetic moment with some component parallel to
the electric field dipole moment. The result is a strong structural signature in the circular
dichroism spectrum. In contrast, the geometry of compositional chirality is achiral and
the four plasmonic particles have weak resonant coupling; resulting in a weak optical
activity. It is reported that constitutional chirality is very sensitive to dimension
variations, both in particle size and interparticle distance.[80] Moreover, high-order
multipoles have an important role to completely describe chirality in plasmonic
oligomers.

However, design and production of true three-dimensional structures is difficult
due to the high number of parameters that can be optimized as well as the sensitivity of
the optical activity to dimension intolerances. A “simpler” architecture could be achieved
by using extrinsic chirality.

3. 3 Extrinsic chirality

Similarly to the examples seen previously, chiroptical effects can be obtained from
achiral objects by playing with the incident angle of light. Such an effect was first
reported for parabola shaped elements in 2011 [81] and described for anisotropic thin
films in 1996.[89] The overall tactic to achieve optical activity is common to many other
articles[76, 81-89]. As seen in Figure 3.5A, the “trick” is to incorporate the light
illumination direction in the chiral triad. Starting from an anisotropic 2D nanostructure,
an elongated gold nanoparticle in the case of Paper III, the symmetry is broken in one
dimension. When illuminated at an oblique angle, non-coincident to the two planes of
symmetry of the nanoparticle, the system wave-vector/nanoparticle constitutes a three-
dimensional chiral object.

Extrinsic chirality was achieved in many wavelength ranges, such as in the
gigahertz,[87], in the mid-infrared,[83, 86] and in the visible.[82, 85, 88] Different
mechanisms were used to explain the origin of the optical chirality shown by
intrinsically achiral samples. Some structures, such as split-rings,[87] possess at the
same resonance wavelength both an electric and magnetic response. Second-harmonic
generation was also proven to be efficient in producing optical activity.[81, 89] Overall,
anisotropy in either nanostructure or position of the meta-atoms is sufficient when
associated to oblique incidence of the light wave-vector.

Extrinsic chirality displays several advantages over intrinsic chirality. As seen in
the previous paragraph, coupling between the different elements of the three-
dimensional chiral nanostructure and interparticle distance are crucial. On the other
hand, extrinsic chirality is less sensitive to local structural details and imperfections in
individual meta-atoms. Additionally, the strength of the CD signal can be modulated by
the angle of incidence and the two “enantiomers” of a specific structure can be obtained
from the same sample by mirror-tilting with respect to an in-plane axis of symmetry of
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the metasurface. This last property of extrinsically chiral system is displayed in Figure
3.5B where the reflection coefficient R,, and Rgr are mirror images of each other.

However, the chiroptical effect shown by extrinsic chirality has to be
differentiated from two-dimensional chirality. Indeed, a 2D chiral system is defined as an
object which cannot be superimposed with itself until left from the plane. As a
consequence, it doesn't have the optical activity signature expected for a 3D chiral object.
Typical structures used for planar chirality are the Archimedean spiral,[92] the fishscale
pattern,[63] or the gammadion.[62] The gammadion here is a bit of an exception as it
shows pronounced optical activity. Additional symmetry breaking comes from the
substrate presence. The polarization effect observed in the case of 2D chiral
nanostructures differs with respect to the more common optical activity. Indeed, the
effect is asymmetric in transmission with respect to the propagating wave direction.[63]
The transmission and retardation of a circularly polarized wave are different in opposite
directions. This is due to the fact that the planar chirality phenomenon is linked to a
conversion of the impinging light handedness into light with the opposite handedness.
When one changes the direction of propagation (or when the light polarization changes),
the efficiency of the conversion is modified. When looking at the two non-diagonal
elements displayed in Figure 3.5B, one can see that they are identical. Polarization
conversion is not the main mechanism at play here. This is proof of the distinction
between two-dimensional chirality and extrinsic chirality as discussed in the chirality
categories defined via the Jones matrix.
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Figure 3.5: Extrinsic chirality example from Paper III. (A)Reflection measurements from an
array of anisotropic gold nanoparticles, under RCP and LCP illumination, at 6; = 45° and optimal
sample orientation ¢ =25° The insets define the incidence angle 6; and the nanoparticle
orientation ¢. (B)The reflected intensity of the co- and cross-circular polarization components at
0; = 45° and varying ¢. The surface is illuminated with either (a-b) LCP or (c-d) RCP light and the
output is divided into (a,c) LCP and (b,d) RCP light. (ex: Rg. is the LCP reflected intensity for a
incident RCP light)
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3. 4 Superchirality

The so-called superchirality is a value that can be calculated at each point in space
linked to the intensity of a local chiral field. It has been proposed as a way to estimate the
enhancement of the circular dichroism for biomolecular sensing by Y. Tang and A. E.
Cohen.[90] Enantioselective signals are typically quite small. At the scale of a molecule,
for the chiroptical effect to be at its maximum, it would be preferable to have the helical
pitch of circularly polarized light to be in the same dimension range. Matching the light
helical pitch with plasmonic nanostructures is more easily achievable. Thus it was
hypothesized that, as plasmonic local field enhancements can be used to increase the
interaction between light and the electronic, vibrational, and rotational resonances of
molecules, superchiral electromagnetic fields would enhance interactions with
chiroptical resonances of molecules.

The optical chirality, C, was defined originally by D. M. Lipkin as:[97]

1

C=2E(VXE)+— B(VxB) (3.9)
2 2y,

, Where & and y, are the permittivity and permeability of free space, respectively, and E
and B are the local electric and magnetic fields. Y. Tang and A. E. Cohen main result is the
proportional relation between the optical chiral asymmetry of a small molecule and the
product of the chirality of matter and the chirality of the electromagnetic field.[90] To
determine the enantioselectivity of a system, they consider the dissymmetry factor, g,
which represents the difference in the rates of excitation between left- and right-handed
circularly polarized light. The dissymmetry factor is defined by:

cC)

— 3.10
20U, ( )

g:gCPL(

, where gcp,, is the dissymmetry factor for a circularly polarized light plane-wave, c is the
speed of light, and U. is the local time-averaged electric energy density. From this
equation, one can deduce that to enhance the enantioselective factor, the field chirality
term (in parentheses) may be increased by increasing the optical chirality, C. Chiroptical
effects, such as circular dichroism and optical rotation, may be an indication of local
fields with enhanced optical chirality. From literature, the main contributions to
superchirality come from electric dipole-magnetic dipole interactions and electric
dipole-electric quadrupole interactions.

Biomolecular media were used in conjunction with plasmonic nanoparticles to
create chiroptical effects.[91, 93-96] When light interacts with this kind of system,
absorption occurs from the dissipative property of the molecular medium and from the
optical chirality that interacts with the molecular medium. Thus, the final CD has
contributions from both. The latter contribution is proportional to the difference in
optical chirality between RCP and LCP illumination. It is usually more convenient to
choose a system where the biomolecular medium and the plasmonic nanostructure are
weakly interacting as it is easier to predict the enhancement from the sole study of the
plasmonic part of the assembly. If the system is strongly interacting, that is to say when
the plasmon resonance of a nanostructure and the molecular resonance are close, a
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Fano-like effect will appear leading to an unpredictable CD signal.[96]
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Chapter 4

Optical Trapping of Plasmonic Nanoparticles

Optical trapping, or optical tweezing, relies on the ability of light to apply a force
on matter via transfer of momentum. One of the first observations of the mechanical
interaction of light with objects dates back from a report by J. Kepler in 1619.[13] ].
Kepler proposed that the reason why comets' tail are pointing away from the sun is
because of the light pressure exerted by it. It is only much later, in 1901, that both

Figure 4.1: Photograph of the Hale-Bopp comet. Two tails are visible. Both the dust tail (in
white) and the ions tail (blue) are pushed away by the sun light.

P. N. Lebedev and E. F. Nichols and G. F. Hull showed experimental evidence of the light
radiation pressure on the displacements of a torsion balance.[98, 99] Optical tweezing in
its modern form was developed more than 45 years ago by A. Ashkin and coworkers. A.
Askin et al. first demonstrated in 1970 how a focused laser beam could accelerate the
motion of microparticles in liquids and gas,[100] and in 1971 how a micrometer-sized
glass sphere could levitate in air.[101] But it is in 1986 that what would be called optical
tweezers were born.[14] This technique allowed A. Ashkin and coworkers to trap in
three-dimensions micro- and nanoparticles in water with a single-beam gradient force
trap. Since then, optical tweezers became a classical optical manipulation tool and found
applications in chemistry, biology, and physics. It enabled the application and detection
of forces to micro- and nanoscale objects including single molecule chemistry
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experiments.[102, 111]

For a dielectric particle, optical trapping originates from the radiation pressure
applied by a focused laser beam. The particle absorbs and scatters photons and is
pushed in the light direction due to the conservation of momentum. At the same time,
there is a gradient force pulling the particle towards the highest intensity region. The
gradient force dominates light interactions with particles in the case of dielectric
material. On the other hand, plasmonic nanoparticles strongly absorb and scatter light
close to their LSP resonance. Thus the scattering force becomes more important, and
stable trapping is jeopardized. This provoked the development of new techniques for the
trapping of metal nanoparticles.[17, 103, 104] From there on, optical trapping of
plasmonic nanoparticles developed greatly. Theoretical works developed different
models to derive optical forces on single particles and nanoaggregates.[105-108]
Observation and analysis of trapped nanoparticles needed new spectroscopy methods.
[109, 110] Not only spherical particles, but also nanoprisms, nanorods, and bipyramids
were manipulated in optical trapping experiments.[112-115] Of course, optical trapping
and the properties of plasmonic nanoparticles to enhance the electromagnetic fields
were used in applications such as enhanced Raman scattering,[116] integrated in
microfluidic environments,[117] and employed in nanofabrication.[106, 118] The latest
progresses in optical manipulation go beyond conventional optical trapping and explore
plasmonic optical trapping.[111, 119-128] Plasmonic optical tweezers allow for parallel
trapping of nanoscale objects and can overcome the diffraction limits of conventional
optical tweezers. The current performances are in the range of the piconewton
detection. Current nanofabrication techniques can simplify their integration on lab-on-
chips. However, plasmonic optical trapping is only in the proof-of-principle stage and
future research is needed to push it further.

In this thesis, I want to focus on the rotation of nanoparticles in optical traps.[129,
130]. Applications spread from propulsion at the nanoscale,[131] to nanofluidic
actuators.[132] In the first paragraph of this chapter I consider the different forces
acting on nanoparticles in optical traps. It is followed in a second part by a description of
the optical trapping setup and the means of detection of the nanoparticle motions. The
third paragraph is dedicated to results on an on-going experiment, which consists in the
trapping and rotation of a gold nanorod at the interface between vegetable oil and
water.

4.1 Optical forces on plasmonic nanoparticles

A nanoparticle whose dimensions are much smaller than the wavelength of the
trapping laser can be represented as one or multiple dipoles. As seen in Chapter 2, the
polarizability of a dipole expresses its interaction with an electromagnetic field. For an
assymetric particle with polarizabilities oy and oy along the major axis in a plane
perpendicular to the propagation direction of the incident light, the radiation reaction
modifies the full polarizabilities from equation (2. 22).[130, 133]

The time-averaged force acting on such a dipole is:[134]

(F)

%SR(Z ayE,VE,) (4.1)
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, Where j = x, y, z, and E is the incident field. Equation (4. 2) can be rewritten to be split
into two main components, the gradient force and the scattering force:[135]

1

<Fgrad>:ZiR(a0)V|E|2
5 o cc (4.2)
(F =22t R (ExH)+ -2 OV X EXE
2¢ 4wi

, where o.. is the extinction cross-section. The gradient force originates from the
gradient of the intensity profile of the trapping laser. The scattering force represents the
momentum transfer from the external radiation field to the nanoparticle by absorption
and scattering. It is divided into two components: one proportionnal to the Poynting
vector and in the direction of light propagation, the second from spatial polarization
gradients.

The time-average torque applied to the particle along the propagation direction
can be calculated as:[136]

M. =R (px(a, p) (4.3)

, Where p is the particle dipole moment. With an incident eletric field of amplitude Ej,, an
incident circularly polarized light can be written E = (u, + in]Eo/\/Z, and keeping terms
up to order k°, the torque can be written:

. R (<a0x_a_oy>a0x+(a0y_a_ox)a0y)] (4.4)

The first term of this last equation represents the torque related to light
absorption. The second represents scattering contributions. So if we consider a non-
absorbing asymmetric nanoparticle, the first term will vanish, and the torque can be
simplified to:

_Egk’ve
° 24me,

<a0x_a0y)2 (4.5)

When the dipole approximation is not valid any more, the time-averaged
radiation force on a particle due to harmonic fields can be calculated by integrating the
Maxwell stress tensor, T, over a closed surface, S, surrounding the particle:

(F)=[(T)dS (4. 6)
S
, where dS is an infinitesimal surface element oriented perpendicular to the surface area.

The time-averaged torque on the centre of mass of the particle can be calculated very
similarly by:

M=—[{(T)xr-d S (4.7)

, Where r is the position of the element of surface area. The Maxwell’s stress tensor can
be obtained from the total fields around the particle.
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When rotating around a single axis, a particle driven by an external torque, M,
has its displacement following the equation of motion:
dow

J—=M

It et M+ M (4.8)

, where J is the moment of inertia of the nanoparticle, w is the instantaneous angular
velocity of rotation, Myis a friction torque proportional to w, Ms is a stochastic torque. For
a light intensity I, photon energy hw,, and a particle absorption cross-section oas the
external torque due to spin angular momentum transfer is Mays = I Oaps/w0.[137] On an
asymmetric nanoparticle, scattering also induces an optical torque. By calculating the
total optical torque from equation (4. 6), the optical torque scattering contribution can
be obtained from M, = My + Maps.

The viscous frictional torque is linked to the dynamic viscosity, 1, of the liquid and
follow Stokes equation for a laminar flow (low Reynolds number):[138]

M, =—manL’wy (4.9)

, where L is the length of the asymmetric nanoparticle modelled as a prolate spheroid,
and y is a geometrical factor depending on the spheroid eccentricity.[139] When a steady
state is reached, the optical and frictional torques balance each other, which yields an
average rotational frequency:

__ M (4.10)
_27[2nyL3 '

, where D is the short axis diameter of the prolate spheroid. Finally, the frictional torque
in water can be influenced by the heating of the nanoparticle and an increase in
temperature:
Ea
o
N ky(T—=T")

n(T)=neexp| (4.11)

, Where no, = 24,2 pPas for water, E, = 4,74 kJ/mol is an activation energy, kg is
Boltzmann's constant, N4 is Avogadro's number, and T'= 140 K is a temperature offset.
The temperature also influences the nanoparticle motion via a stochastic torque. This
causes fluctuations in the angular velocity by an amount of the order of (ks T/J)*/?. The
inclusion of the fluctuations due to Brownian motion in the signal analysis of a
nanoparticle rotation is shown in the next paragraph.

4.2 Optical trapping setup

Optical trapping of plasmonic nanoparticles is usually done by employing a laser
wavelength detuned to the red with respect to the particle LSP resonance.[113, 115] The
reason can be quickly deduced from looking at equation (4. 3). The gradient force on the
blue side of the LSPR would be negative, meaning that the gradient force would be
repulsive. However, close to the resonance, a strong scattering force dominates and
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pushes the nanoparticle in the light propagation direction, thus preventing three-
dimensional trapping. Two-dimensional trapping is still possible by using a physical
interface perpendicular to the direction of propagation to stop the motion of the
nanoparticle. All of the optical trapping experiments I conducted so far were in a 2D
trapping scheme depicted in Figure 4.2A.

The optical tweezers are built around an inverted microscope (Nikon TE300), and
equipped with white-light dark-field illumination from a halogen lamp for the
localization of the particles. A near-infrared laser (A = 830nm) is the source of the
trapping beam. Starting from the laser, the beam passes through a laser-line filter and a
beam expander to obtain a light beam filling the back aperture of the objective. The light
beam polarization is modified first by passing through a linear polarizer before passing
through a quarter-wave plate to become circularly polarized. It is then reflected by a
dichroic beamsplitter and focused by an air objective (60X; NA=0.7) to trap the gold
colloids. The scattered light from the colloids from dark-field illumination (dark-field
condenser; NA = 1.2-1.43) is collected by the objective, passes through a dichroic
beamspliter and a hot mirror to remove contributions from the laser light, and is
collected by a fibre-coupled avalanche photodiode (APD) before being analysed by an
autocorrelator (ALV-5000). A linear polarizer can be placed in front of the fiber to
measure the spinning frequencies of asymmetric nanoparticles.

The sample consists of a droplet of ~3pL of diluted colloidal suspension placed
between two glass slides separated by a 100um spacer. During the trapping experiment,
the laser focus is moved slowly upward so that a trapped nanoparticle would be pushed
and immobilized against the top glass slide. In that position, data is acquired by the APD
using a 1s acquisition time. The autocorrelation function analysed is plotted in Figure
4.2B for a gold nanorod trapped against the glass interface at a laser power of 2.5mW
with linearly and circularly polarized light, respectively. The autocorrelation function
allows to distinguish between the different contributions to the intensity variations. It
measures the correlation of a signal with itself shifted in time by some delay. The
function is expressed as following:

t

Clt)= ]'Tx(t)x(t-l-‘c)dt (4.12)

L
-t
, where 7 is a time delay, and x(t) is a signal. For circularly polarized light, the
autocorrelation can be fitted to:

2

C(t):I§+%exp(—t/to)cos(4nf‘c) (4.13)

, where I is the average intensity, I; is the amplitude of the intensity fluctuation as a
result of the nanorod rotation, and 7, is the autocorrelation decay time due to the
stochastic motion of the nanoparticle.

3
_myL __BJ
= = 4.14
4k, T N’k,T ( )

Ty

, where N is the symmetry order of the trapped object, and f is the velocity damping rate.
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Figure 4.2: (A)Schematic of the optical trapping setup. (B)Representative autocorrelation
function of a gold nanorod (L 190nm x D 120nm) trapped by a laser (830nm) with linearly (LP)
and circularly (CP) polarized light at a power of 2.5mW.

From the graph in Figure 4.2B it is clearly seen that under illumination by
circularly polarized light the nanorod is set in rotation and produces an oscillating
autocorrelation function. Whereas a linearly polarized light illumination leads to an

exponential decay and an alignment of the nanorod long axis along the polarization
direction.[113, 115]
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4. 3 Nanorod trapping at an oil-water interface

Disclaimer: The following paragraph is a compilation of results on an on-going project.
Data is still lacking to have a complete understanding of the phenomena at play. It is in
our intention to publish an article based on the data herein reported.

Liquid-liquid interfaces, and more particularly oil-water interfaces, are systems
very important in the food and cosmetics industries because of the wide-spread use of
emulsions.[140, 141] Behaviour and self-assembly of colloids at oil-water interfaces is of
utmost importance for the understanding of problems like self-cleaning surfaces, drug
delivery, emulsion formation and stability, and nanofabrication relying on colloidal self-
assembly.[141-144] Detection of the relative position of a nanoparticle at an interface,
[143, 145] as well as the interacting forces at play are investigated in the literature and
are of high current interest.[146-152] In this framework, optical tweezers present
themselves as a powerful tool for the mechanical probing of oil-water interfaces.

Similarly to a previous paper,[130] I chose to work with gold nanorods with
lengths of around 190nm and diameters of 120nm because of their asymmetry and
strong light scattering. Transfer of spin angular momentum then occurs with a reduced
contribution from absorption, and thus less heating. The optical properties of the
monocrystalline gold nanorods are displayed in Figure 4.3.

B 0.3

0.25

0.2

0.15

Extinction

O » 1 » 1 » 1 » 1 » 1 » 1 » 1 »

400 500 600 700 800 900 1000 1100 120(
Wavelength (nm)

Figure 4.3: (A)Scanning electron microscope image of the gold nanorods with an average length
and diameter of 190nm and 120nm, respectively. (B) Extinction spectrum of the gold nanorods
in solution. Three resonances are visible in this spectrum: the longitudinal mode located around
760nm, the transversal mode around 570nm, and a quadrupolar mode around 600nm.

Regular rotation trapping experiments, as described in the previous paragraph,
were conducted on 10 different nanoparticles to obtain the power dependences of the
rotation frequencies and autocorrelation decay times for the gold nanorods in water
against a glass interface. As seen in Figure 4.4, the similarities in the power dependences
of the 10 different nanorod reflect the monodispersity of the colloidal suspension. The
fittings from the autocorrelation functions to extract rotation frequency and
autocorrelation decay time presented very good agreements as show the amplitudes of
the error bars.
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Figure 4.4: Gold nanorods trapped with a laser at 830nm in water against a glass interface.
Power dependences of the rotation frequencies (A), and of the autocorrelation decay times (B).

Two different vegetable oils were selected to form our oil-water interfaces:
soybean oil (Sigma-Aldrich), and triglyceride (Sigma-Aldrich). The reason for these two
choices were the following. As of now, soybean oil volumes account for 25% of the world
consumption in vegetable oil; only equalled by palmseed oil. This system is thus very
relevant for applications in the industry. Triglyceride is a good oil reference since it is
free of chemical surfactants that could cause unexpected phenomena. The aim of the
experiment was to create a horizontal oil-water interface with the oil on top of the water.
The water would contain the diluted solution of gold nanorods. Placing the sample in the
optical tweezers, the gold nanorods would be slowly pushed upwards by moving the
laser focus and be stopped by the oil due to its high viscosity. A 1.2uL droplet of oil is
placed on what will become the top glass coverslip. After placing a 100um-thick spacer
on the bottom glass coverslip, a 2.8uL droplet of nanorods in solution is pipetted in its
centre. After waiting some minutes for the oil to settle, the top glass coverslip is placed
delicately so that the oil and water droplets coincide without escaping in the spacer
matrix.

The horizontal oil-water interface position was visualized by observing the
Brownian motion of particles in both media. Indeed water (1 = 1.002mPa.s) has a much
lower viscosity than soybean oil (n = 54.3mPa.s) and triglyceride (n = 60mPa.s).
Brownian motion of particles are much faster in water. To have a statistically relevant
amount of data, 10 gold nanorods were trapped both at soybean oil-water interface and
triglyceride-water interface with a circularly polarized laser beam.
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Figure 4.5: Au NR rotation frequencies (blue) and autocorrelation decay time (red) averages for
a glass-water interface (dashed lines), soybean oil-water interface (dotted lines), and
triglyceride-water interface (continuous lines)

To allow easier comparison, averages of the different power dependences are
plotted in Figure 4.5. It is clear that rotation frequencies against the glass interface are
around 3 times lower than at an oil-water interface. This result is coherent with the
decay time values which are around 3 times higher for a glass-water interface. The
problem lies in discovering the origin(s) of the decrease in apparent-viscosity at similar
laser power when the nanoparticle is at an oil-water interface. Precise informations
about the relative position of the nanorod with respect to each media during the rotation
are not available. However, when released from the optical trap, the nanorod Brownian
motion reveals that it is still located in water. Depending on the interface, the ranges of
laser power available for a stable trap are different. The lowest power enabling trapping
of a nanorod is reported for the triglyceride-water interface. On the other hand,
nanorods are quickly lost in the oil phase for higher laser power.

It is known in classical hydrodynamics that the viscosity of a liquid in laminar
flow increases when in vicinity to a wall. An hypothesis was that the water viscosity near
glass (infinitely viscous) would be altered differently than near oil. A back-of-the-
envelope calculation revealed that the water viscosity 5nm from the glass surface is only
around 12% higher than 5nm away from the oil phase. Another factor that could modify
the spin angular momentum transfer is the refractive index. But glass (n = 1.51) and
triglyceride or soybean oil (n = 1.47) exhibit close values. An additional experiment was
conducted to discover the orientation of nanorods during rotation. The dark-field
spectra of rotating individual gold nanorods trapped with a laser at 660nm were
measured at soybean oil-water interface and glass-water interface, and plotted in Figure
4.6. It is surprising to notice that the spectrum at the soybean oil-water interface looks
like a single dipolar resonance positioned at the wavelength of the transversal mode.
Compared to the broad spectrum at glass-water interface, it would point towards the fact
that depending on the interface, the particle changes its orientation from being
perpendicular to being parallel with respect to the light direction of propagation. On one
hand it would explain the decrease in apparent-viscosity since rotation around its long
axis would cause a lower drag. And indeed, for the same rotational frequency, the
calculated friction torque using equation (4. 9) of a nanorod rotating horizontally is
equal to 2.574 times the friction torque of a nanorod rotating vertically. On the other
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Figure 4.6: (Top)Dark-field scattering spectra of rotating nanorods trapped at 660nm with same
laser power. (red)Nanorod trapped against glass and rotating at 567Hz. (blue)Nanorod trapped
against soybean oil and rotating at 1257Hz. (Bottom)Calculated total optical torque on a
horizontal (blue), and vertical (red) nanorod, respectively.

hand, the optical torque of the nanorod rotating vertically would decrease due to the
position of the transversal resonance with respect to the laser line. The optical torque of
a vertical and horizontal nanorod can be calculated from FDTD simulations (Figure 4.6).
From these calculations, it would seem difficult for a completely vertical nanorod to have
an optical torque able to induce a fast rotation. However, intermediate orientations
would still have a considerable optical torque due to the broadband extinction spectrum
of the nanorods. Chemical origins of the higher rotational frequency at oil-water
interfaces are still left to be explored so far.

As a side effect of trapping at oil-water interface, I observed the formation of
water-in-oil emulsion at the location of the trapped nanoparticle both for circularly
polarized and linearly polarized laser beam. The increase in emulsion generation for
linearly polarized light would indicate that heat is accelerating the emulsion since light
absorption is more efficient for linearly than for circularly polarized light illumination at
the same power. An increase in laser power resulted in an increase in emulsion
generation. As said before, soybean oil contains surfactants such as diglycerides and
fatty acids, which promote emulsion. Formation of water-in-oil droplets in a
triglyceride-water system proved to be very difficult over the laser powers limited range
without losing nanorods in the oil phase.
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As a conclusion, water-in-oil emulsion generation seems to be linked to the
presence of surfactants at the oil-water interface, and heat from the nanorods only acts
as a secondary cause.

Figure 4.7: Dark field image of a rotating gold nanorod generating water-in-oil (soybean oil)
emulsion for a laser power of 2.5mW. The cloud of droplets drifts in the oil phase. The droplets
lifetime is of several seconds.
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Chapter 5

Nanofabrication

Nanotechnology and nanofabrication go hand in hand. Driving further the
possibilities of manufacturing more complex nanostructures and with higher precision
allows to make progresses in fields like plasmonics. Generally, nanostructure production
falls into two categories: bottom-up, and top-down. All the nanostructures presented in
Papers II-1V were realized through hole-mask colloidal lithography.[48] One of the most
common techniques to manufacture metallic nanostructures on substrate is through the
use of a surface template. A good overview of different methods to fabricate plasmonic
samples is given in a review by M. R. Jones et al.[153] The way it works is the following: a
pattern is formed via different lithography techniques, material evaporation is used on
the patterned template, and finally the template is removed to reveal the nanostructured
film on a substrate. The most commonly employed methods in the literature are
photolithography, which can produce quickly large patterned areas, and electron beam
lithography, which has a high versatility and precision to manufacture templates.
However, both these approaches are costly either in time or money. In comparison to
electron beam lithography, colloidal lithography techniques are cheaper, quicker, facile,
and can cover large areas. They can be used to produce ordered arrays with close-packed
colloids templates.[154, 155] Hole-mask colloidal lithography (HCL) is processed
similarly by adding a polymer-based sacrificial layer. HCL structures are typically short-
range ordered owing to the charge repulsion between the colloids employed.[49]
Density of nanostructures can be tuned by controlling the amount of charges in the
colloidal beads solution. As I demonstrate more in detail in the following paragraphs, the
colloids polydispersity is responsible for inhomogeneities in particle dimensions.
Moreover, due to the spherical shape of the beads, nanoparticle features are limited. In
conjunction with HCL, angular evaporation and rotating exposition are used in this
thesis. It allows to overcome certain shape limitations and expand the range of designs
available.

In this chapter, the first part is about the basics of hole-mask colloidal lithography.
Then in a second part [ look at some options that are important to consider during
fabrication. In the third and last part of the chapter I discuss what kind of designs
angular evaporation and simultaneous rotation open up to, as well as some of its
limitations.
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5.1 Hole-masKk colloidal lithography

HCL is a technique that has been used for many different structures, such as
nanoholes,[156, 157], nanodisks,[158-160] dimers,[161] vertical dimers,[162, 163]
oligomers,[164, 165] conical particles,[166] and rings or crescents.[167, 168] Figure 5.1
illustrates some of these examples fabricated in the MC2 cleanroom and imaged by
scanning electron microscopy (SEM).

Figure 5.1: SEM images of diverse plasmonic nanostructures fabricated via HCL. (A) Gold
nanodisk, (B) tilted gold monomer, (C) Au-SiO2-Au nanosandwich, (D) gold dimer, (E) gold
tetramer. Scale bar = 100nm.

The two most basic structures fabricated by HCL are nanoholes and nanodisks. I
go through the step-by-step recipe needed to achieve these two structures by following
the schematic depicted in Figure 5.2.

1. As very often in sample preparation in a cleanroom, a clean sample is of
great importance. To achieve that, the glass coverslip that serves as our
substrate is first blown with a stream of nitrogen to remove the biggest
dust particles. It is then followed by three successive ultrasonic baths
(Acetone, Isopropanol, Deionized water) lasting 5 minutes each in a water
at 50°C. Finally the sample is dried by a stream of nitrogen.

2. The glass is ready to be covered by a thin layer of PMMA (poly-
methylmethacrylate), a light-sensitive polymer. This is done by first
pipetting the diluted PMMA solution on top of the substrate, and by spin-
coating to equalize the thickness over the sample. To finish the
evaporation of the diluted PMMA, remaining solvent the sample is soft-
baked either in an oven at 180°C for 10min or on a hot-plate for 5min.
PMMA final thickness depends on multiple factors, such as the initial
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Figure 5.2: Step-by-step illustration of the HCL method to fabricate nanodisks on a substrate.
The substrate is first cleaned, after which a polymer (PMMA) is spin-coated and soft-baked upon
it. After a brief oxygen plasma etch, a monolayer of PDDA polyelectrolyte is coated on the surface.
A solution of latex beads with opposite charges is then pipetted, rinsed, and the sample is dried.
A metallic mask is deposited, the latex beads are tape-stripped away, and holes are pierced
through PMMA by oxygen plasma etching. A second material evaporation at normal incidence
deposits nanosdisks on the substrate. They are left free-standing after the lift-off step and some
additional cleaning.

dilution, the time duration of the spinning, and the rotational speed of the
spin-coating. Typically, these factors are chosen so that a resist layer
thickness around 235nm (PMMA-A4, 4000rpm, 1min) is obtained.

3. Following the baking, a short (~5s, 50W) oxygen plasma etching step is
required to induce hydrophilicity of the PMMA layer surface. Self-assembly
of the latex beads in colloidal solution is realized by electrostatic attraction
between the beads and the surface, and repulsion between the identically
charged beads. To induce surface charges at the surface of the PMMA, a
monolayer of a positively charged polyelectrolyte called PDDA (poly-
diallyldimethylammonium) is deposited. This polyelectrolyte is spread on
the polymer via pipetting a diluted solution (0,2% concentration), left to
incubate a certain amount of time (30s), before being rinsed (10s) under a
constant stream of deionized water. A stream of nitrogen to blow-dry the
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sample substrate concludes the surface charging step. The negatively
charged beads are found in suspension in aqueous solution whose
concentration and charges content determine the density of the structures
present on the substrate at the end of the recipe. This step is similar to the
previous one. With a pipette, the solution of latex beads is spread on the
sample surface and left incubating for a certain amount of time (1min),
rinsed under a stream of deionized water (30s), and blow-dried under a
stream of nitrogen. The final distribution of the beads layer is amorphous
with a short-range order due to the repulsion forces between colloids. The
purpose of rinsing and drying is to remove any excess beads still present
and prevent any rearrangements of the “fixed” nanospheres.

4. The next step in the process is to evaporate a thin metallic film on top of
our sample surface. This metal layer forms the mask template that is used
during a future evaporation step, and removed during the lift-off step.
Usually the metal deposited is either gold or chromium with a thickness of
around 10nm. The only criterium this layer musts satisfy is that it has to
be resistant to oxygen plasma etching.

5. After mask deposition, a tape-stripping process is used to remove the latex
beads. After this step, what should be left is a mask perforated by circular
holes where the beads were. A good adhesion between the tape and the
sample surface is necessary to remove the beads. Alternatively, one can
remove the beads by gently brushing the sample with a Q-tip.

6. Along (2-5min, 50W) oxygen plasma etching step etches away the PMMA
not protected by the mask. It creates nanoholes which, with a proper
timing of the etching, reaches the glass substrate surface. This timing
depends both on the thickness of the PMMA one has to go through, and
also on the undercut required for the particular process.

7. In this second material deposition, the desired structures are evaporated
onto the substrate. Their shapes are dependent on the mask realized
previously through steps 4 to 6. Their thickness depends on the
evaporation duration and evaporation rate. Here, one can vary the
materials evaporated to produce structures with different properties. In
the example depicted in Figure 3.2, nanodisks, one only needs to do a
single evaporation at normal incidence.

8. This step is the last in the recipe. Now that the structures are sitting on the
surface of the substrate, one needs to remove all excess material on top of
the PMMA layer as well as the PMMA itself so that they are left free-
standing. It is simply done by repeating the cleaning from step 1. Acetone
dissolves the PMMA, and all material resting on it is lifted away. The next
ultrasonic baths completes the cleaning of the finished sample.

Despite the apparent simplicity of the HCL method, many choices are available at
each step to tweak and tune the nanostructures pattern to your needs. Some
considerations about the material evaporation method, annealing, and adhesion are
developed more in detail in the next paragraph.
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5. 2 Nanofabrication options

Material deposition

Different material deposition techniques have each their advantages and
disadvantages with respect to the sample properties that are sought after. Physical
vapour deposition (PVD) can be done via two main methods: evaporation, and plasma
assisted sputtering. In sputtering, a material source also called target is bombarded by
ions. The bombardment comes from a plasma localized close to the target by a magnet.
The ions collides with the material source whose atoms are ejected away as a vapour in
the deposition chamber. After an omnidirectional launch, this vapour condensates either
on the chamber walls or on the substrate surface. The plasma gas is often an inert gas,
such as argon. Changing the gas pressure changes the motion of the sputtered material
vapour. The resulting deposition is a quite uniform coverage of both horizontal and
vertical features due to the omnidirectionality of atom ejections. Deposition rate is
generally higher than in the case of evaporation.

In the case of evaporation, the target is heated up to high temperatures up to the
point where the material is evaporating. Heating is done either by resistive heating or by
an electron-beam gun. Resistive heating is conducted by placing the material in a “boat”
made from a temperature resistant material (Ta or W) and passing current through it.
Alternatively, material can also be placed in a crucible and heated radiatively by an
electric filament. On the other hand, an eletron-beam gun heats the material source
directly by focusing a stream of electrons accelerated with voltages of several kilovolts
onto the target. The electrons hit the source and their kinetic energy is transformed into
thermal energy. The evaporation process takes place in high vacuum that can be
achieved by a combination of a mechanical pump and a cryo-pump. High vacuum is
needed so that once the material evaporates it can reach the sample surface and
condensate. The evaporation rate is typically around 2A/s and is directional. Coverage
uniformity on the plane parallel to the target depends on the uniformity of the heating
and on the distance from target to sample. Since the target has a limited size, the
coverage right above it is thicker, and decreases as distance from it increases.

For both the evaporation technique and the sputtering technique a shutter
separates source from sample until a stable deposition rate is reached for a more
consistent material film. An advantage that evaporation has with respect with sputtering
is its directionality. Indeed one can use a partial shutter to expose different parts of a
deposition area with different thicknesses and/or materials.

Figure 5.3 is a good illustration of the differences in deposition between
sputtering and evaporation. As I said before when explaining the HCL method, the mask
layer is the template for the nanostructures. By evaporating at normal incidence, one
ends up with nanodisks. Since the evaporation is directional, only few material satellites
surround the nanoparticle. In step 6 of the HCL process, PMMA is etched and the etching
time determines the size of the undercut at the PMMA-substrate interface. Since
sputtering is omnidirectional, one can see that satellites have formed on the whole area
available. The anisotropy of the satellites distribution is probably due to the positioning
of the sample in the deposition chamber.

-4.5-



Figure 5.3: Gold nanodisks on Silicon substrate. (Left)An electron-beam gun was used to heat a
gold target. (Right)An additional layer of gold (~10nm) was deposited by sputtering before lift-
off. Scale bar = 100nm.

Annealing

Metal evaporation leads to a nanostructure consisting of many material grains.
The higher the number of grain boundaries, the higher the losses. Annealing is a method
to reduce the nanoparticles morphological aberrations. Simply put, heating up the
sample after lift-off at at high temperature (above 200°C) for a short amount of time
(~10min) causes grain coarsening in the nanostructure. The LSP resonance gains in
intensity and decreases in bandwidth due to the gain in quality of the resonant modes.
Associated with annealing, a reshaping effect can occur. Indeed, the particles try to
minimize their surface energy by adopting a more spherical shape.[169] Thus an
annealed particle becomes more “rounded” and its resonance blue-shifts. It can also be
added that although annealing can enhance the plasmonic properties of a nanoparticle,
sharp features might be lost in the process, such as depicted in Figure 5.4.

Figure 5.4: Elongated gold particles featured in Paper III. (Left)Before annealing the elongated
particles have sharp corners. (Centre)After annealing, these same corners have disappeared.
(Right)Gold dimer bridged by the annealing process. Scale bar = 100nm.

The reshaping effect can be used advantageously to quickly fabricate samples
covered with small nanoparticles. By simply evaporating a thin layer (~10nm) of gold,
for example, and then annealing, a surface of nanoparticles is formed from gold
gathering into islands.[169] Annealing can be done on a hot-plate or in an oven for a
better control of the environment. Indeed, heating some metal leads to a faster oxidation.
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Adhesion layer

As its name suggests, an adhesion layer consists in evaporating a very thin film of
metal (~1-3nm), such as chromium or titanium, prior to the evaporation of the main
nanostructures to increase their adhesion to the substrate. In the case of annealing, the
reshaping effect can be limited by this extra layer. Additional adhesion is necessary for
thick nanoparticles that could otherwise get shaken up by an ultrasonic bath while
cleaning. This can be a problem during the lift-off, but also in the framework of
applications if the sample has to be re-used multiple times. Figure 5.5 illustrates what
can happen during a cleaning step without an adhesion layer.

Figure 5.5: Gold dimers without adhesion layer on a silicon substrate. During the cleaning after
lift-off, some of the 35nm-thick nanoparticles got loosen up leading to some incomplete and
missing dimers. Scale bar = 100nm.

Aside from all these advantages, an adhesion layer also brings disadvantages.
Chromium and titanium are metals with strong absorption. The LSPR resonance of a
nanoparticle will be attenuated by it and its efficiency as a biosensor, for example, might
be decreased.[170] The use of an adhesion layer has to be limited if possible.

5.3 Angular and rotating evaporation

Each degree of freedom available during the nanofabrication process expands
greatly the number of designs available. Material evaporation is one of the steps that
occurs the most often. One of the tools available in our cleanroom is a Lesker PVD225
evaporator. It has a 12-pockets barrel for different materials, e-gun evaporation, and
operates at pressures below 107 Torr. The sample holder can tilt at an angle of +45
degrees and can rotate in steps or continuously during evaporation. A simple schematic
in Figure 5.6 represents the factors | am interested in in this paragraph. a represents the
angle of the sample with respect to the normal, 3 is the partial opening angle of the
intermediary fixed shutter between the sample and the source, and w is the continuous
jogging speed of the sample during evaporation. A basic use of continuous jogging speed
is to obtain a uniform coverage when doing thin film deposition, and a partial fixed
shutter allows to fabricate series of samples with different materials or parameter values
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without the need to unload the deposition chamber and pump again, thus gaining
processing time.

a

Sample X

Partial

shutter ‘

| B
Source
w crucible

Side ‘view

Top view

Figure 5.6: Schematic of the evaporator apparatus. Four different factors can be changed easily:
the source material, the angle of evaporation «, the partial angular opening of a fixed shutter 3,
and the sample jogging speed w.

Angular evaporation

Aside from these standard applications, one can explore different nanostructure
designs.[161, 164-166] The first requirement is to have a large enough area at the
PMMA-substrate interface to fit a nanostructure wider than a simple nanodisk. Proper
timing of the plasma oxygen etching step is essential. If one wants to fabricate a tilted
monomer such as in Figure 5.1, the only requirement is to evaporate at a certain angle o.
The conical shape of the monomer comes from the fact that the mask circular aperture
closes off as more and more material is evaporated.[164] Dimers fabrication is depicted
in Figure 5.7A and is similar to fabricating two nanodisks, one after the other, at xa. The
angle o has to be chosen so that the two disks are not overlapping. A good estimation of
a requires only to know the thickness of the resist layer and a bit of trigonometry.[164]
Continuously evaporating while continuously changing the angle from +a to -a leads to
the formation of elongated nanoparticles.

All of these nanostructures are possible by simply controlling the evaporation
angle during the last evaporation step. Using angular evaporation to realize the mask is
also known as shadow evaporation. When done correctly, instead or a circular aperture,
an elliptical pattern appears in the mask as shown in Figure 5.7B. However, the produced
ellipses have a rather limited aspect ratio (~2). For high angle of evaporation, the mask
material that would be on top of the latex beads ends up being connected to the rest of
the mask film. It then becomes impossible to remove the nanospheres by tape-stripping
without tearing out parts of the mask.
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Figure 5.7: (A)Schematic of the evaporation at an angle +a of the first nanodisk that will
constitute a dimer. (B)Mask evaporated by shadow evaporation but with only a partial removal
of the latex beads.

Rotating Evaporation

Being able to rotate the sample holder enables to realize even more complex
shapes, such as the tetramer in Figure 5.1. What needs to be kept in mind is that for
whatever shape one intends to achieve, a single circular aperture in the mask is used. As
more and more material is evaporated, the more this aperture shrinks. It can be used as
an advantage,[164] or it can be a limitation.

Similarly to the method employed to fabricate dimers, tetramers are formed by
the evaporation of four nanodisks one after the other at a fixed angle, with a rotation of
the sample holder in between. Of course, this strategy is not limited to tetramers, it can
be adapted for trimers, pentamers, etc. Moreover, as each element of the oligomer is
evaporated independently from the others, different materials can be used as well as
different thicknesses; the deposition angle can be modified, and the rotation angle can be
controlled to achieve the design required. Based on angular and rotating evaporation,
chiral spiral ramp nanostructures were reported in the literature.[171] Coupling a
continuous rotation of the sample holder with angular deposition would only result in a
crescent-like nanoparticle. To realize a ramp, two solutions are possible. One solution is
to have a slow decrease in the rotational speed to accumulate material. The second
solution is to have a constant rotational speed but an increasing evaporation rate.

So far I didn't use the possibility of including a partial shutter between the source
target and the sample. Nonetheless it can be a very powerful tool in the processing of
metasurfaces. A partial shutter will only allow a fraction of the sample to be exposed. By
aligning the sample position on the holder with its centre of rotation, continuous
rotation during the deposition step leads to a metasurface with a rotational symmetry.
Rotational symmetry on a metasurface based on HCL holds some potential in the
nanofabrication of polarizers that are so far restricted to electron-beam lithography.
[172-174]

One of the great strengths of HCL is its capability to cover large areas very easily
in a uniform manner as shown in Figure 5.8. Covering several square centimetres using
electron-beam lithography would take much more processing time. One can leverage the
large coverage advantage of HCL thanks to a partial shutter. A comprehensive overview
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Figure 5.8: Elongated gold nanoaricleso silicon substrate. Scale bar = Tpm.

of the combinations made possible by the use of a partial shutter, angular evaporation,
and rotation of the sample can be found in Paper IV. Let's consider the deposition at
normal incidence of a film on a substrate. Let's also insert a partial shutter with an
angular opening = 90° and rotate the sample at a constant speed. During the
continuous rotation, there is a constant accumulation of material over the 90° arc
exposed. This will create a thickness gradient with a polar distribution. The gradient can
be controlled by the rotational speed for a fixed evaporation rate. Because of the very
slow deposition rate (24/s), a very high precision can be realized. It means that the
thickness parameter can be varied continuously over the sample surface. This is
especially useful in the case of optimization. What is finally realized is a “library” of
nanostructures on a single sample in a single evaporation step. Not only that, but a
thickness gradient in the mask template results in a lateral gradient when fabricating
dimers for example. However, the mask thickness gradient presents two limitations. The
maximum thickness cannot be higher than the radius of the latex beads, otherwise tape-
stripping would be rendered impossible. The second limitation concerns the material
used as a mask. As the mask becomes thicker, the material capping the beads not only
grows in thickness but also in lateral dimensions. To limit this lateral growth, a material
with a small grain size, such as chromium is preferred.
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Chapter 6

Summary and Outlook

Summary of Appended Papers

Paper I: Ultrafast Spinning of Gold Nanoparticles in Water Using Circularly Polarized
Light is a report about the rotation of gold colloids trapped in water in two-dimensions
by near-infrared laser tweezers. The transfer of spin angular momentum from circularly
polarized light to the nanoparticle induces rotation at frequencies of several kilohertz. At
the time of the publication, it was the first time that such high spinning frequencies were
reached in water. What the paper puts in evidence is the relationship between the
aborption cross-section of the particles and the transfer of spin angular momentum. A
clear increase in the spinning frequency is observable when the laser power is increased.
Tracking of the nanoparticles rotation is possible thanks to intensity correlation
measurements. The imperfections in the shape of the gold colloids creates small
variations in the collected light intensities. The analysis of the APD data gives an
autocorrelation function showing two features that are attributed to two phenomena:
the oscillation of the autocorrelation function corresponds to the rotation of the
nanoparticle, the autocorrelation function decay time is associated to the rotational
Brownian motion. The autocorrelation decay time is a function of viscosity, temperature,
and rotation frequency of the nanoparticle. An observation of the decrease of this decay
time with respect to an increase of the laser power points to the fact that an increase in
temperature in the vicinity of the trapped particle is decreasing the local viscosity.

Paper II: Macroscopic Layers of Chiral Plasmonic Nanoparticle Oligomers from Colloidal
Lithography is a study of artificial chiral plasmonic structures composed of three to four
nanodisks. The nanofabrication of the chiral nanostructures is based on the hole-mask
colloidal lithography method and on angular metallic evaporation. A very strong chiral
optical activity is observed in these oligomers in the visible to near-infrared wavelength
range. The optical activity is evaluated by a quantity commonly used in biology and
chemistry called circular dichroism. Circular dichroism is a measurement of the
difference in light intensities when the sample is illuminated by RCP and LCP light. A
maximum difference of 7% between the two light handedness is measured in
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transmission for silver tetramers. To understand the origins of the optical activity in
tetramers (fabricated as four disks of increasing heights on a square base), simulations
were conducted with two methods (CDA and FEM) and compared. CDA is a simplified
model whose limitations put forward some interaction contributions when placed side-
to-side with the more complete system simulated via FEM. From our analysis, the
tetramers optical activity is dominated at longer wavelengths by the interactions
between the two dipolar resonances from the two thinner disks. At shorter wavelengths,
contributions are coming from quadrupolar modes and dipolar modes from the two
taller disks. Near-field coupling between the disks is a crucial point underestimated in
the CDA. Symmetry-breaking of the structure is another requirement to have an optically
active structure. The potential of tetramers for enantiomer sensing can be evaluated by
the observation of the superchiral fields of the nanostructure. To conclude, despite high
local values, the average value over the whole nanostructure is not very promising. The
circular dichroism of the tetramer structure itself would dominate the overall signal.

Paper IlI: Near-Complete Photon Spin Selectivity in a Metasurface of Anisotropic
Plasmonic Antennas presents the design of a metasurface able to select the circularly
polarized light reflected. A metasurface composed by a dense array of elongated gold
nanoparticles is fabricated based on hole-mask colloidal lithography. The idea is to use
an evanescent illumination scheme which results in an orientation of the electric field in
the sample plane along two different directions depending on the impinging light
handedness. By orienting the elongated particles and aligning them along one of these
two directions, the anisotropic nanoparticles are excited by either right- or left-handed
circularly polarized light. A spin-selectivity of 90.4% is achieved this way. The system
composed of the anisotropic nanoparticles and the oblique light illumination defines the
so-called extrinsic chirality. The advantages of such systems is the ability to access both
structure eniantomeric forms from the same sample, and the ease in the fabrication of
the sample compared with intrinsic chiral nanostructures. The use of the modified
Fresnel coefficients are perfectly able to model experimental results. The polarization
state of the reflected light maintains a large degree of circular polarization under most
polarization states of the illumination and shows an interesting singularity-like
switching behavior for certain illumination conditions.

Paper IV: Continuous Gradient Plasmonic Nanostructures Fabricated by Evaporation on a
Partially Exposed Rotating Substrate is the description of a nanofabrication technique
based on hole-mask colloidal lithography. The aim is to leverage the ability of hole-mask
colloidal lithography to fabricate quickly large areas for the realization of a “library” of
nanoparticles on a single substrate. The possibility to continuously vary a parameter
should prove invaluable in the optimization of nanostructures optical properties. Optical
properties of nanostructures can be predicted by simulation, but it cannot take into
account all of the non-ideal cases encountered in fabrication, or the irreproducibility of
some experimental conditions. The basic principle relies on evaporation on a partially
exposed rotating substrate. A fixed partial shutter only exposes a part of the substrate to
the evaporated material. As the substrate rotates, the area exposed accumulates
material. This results in a film with a thickness gradient with a polar topology. This
variant on evaporation can be used at different stages of the HCL method for different
purposes such as nanodisks with continuously varying thicknesses, sandwich structures
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with a gradient in the spacer thickness, nanoparticle dimers with continuously
increasing gap distances, and crescent-like nanoparticles with continuously changing
orientations.

Outlook

As one can read in this thesis, circularly polarized light interacts in many
interesting ways with surface plasmons. Chiral nanostructures can be used for various
applications such as polarizers, enantioselective biosensors, negative refractive index
metamaterials, etc. Optical tweezers and transfer of angular momentum lead to
unprecedented plasmonic nanoparticle rotation frequencies, and intriguing behaviours
are observed at oil-water interfaces. Nanofabrication limits of hole-mask colloidal
lithography are pushed further. However interesting opportunities are still left
unexplored.

Combining nanofabrication and optical forces, plasmonic optical tweezers offer
great prospects for the direct manipulation of single molecules. Using plasmonic dipole
antennas, particles 10nm in size can be trapped in parallel.[122] An issue always present
in the field of optical trapping is the heat-induced convection from light absorption in
the metals. In plasmonic optical tweezing, a large area is illuminated to create several
trapping spots observed simultaneously. However, it doesn't mean that a high density of
antennas are needed to trap a few particles. The antennas can be tailored to the particle
size required and can provide on-demand SERS hotspots for instance. A more interesting
application of plasmonic optical tweezers is the transfer of angular momentum. Rotating
nanoparticles can serve as mixers in microfludic systems, or micro-rheology probes.
Two-dimensional chiral structure have already been used for the selective trapping of
particles depending on the handedness of the incoming light.[175] However, the self-
spinning of a nanoparticle by a plasmon-enhanced optical tweezers has not been
achieved. With the new possibilities now offered by hole-mask colloidal lithography, the
development of chiral plasmonic optical tweezers might be possible.

Enantiomer-sensing is a more difficult subject. Superchiral fields are seen as a
way to enhance molecular chiroptical effects. However, most of the nanostructures
showing strong optical activity are not suitable for enantiomer sensing as their own
circular dichroism risks to dominate the molecular signature. As we observed in Paper II
and IlI, superchiral fields can present a high local enhancement. But what matters is the
average of superchiral field enhancement over the whole nanostructure since the
sensing occurs by covering with chiral molecules the whole sample. There are at least
two alternatives. One is the realization of a uniform superchiral field to avoid the
averaging of positive and negative superchiral fields. The second is to have a very
selective delivery of the analyte at a superchiral “hotspot”. Optical forces could be used,
as well a combination of nanofabrication and surface chemistry.

But in the immediate future, investigation of optical trappping at oil-water
interfaces is the priority. It proposes intriguing possibilities as a new tool to
mechanically probe interfaces relevant to a major sector of the industry, and as a
nanoscale source of emulsion. First of all, the origins of the observed increase in rotation
frequency are left to be determined. The orientation change of the nanorod depending
on the interface and the high sensitivity of the rotation frequency associated could prove
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useful in biological applications including lipid bilayers for example.

In conclusion, light polarization manipulation by single nanoparticles and
metasurfaces is a subject with a lot left to investigate. Combining the two is not such a
far-fetched idea and research is made in that direction to unlock its potential.
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