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Résumé

La photonique intégrée est une technologie qui utilise la lumiere comme vecteur d’information,
a la manieére des signaux électriques utilisés dans les circuits intégrés électroniques. Les élé-
ments de base de la photonique intégrée sont les guides d’ondes canaux, qui sont des structures
optiques rectangulaires fabriquées sur des substrats planaires (souvent appelés puces). La
symétrie planaire des puces photonique impose une birefringence linéaire (LB) qui génére des
modes propres de polarization linéaire transverses (les modes dit TE et TM pour trnasverse
electrique et magnetique). Cette biréfringence complique l'utilisation d’onde de polarisation
non TE/TM & cause des battement de polarisation. Par conséquent, toute application nécessi-
tant d’autres polarisations, tel que la polarisation circulaire, polarisation clée pour la détection
chirale, ne peut profiter des avantages de I'optique intégrée en terme de miniaturisation et ro-
bustesse. . .etc. Une fagon de surmonter cette limitation, est d’utiliser des guides d’ondes faits
de matériaux chiraux a biréfringence circulaire (CB), connus sous le nom de guides d’ondes

chiroptiques.

Dans cette these, nous présentons ’étude théorique, la réalisation et la caractérisation op-
tique de guides chiroptiques canaux supportant des modes propres de polarisations autres que
TE/TM. En utilisant la théorie des modes couplés, on montre que les modes propres sont polar-
isation elliptique dont Dellipticité est proportionnelle au rapport CB/LB. Pour un CB donnée
lié au matériau chiral, on peut donc moduler 'ellipticité des modes propres en variant LB. Des
simulation numériques, basées sur cette théorie, nous ont permis de cibler les meilleures struc-
tures guidantes afin d’obtenir des modes propres de polarisation circulaire. Nous avons étudié
différentes fagons de produire des guides d’ondes a partir de dépdts par PLD (Pulsed Laser
Deposition) et par dip-coating sol-gel de couches chirales. La microfabrication des couches
déposées par PLD et la gravure par RIE des couches déposées par sol-gel n’ont pas donné de
bons résultats. Nous avons alors, développé une technique d’embossage, a ’aide de moules en
PDMS, sur un matériau sol-gel pour produire des guides d’ondes canaux de bonne qualité. Nous
avons pu fabriquer de facon simple, des guides d’ondes canaux de différentes géométries et, par
conséquent, moduler leur LB. En mettant au point un polarimeétre de Stokes, la polarisation des
modes guidés dans ces systemes a été mesurée et on a pu montrer que les guides chiroptiques
canaux ont bien des modes propres dont la polarisation varie de linéaire a quasi-circulaire, en
fonction de leur géométrie. De ce fait, on démontre expérimentalement, que l'optique intégrée
n’est plus limitée aux seules polarisations rectilignes TE et TM. De plus, nous mettons en
évidence 'extréme sensibilité du matériau a I’humidité et, grace a notre montage optique, nous
identifions et quantifions avec précision les biréfringences présentes dans les guides d’ondes:
contraintes de traction et de compression ainsi que contributions asymétriques. Les résultats
de cette these ouvrent le champ d’application de la technologie photonique intégrée a tous les

domaines ou la polarisation circulaire est nécessaire.




Abstract

Integrated photonics is the technology that uses light as an information carrier, similar to
the electrical signals used in electronic integrated circuits. Integrated photonics building blocks
are channel optical waveguides that are rectangular optical structures fabricated on planar
substrates (often called chips). The planar symmetry makes integrated photonics waveguides
linear birefringent which imposes linearly polarized eigenmodes, namely the transverse elec-
tric (TE) and the transverse magnetic (TM) modes. This birefringence complicates the use
of non-TE/TM polarized light waves due to polarization beating. As a consequence, any ap-
plication requiring other polarizations, such as circular polarization (the key polarization in
chiral sensing), cannot take advantage of integrated photonics technology, in terms of minia-
turization, robustness, etc... One way to overcome this linear birefringence (LB) limitation,
is to use waveguides made of chiral materials having circular birefringence (CB), known as

chirowaveguides.

In this thesis, we present the realization as well as the theoretical and experimental study of
channel chirowaveguides having polarization eigenmodes other than TE/TM. Using the coupled
mode theory to study the light polarization properties in chirowaveguides, we show that these
waveguides have elliptically polarized eigenmodes whose ellipticity is proportional to the CB/LB
ratio. For a given CB related to the chiral material, we can therefore modulate the ellipticity
of the eigenmodes by varying the LB. Numerical simulations are then used to design low LB
structures to obtain channel chirowaveguides with circularly polarized eigenmodes. Different
microfabrication methods are investigated to fabricate channel chirowaveguides based on pulsed
laser deposition and sol-gel dip coating thin films. Microfabrication of pulsed laser deposited
layers and reactive ion etching of sol-gel derived layers did not give us good results. Therefore,
PDMS-based imprint lithography method on the sol-gel material is developed to produce high
quality channel waveguides. With this method, we were able to fabricate in a simple way,
channel waveguides of different geometries and, consequently, to modulate their LB. By setting
up a Stokes polarimeter, the polarization of the guided modes is measured, and we show
that the channel chirowaveguides have eigenmodes with polarization varying from linear to
quasi-circular, depending on their geometry. Furthermore, we put into evidence the extreme
sensitivity of the sol-gel derived material to humidity and thanks to our Stokes polarimeter setup
we accurately identify and quantify the birefringences arising in the waveguides: tensile and
compressive stress as well as asymmetric contributions. Our experimental results demonstrate
that the integrated photonics is no longer limited to the linear TE and TM polarizations modes.
The results of this thesis open the field of application of integrated photonics technology to all

domains where circularly polarized light is relevant.
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General Introduction

The work described in this manuscript was carried out at the Laboratory of the
Institut Lumiére Matieére (ILM), a joint CNRS-University of Lyon 1 research unit,
and in strong collaboration with the Chemistry Laboratory at the Ecole normale
supérieure of Lyon. The work was one of the projects of the Chirality team, which
is a collaborative team of researchers from ILM and the chemistry laboratory of
the Ecole Normale Supérieure de Lyon. It was financially supported by the French
National Research Agency (ANR) within the framework of the CAPTOR project.

IGHT is one of the main information carriers we use in our lives. When we are looking
L at the world around us, we are receiving the information carried by light. Our eyes can
sense different characteristics of light such as intensity and color (wavelength). The informa-
tion is transmitted to our eyes by certain successive interactions (e.g. absorption, refraction,
diffraction, diffusion) of the light with the surrounding objects which modify the intensity, the
wavelength and the direction of propagation. Because of the interaction of light with surround-
ing objects, we can use light as a basic tool to build many powerful analytical devices. The
basic principle of these devices is to use light of known intensity, wavelength and direction of
propagation and to measure any changes in these characteristics to obtain information about
the specimen being analyzed. However, the three characteristics mentioned are not sufficient
to know all the information carried by the light. For example, two light beams have similar
intensity, wavelength and direction of propagation, but they interact differently with the sur-
rounding medium. One of the beams changes intensity, frequency and direction, or all three,

relative to the other beam, simply because its polarization is different.

The polarization of light, a fundamental property of electromagnetic waves, is information
about the direction of oscillation of the electromagnetic waves electric field. This property
of light can be detected using certain optical elements known as polarization elements. By
measuring polarization information, polarimetry devices are developed that have many appli-

cations in science and technology: astronomy [1], ecology and environmental studies [2], food
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industry [3], drug control and development [4], biomedical diagnosis and imaging [5], materials
science [6], ... The reason for all these applications is that light can be polarized into a contin-
uum of states known as polarization states, ranging from linear to circular polarization; each
polarization state is an analytical tool. Among all the applications, an important application
of polarimetric devices that use the circular polarization state as the analytical tool is chiral
sensing [7].

Chirality is a fundamental property of the living world, many molecules in nature have
chiral property, they have three-dimensional molecular structures that cannot be superimposed
on their mirror image. Two mirror-image molecules, called enantiomers, have mostly identical
physical and chemical properties (e.g. same melting point, boiling point, solubility, etc.). How-
ever, they interact differently with other chiral objects. Since most of the receptors in our body
are chiral, our body reacts differently to each enantiomer; One enantiomer form of a chiral drug
can be used to cure, its counterpart can be very toxic or useless [8]. As an example, thalidomide
was a widely used drug for the treatment of nausea in pregnant women. One enantiomer of
thalidomide was found to treat nausea while the other enantiomer caused severe birth defects in
thousands of children [9]. Furthermore, many chiral pollutants such as pesticides or drugs are
present in air, soil or water. As an example, the chiral toxaphene or chlordane pesticides belong
to the “Dirty Dozen” list of most harmful persistent organic pollutants. Many reports warn
about the effect of chiral pollutants on the ecosystems and on human health and underline the
importance of the daily monitoring of the chirality [10-13]. Therefore, the detection(sensing)

and distinction of enantiomers is a topic of primary importance.

Polarimetry devices used to date for chiral sensing are mainly based on optical elements
of laboratory dimensions. However, it has been more than 5 decades since the technology of
integrated photonics * has been developed, which can encompass a large number of optical
functions in small chips [14,15]. In recent years, very advanced prototypes of this technology
are developed that contains 850 optical functions (photonic components) [16]. However, to
date, to our knowledge, there is no chiral sensor in integrated photonics. Indeed, integrated
photonics being linear birefringent devices, the polarization information transmitted by the in-
tegrated photonic components is not preserved, except for two linear polarization states called
eigenmodes. The eigenmodes of integrated photonics are linearly polarized parallel and per-
pendicular to the plane of the chip surface (i.e.transverse electric (TE) and transverse magnetic
(TM) eigenmodes). The linear birefringence limits the polarization field of integrated photon-
ics to applications based on the two linear polarization states. Therefore, circular polarization,

which is the key polarization to chiral sensing, cannot be used with integrated photonics.

*Integrated photonics is the technology that uses light as an information carrier, similar to the electrical

signals used in electronic integrated circuits.
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Several efforts have been made to overcome the limitations of linear birefringence in inte-
grated photonics by attempting to fabricate integrated photonic components with zero linear
birefringence [17-27]. Zero-linear birefringence property is proposed in these studies by de-
signing integrated photonic optical waveguides with certain exact waveguide geometries. In
all these examples, since they use standard (achiral) materials, the constraints of waveguide
fabrication are tedious and the slightest deviation from the ideal channel geometry results in
non-zero linear birefringence. Other researchers, including the chirality team, have tackled
the problem by using chiral materials to fabricate waveguides, called chirowaveguides [28-31].
Since chiral materials are circularly birefringent, optical chirowaveguide possess both linear and
circular birefringence and are therefore elliptical birefringent systems with elliptically polarized
eigenmodes. The purpose of using chirowaveguides is to realize waveguides with circularly
polarized eigenmodes. Such waveguides can only be obtained if their linear birefringence is
small compared to the circular birefringence. Obtaining a waveguide with such a property is
challenging because, in general, the circular birefringence coming from the material chirality
is lower than the linear birefringence coming from the opto-geometric properties of the waveg-
uide. Nevertheless, it is not possible to increase the circular birefringence (~ 107> — 107%) to
the order of the linear birefringence (~ 1072 —107*) because the circular birefringence is defined
by the interaction between the micrometer wavelength of light and the nanometer size of the
chiral molecules of the material. Therefore, the linear birefringence of the waveguides has to

be lowered (~ 107%) by controlling the opto-geometrical properties of optical waveguides.

When I started my PhD, the chirality team had already realized planar chirowaveguides by
decreasing linear birefringence of the chirowaveguides using planar chirowaveguides sandwiched
between two thick cladding layers [31]. Although the chirowaveguides could be used to transfer
information using any polarization state of light they had two limitations: i) These are planar
waveguides, which means that they can only be used to guide (confine) light in one direction,
while channel waveguides can be used to guide light in two directions. Thus, most integrated
photonic components are built from channel waveguides. ii) The waveguides were sandwiched
between two thick cladding layers that prevents using them for sensing applications. Therefore,
the realization of channel chirowaveguides without cladding layer became the objective of this
PhD research.

Scope of thesis

The structure of this manuscript is organized into six chapters. Chapter 1 presents the
theories necessary to describe the subject of this thesis. Although some of the theories are
well known, we describe them again in this chapter in order to keep the manuscript reasonably

self-contained and readable by non-specialists. At the end of the chapter numerical simulation
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studies will be presented that led to define the design of the chirowaveguides to be fabricated. In
the chapter 2, the chiral materials used to fabricate the chirowaveguides are presented, includ-
ing their fabrication methods and the studies performed on these materials during this thesis.
Chapter 3 presents the experimental microfabrication methods used for the fabrication of chan-
nel chirowaveguides by discussing the principle of the methods and showing the results obtained
by each method. Chapter 4 presents the experimental optical characterization techniques used
for the characterization of the chirowaveguides. The way the optical setups are developed and
used to perform the characterization techniques are discussed. Chapter 5 presents experimental
results on the fabrication and optical characterization of channel waveguides ranging from chan-
nel waveguides with linearly polarized eigenmodes to channel waveguides with quasi-circularly
polarized eigenmodes. Chapter 6 is devoted to present some experimental results on effect of
humidity on one of the chiral materials that we used to fabricate the channel chirowaveguides
that is a sol-gel derived originally modified silica material. The dynamic and static effect of hu-
midity on planar and channel waveguides made of the material are investigated and presented

in this chapter.

Finally, the general conclusion summarizes the results obtained during this thesis and the

future perspectives opened by this work.



Chapter

Theory and Design

PTICAL waveguides are already used for sensing applications such as humidity sensors [32],
O gas sensors [33], and biosensors [34]. However, to date, these waveguides have never
been used for chiral sensing because optical waveguides only support two linearly polarized
eigenmodes, namely transverse electric (TE) and transverse magnetic (TM) modes, whereas
circularly polarized eigenmodes are required. Our objective is to realize waveguides, made of
chiral materials, that support circularly polarized eigenmodes so that they can be used for
chiral sensing. Before describing our strategy for making such waveguides, we answer some
basic questions about the subject, including: What is the polarization of light?, What are
the mathematical methods for dealing with this property of light? How do we measure the
polarization of light? Why do optical waveguides only support TE/TM eigenmodes? What is

chirality? and how to use chiral materials to realize waveguides usable for chiral sensing?

This chapter is dedicated to answer these questions and to explain the basic concepts nec-

essary to understand the results obtained during this thesis.

1.1 Polarization of Light

Light is an electromagnetic wave, it has two fields (electric and magnetic). When light travels
in free space, the two fields oscillate perpendicular to each other and both perpendicular to the
direction of propagation. The information about the oscillation of the electric field of the light
wave is the so-called polarization property of light. The possible oscillation states of the tip
of the vector that represents the electric field of a light wave are called states of polarization
(SOP) of light. If the oscillation of the electric field is confined in a plane, the light is said to be
linearly polarized, this plane can rotate by any angle as shown in Figure 1.1. It is called linear
because the trace of time variation of electric field in space creates a straight (linear) line for an

observer looking towards the wave. Linear polarization is one possible SOP while the electric
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Figure 1.1: A snapshot of the electric field oscillation of a light wave in two linear polarization

states when it is a) horizontally polarized b) Vertically polarized.

field can have many other possibilities to oscillate such as elliptical and circular polarization.

1.1.1 Derivation of Maxwell wave equation

Polarization of light can be easily described by Maxwell wave equation. The Maxwell equations

in free space are:

V-E =0 (1.1a)
V. H =0 (1.1b)
OH
VXE——MOE (].].C)
OE
V xH —50@ (11d)

where E and H are electric and magnetic field vectors receptively. The ¢q and p are scalar
variables describing the electric permittivity and magnetic permeability of free space. The V-
and V x are divergence and curl of Del (nabla) operator respectively. To explain the polarization
of light, we need to derive wave equation for the electric field of the light wave. By taking curl

of equation 1.1c, then using equation 1.1a and nabla V operator relations®, we obtain:

0
Vx(VxE)= —MOE(V x H) = —V’E (1.2)
From equation 1.2, then using equation 1.1d, we get:
O’E
—— =V’E
€oto 12

LPPE_PE OB O°E (1.3)

2o "o Top o

Equation 1.3 is three-dimensional wave equation, where the electric field is E = E(x, y, 2, t),

1
VEomo

V2 is vector Laplace operator, and c is velocity of light in free space being ¢ =

“Vx(VxA)=V-(V-A) = (V-V)A & V-V = V2
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1.1.2 Monochromatic plane waves

A monochromatic plane wave is a particular solution of the wave equation. We assume that
the light wave is a homogeneous monochromatic plane wave propagating with an angular fre-
quency w in the z direction with velocity c. Maxwell equation 1.1a implies the orthogonality
of the electric field and the direction of propagation z for homogeneous plane waves, so the z
component of the electric field is zero. Therefore, the electric field is described by only two
components E,(z,t) and E,(z,t). The three-dimensional wave equation 1.3 in this case will be
simplified to:

102

S (1.4)

Ey(z,t)| 0 |Eu(2,1)
E,(zt)| 022 |E, (1)

E,(z,t) and E,(z,t) are decoupled and each one travels without affecting the other. If the

electric field has only x component (E, = 0), the equation 1.4 reduces to:
1 PEy(z,t)  0PE,(z,t)
2 Ot? 022

We can write a simple traveling plane wave propagating in z direction as a solution of the wave

(1.5)

equation 1.5:
E,(z,t) = R[Eppe®=e'“F)] = Ey, cos(wt — kz + ¢,) (1.6)

w
c)

momentum, wave vector, and absolute phase of the traveling wave respectively. Figure 1.1-a is

where Ey,, w, k = and ¢, are real quantities, they are maximum amplitude, angular
a snapshot of such traveling wave at a particular moment in time. As shown, the electric field

oscillates in a plane and is said to be linearly polarized.

If the electric field has only the y component (E, = 0), then we can also write a traveling

wave similar to the equation 1.6 as a solution for the wave equations but for E,.
E,(z,t) = R[Eo,e'® e’ @) = By, cos(wt — kz + ¢,) (1.7)

Figure 1.1-b is a snapshot of such traveling wave at a particular moment in time.

As the equations 1.6 and 1.7 are separately solutions of the wave equation, a traveling wave

representing their linear combination is also a solution:
E(z,t) = Ey(z,t) + E,(2,1)) = Eg, cos(wt — kz)Z + Ep, cos(wt — kz + ¢)j (1.8)

Here, £ and ¢ are unit vectors and ¢ = ¢, — ¢, is the phase difference between the two
components of the electric field. The E(z,t), which is the resultant vector of E,(z,t) and
E,(z,t) can describe all possible SOP, from linear to circular. We have plotted in Figure 1.2,
the traveling wave of Equation 1.8 for the case when Ey, = Ey, and ¢ = —7, it is right handed
circularly polarized wave. The figure shows in green color, how the tip of the resultant electric

field traces a helical trajectory.
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Figure 1.2: Snapshot of a light wave having the two components E, and E, with a phase
difference ¢ = —3. It represents a right circularly polarized light wave and obeys the right hand
rule. The green color traces the tip of the resulting electric field which represents the helical

trajectory of a circularly polarized wave.

1.1.3 Polarization ellipse

Using trigonometric identities, we can derive from equation 1.8 an equation for general case of

light polarization:

E2(z,t)  E}(21) E.(z,t)E,(2,1)
(AN - = sin® 1.9
) Egy FouFoy cos ¢ = sin“¢ (1.9)

Equation 1.9 is known as the polarization ellipse equation. The equation describes a rotated
ellipse inscribed inside a rectangle in which the sides of the rectangle are oriented as the x
and y axes of the electric field as shown in Figure 1.3. At a particular value of z, the tip of
the electric field vector periodically traces out the ellipse in the x — y plane. At a particular

moment of time, the locus of the tip of the electric field vector follows a helical trajectory in

2E0x

Figure 1.3: Polarization ellipse of a general (elliptically polarized) wave.
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space that lies on the surface of an elliptical cylinder (A particular case where the cylinder is

circular is shown in Figure 1.2).

The three parameters Ey,, Ey,, and ¢ are enough to completely describe the SOP of a fully
polarized wave. Furthermore, the values of ¢ define the sense of rotation of the tip of the
resultant electric field so-called polarization handedness. If —m < ¢ < 0, the polarization is
said to be right-handed polarized, the direction of rotation of tip of electric field obeys the
right-hand rule (see Figure 1.2) while for left-handed polarized 0 < ¢ < 7, it obeys left hand.
The table 1.1 summarizes some possible SOPs according to the amplitude of the electric field

components and their phase difference.

Table 1.1: Possible states of polarization as a function of phase difference (¢) and relative

amplitudes of the two components of the electric field (Eoy, Eoy)
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—200
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The convenient parameters to describe the polarization ellipse are polarization ellipticity
angle y (or just ellipticity for the sake of shortening) and the ellipse azimuth ¢ as shown in
Figure 1.3. The ellipticity x is defined as the tangent of the ratio between the minor and major
axes of the ellipse (tan y = g), it defines the degree to which an ellipse is circle which takes the
values of —7 < x < 7. The azimuth of the ellipse 1 is the angle of the major axis of the ellipse
relative to the r—axis, it takes the values of —5 < 1 < 7. The relations between the electric

field parameters (Eq,, Eoy, ¢) and polarization ellipse parameters (, 1) are [35]:
2E0xE0y

in2y =———-si 1.10
sin 2y EZ + EY, sin ¢ (1.10a)
2Fo. Eo
tan 2 =————2 cos ¢ (1.10Db)
Ega: - E(%y
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1.1.4 Jones Calculus

A simple method to deal mathematically with fully polarized light is to use the Jones calculus
which was proposed by Robert Clark Jones in successive papers [36]. Here, we briefly go through

this intuitive mathematical representation of polarized light.

1.1.4.1 Jones Vectors

We have defined a polarized electromagnetic wave as real part of a monochromatic plane
traveling wave. With Jones calculus we deal with complex traveling wave, and we write the
equation 1.8 as:

EOxei‘z’z
Eoyeid’y

E(z,t) = elwt=k2) (1.11)

Jones calculus deals with complex amplitudes of the electric field components, then the

Jones vector is:
EOx€Z¢w

Eoyei(by

EOac
E()y €i¢

J= (1.12)

It is customary to use so-called normalized Jones vectors in which the vectors are reduced

to their simplest form and have a magnitude of 1. The normalized form of Jones vectors are

obtained by dividing the vector components by (\/ | Eoz|? + | Eoy|?). Normalized Jones vectors

for horizontally and vertically polarized waves are:

1 0
o[ af o

For a linear polarization rotated by an angle of 1 with respect to the x axis, we must

multiply the rotation matrix by J,, we obtain:

_|cosyp —sint| 1| |cost
Ja(v) = Lin@b COS@/}] [O] B Linw] (1.14)

From equation 1.14, we can obtain the normalized Jones vectors for +45° linear polarized

light that is:
1

+1

1

V2

In the case of left and right circularly polarized waves, the real amplitudes of the electric field

(1.15)

components being equal and ¢ = +7, normalized Jones vectors are:

EO:E

> T
Eoyeizf

1
£

1
V2
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J= (1.16)
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The Jones vector for a left and right elliptically polarized wave, whose major axis lies on

the r—axis is:
EOm

I =0,y) = (117)

44 sin y

cos Y ]

Now, we can write general Jones vector for an arbitrary polarized wave, in term of polar-

ization ellipse parameters, by multiplying rotation matrix to the equation 1.17

cosY —siny

siny  cos (1.18)

J(l/},x)zl

cosy |  |cos Ycosy Fesinwsiny
42 sin y siniy cosy Zicosysiny

1.1.4.2 Jones Matrix

Besides the simple representation of polarized light, Jones calculus can also be used to
calculate and show how a polarized wave is modified when it interacts with any polarization
element. Similar to the equation 1.18, when we have multiplied the rotation matrix to find out
the effect of rotation, the effect of any polarization element on a polarized wave is assigned by

multiplying a transformation matrix (Jones matrix) of that polarization element to the Jones

E
vector of the wave. If an input polarized wave described by Jones vector Jppu: = P Oxl, o
Oye
which passes through a polarization element of Jones matrix M, the Jones vector of the output
wave is: A
ap; G2 Eq a11 Eox + a12Eo e’
Joutput =M- Jmput = ziqﬁ = N v i$ (119)
as ag| |Eoye az1 By, + azEoye

where a;; are coefficients to be determined from the known properties of the polarization
element encountered by the light. In table 1.2, we have listed Jones matrix for some standard
polarization elements [37]. When a light wave passes through several polarization elements, it
is only necessary to multiply the Jones vector of the input wave into the Jones matrix of each

element, one after another.

The Jones calculus is a simple and powerful method to analyze and treat the polarization
of light since the phase information of the electric field is preserved. However, this method can
only be applied to fully polarized light and the elements of the Jones vector are not measurable
quantities. In the remainder of this manuscript, we will mainly use the Stokes vectors (param-
eters) and Mueller calculus since the Mueller matrices for the polarization elements and the

Stokes parameters for the state of the polarized light are measurable quantities.

11
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Table 1.2: Jones matrices for some standard polarization elements.

polarization element Jones matrix
cos?1y  sincosp

sin Y cos Y sin? 1)
linear phase retarder "
[612 : ]

linear polarizer at azimuth

at azimuth ¢ = 0 of the fast axis

and phase retardation ¢

cos? 7,/16% + sin? @be"% 21 sin 1) cos 1 sin % }

_ . o "
2i sin ¢ cos ¢ sin £ cos® e "2 + sin? he'2

linear phase retarder
at azimuth 1 of the fast axis [

and phase retardation ¢

cos2vy  sin 2y

sin 2y — cos 2y
cos? 1) + isin? ¢ sin v cos ) — i sin 1) cos Y

sin v cos vy — i sin ) cos P sin? ) + i cos?

half wave plate at azimuth

quarter wave plate at azimuth

1.1.5 Stokes Parameters

Another method to describe polarization of light is using a four column vector called Stokes
vector or Stokes parameters. They owe their name to Sir George Stokes who described them
long before Jones’ parameters in 1851 [38]. This method is similar to Jones calculus in a way
they both use a vector to describe the SOP of light while in Stokes vectors there are 4 elements
rather than the 2 elements in Jones vectors. Also, the amplitude of an optical field used in
Jones vectors cannot be measured. However, the time average of the square of the amplitude
(intensity) is the quantity used in the Stokes parameters, which makes the Stokes parameters
measurable quantities. Another important difference between the Stokes and Jones vectors is
that the Stokes parameters give a complete description of the state of light, even if the light is
partially polarized.

1.1.5.1 Derivation of Stokes parameters

To derive Stokes parameters, we start from equation 1.8 that represents electric field com-
ponents of a monochromatic plane wave (E, and E,) with a certain phase ¢ between them.
We can obtain a similar equation of polarization ellipse (equation 1.9) but for the time average
of the electric field [39]:

(E2)

Eg,

cos ¢ = sin? 1.20

+

12
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We take time average (...) T of only the electric field since for a monochromatic wave the
amplitude and phase difference are constant with time. From the definition of time average
((f(t)) = & Jo f(t) dt), the terms of equation 1.20 are written as:

1 1
(B2) = SBR,. (B2) = o3

1
2 Y Oy» <E€CEy> = iEﬂrEOy COS¢ (121)

Using these results in equation 1.20 and arranging the amplitudes of electric field compo-

nents, we arrive at:

(ES, + Eg,)? = (Eg, — Eg,)* 4 (2Eo: Eoy cos ¢)° + (2Eg. Eoy sin ¢)° (1.22)
— —
SO Sl S2 SS

The four separate terms in brackets of this equation define the four Stokes parameters (S,

S1, So, and S3), they can be written as a column vector so-called Stokes vector:

So Eg, + E,
S E? — E?

I L 0 Oy (1.23)
So 2Ey, Eoy cos ¢

Sg 2E0ony sin ¢

From equations 1.23 and 1.10, we can write polarization ellipse parameters y and 1) as a

function of four Stokes parameters

tan 21 52 (1.24a)
S1

sin 2 5 (1.24b)
So

When the first time Sir George Stokes introduced Stokes parameters, he defined them based
on experimental measurements [38]. Sy is total intensity of a light wave (I;q). S1 is intensity
difference of the light wave when passed through a polarizer oriented in x and y axes (1., and
I;). S is intensity difference of light wave when passed through a polarizer oriented in 45° and
-45° relative to x axis (I » and Ix ). Ss is intensity difference of light wave when passed through
a left-handed circular polarizer to right-handed circular polarizer (I, and I). Therefore, we

can also write Stokes vector as:

SO E(2)gg + Egy Itotal
S E2 — E? I, -1

§= |7 = | =T Ty | | te T (1.25)
SQ QEOIEOy COS gb I/x — I\

Sg 2EO:EEOy sin ¢ [() — I@

T Averaging over a long period of time (many photons), this is how photodetectors work.

13
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1.1.5.2 Normalized Stokes parameters

Measurement of all four Stokes parameters requires an absolute intensity measurement. In
practice, to avoid uncertainty of photodetectors, what we measure are normalized (or relative)
unitless Stokes parameters. We normalize all the parameters to Sy which is the total intensity

of the light. The normalized Stokes vector is:

So 1 1
- S, S1 Io—I
S= || =|5]| = Liotal 1.26
S & [/v—]\ ( )
2 SO Itotal
~ Sy DI
Sg SO Itotal

The Stokes parameter S is +1 and -1 for horizontally and vertically polarized polarized light,
S, is +1 and -1 for linear polarized at 45° and -45°, and S3 is +1 and -1 for left and right
handed circularly polarized light. For an elliptically polarized light, each parameter have a
value less than one, the arithmetic average of the three is 1 (\/ S48+ S = 1). Therefore,

the Si, S, and S are enough to completely describe SOP of light. Any additional measurement
of light intensity is indirectly the measurement of the degree of polarization. In other words, if
\/ S+ 82 + Sg < 1, the light is not completely polarized. Degree of polarization (DOP) is
defined as:

ST+ 82 + 53
DOP = VS 48218 (1.27)

In Table 1.3, we have listed normalized Stokes vectors for some SOP of light.

Table 1.3: Stokes vectors for some states of polarization and unpolarized.

Unpolarized
/ \
SOP
1 1 1 1
Stokes 1 -1 0 0 0 —0.55 0
vector 0 0 1 -1 0 0.65 0
0 0 0 0 1 -1 0.53 0

1.1.5.3 Mueller matrix

In general, when light passes through an optical element, its SOP and therefore its Stokes
parameters change. Similar to Jones matrices used in Jones calculus to determine the effect po-
larization elements, we can also create a transfer matrix to calculate the effect of a polarization
element on polarized light using Stokes parameters. When SOP of a light wave is described by

a Stokes vector, the effect of any polarization element on such light wave can be calculated by

14
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multiplying the input light wave’s Stokes vector to a matrix that represents the optical element

Soutput =M - Sinput

So (output) mi1 miz miz mig| [So(input)
Si(output) | |ma1 maz maz mag| |Si(input) (1.28)
So (output) ~ ms1 mas mas msa| |So (input)
Ss(output) Ma1  Maz Mgz Mag| |Ss(input)

The matrix M is called Mueller matrix and m;; are the coefficients to be determined from the
known properties of the polarization element or medium encountered by the light. Mueller
matrix is a 4x4 matrix corresponding to the 4 column Stokes vector. In literature, one can
find Mueller matrices for some polarizing elements or for a medium that depolarizes light. In

the table 1.4, as we did for Jones matrices, we list Mueller matrices for some usual polarization

elements.
Table 1.4: Mueller matrices for some standard polarization elements.
polarization element Mueller matrix
1 cos 2 sin 2 0
linear polarizer 1 |cos2y cos? 21 sin 2y cos2y 0
at azimuth 2 lsin 2¢  sin 29 cos 21 sin? 2 0
0 0 0 0
linear phase retarder 1 0 0 0
at azimuth ¢ = 0 of 0 1 0 0
the fast axis and 0 0 cos¢ sing
phase retardation ¢ 0 0 —sing cos¢
linear phase retarder 1 0 0 0
at azimuth v of 0 cos?2iy + cosgpsin?2iy) (1 — cos¢)sin2tpcos2yp —sin ¢sin 20
the fast axis and 0 (1—cos¢)sin2icos2y sin®2¢ + cosgcos® 2y sin ¢ sin 21
phase retardation ¢ 0 sin ¢ sin 21) — sin ¢ sin 2¢ cos ¢
1 0 0 0
half wave plate 0 cosdy  sindy 0
at azimuth ¢ 0 sindy —cosdyp O
0 0 0 -1
1 0 0 0
quarter wave plate 0 cos? 21) sin 2y cos 2y —sin 2y
at azimuth 0 sin 2y cos2y sin? 2¢ cos 21
0 sin 2¢) — cos 2y 0
10 00
Ideal depolarizer 0000
0 0 0O
0 0 0O
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1.1.6 Poincaré Sphere

We have defined degree of polarization (DOP) and polarization ellipse parameters (x and 1) as

a function of Stokes parameters in equations 1.24 and 1.27. We can summarize these relations

as:
So 1
g S1 _ DOP cos 2¢ cos 2x (1.29)
So DO P sin 29 cos 2x
S3 DOP sin 2y

By looking at the equation 1.29, we notice that the relation between Stokes parameters (Sq,
Sy, and S3) and polarization parameters (DOP, 2y, and 2t)) are very similar to the relation
between cartesian (z, y, and z) and spherical (radius, latitude, and azimuth) coordinate sys-
tems. Therefore, in a 3D cartesian space whose axes represent S, So, and Ss, all possible states
of polarization of light can be described by points on the surface of a sphere of radius DOP.
Such sphere is known as the Poincaré sphere, after the French scientist Henri Poincaré who, in
1892, discovered that infinite polarization states can be represented on a finite 3D sphere [40].

The sphere is shown in figure 1.4-a, each point on the sphere represents a particular SOP.

a [ i) 5 E,

Figure 1.4: Graphical representation of SOP of light in 3D space (Poincaré sphere). a) The
infinite states of polarization are mapped to a 3D sphere of axes Sy, Sa, and S3. FEach point
on the sphere surface corresponds to particular (unique) SOP. The sphere contains a graphical
representation of all the SOP on its surface, with the linearly polarized states placed around the
equator, and the two circularly polarized states at the poles. b) Locus of a radius vector with
spherical coordinates (DOP, 21p,2x) points to particular point on the sphere that represent a
polarization ellipse (inset) of ellipticity x and azimuth ).
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All states of the left elliptical polarization are located in the north hemisphere, with the left
circular polarization being the extreme state located at the north pole (ellipticity 0 < x < 7).

Polarization states with opposite handedness are on the south hemisphere and right handed

us

1
tion states (ellipticity x = 0) are located on the 2D circle (the sphere equator) that connects

circular polarization is located on south pole (ellipticity 0 > y > —Z). All the linear polariza-

the two hemispheres.

To present a SOP on the sphere of ellipticity x and azimuth 1, we draw a vector from the cen-
ter to the surface of the sphere. This radius vector has spherical coordinates of distance=DOP,
polar angle (latitude angle)=2y, and azimuth=2¢ as shown in Figure 1.4-b. For fully polarized
light, the radius of the sphere is one, it is smaller than one for partially polarized light while

the radius converges to zero for unpolarized light.

Orthogonal polarization states on the Poincaré sphere

Polarization states whose characteristic points are at opposite ends of a diameter of the
sphere are orthogonal. Three examples of orthogonal polarization states are shown in Figure 1.4-
b. They are the intersections of the sphere with the 3D Cartesian space of the axes Sq, So,
and S3 at six points: i) the two points where the Sj-axis intersects with the sphere are linear
horizontally and vertically polarization states, ii) the two points where the S,-axis intersects
with the sphere are £45° rotated linear polarization states, and iii) the two points where the S3-
axis intersects with the sphere are left and right circular polarization states. This is true for any
two orthogonal states (states with perpendicular azimuths, opposite directions, but identical
ellipticity), which means that any two orthogonal polarization states create a diametrical axis

on the sphere.

Two cases of polarization states on Poincaré sphere

For a linear fully polarized light (DOP=1, x = 0 = S3 = 0), the azimuth v is a function
of Stokes parameters S; and Ss. The plot of ¢ versus S; and Sy creates a circle (blue circle in
Figure 1.4) in which all the linear states of polarization are located on the circumference of the
circle as shown in Figure 1.5-a. Each point on the blue circle represents a particular linear state
of polarization. For polarization states whose major axes are located on x—axis (not rotated)
and thereby ¢» = 0 = Sy = 0, we can plot ellipticity y as a function of S3 and S;. The plot
is also a circle in which polarization states from linear to circular (right and left handed) are

located on the circumference of the circle as shown in Figure 1.5-b. In both plots, the radius
of the circles is defined by DOP, if DOP < 1, then the radius of the circle is < 1.
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Figure 1.5: Graphical representation of the polarization states of light in 2D space in two case
of the polarization ellipse. a) Evolution of polarization azimuth ¢ as a function of Stokes
parameters Sy and Sy when ellipticity x=0 (S3 = 0). b) Evolution of polarization ellipticity x
as a function of Stokes parameters S3 and S; when azimuth ) =0 (Sy=0).

1.1.7 Evolution of Stokes parameters in optical systems

In the previous sections, when we discussed the polarization of light, we assumed that the
light wave is propagating in free space. Since light is an electromagnetic wave, its properties
change (e.g. wavelength, polarization) as it propagates through a material or device. If the
material is optically isotropict, lossless and dielectric (insulator), the only property of light
that changes is its wavelength, and therefore its speed. The ratio between the speed of light in
free space to the speed in a material (£) is called refractive index (n) of that material. Regarding
polarization of an electromagnetic plane wave that is composed of two decoupled components
(E, and E,), in isotropic materials, the two components of the wave interact symmetrically
in all directions during their propagation. The interaction of light does not depend on the
direction of propagation nor its SOP. Therefore, in an optically isotropic dielectric material, all

SOP of the light wave and thus their Stokes parameters are maintained during propagation.

1.1.7.1 Birefringent systems

Birefringent systems are optical systems which are sensitive to polarization of light. Con-
trary to isotropic dielectric materials, in such systems, all SOP of the light wave and thus its
Stokes parameters are modified during propagation, except for two orthogonal states called
eigenmodes of the system. This means that if a light wave with the polarization of either of

the eigenmodes propagates in the corresponding birefringent system, its polarization does not

IThe optical properties of the material are the same in all directions
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change. However, in general, the two eigenmodes propagate in the corresponding birefringence
system with different velocity and are known as the slow and fast eigenmodes (i.e., the slow
and fast eigenmodes have different refractive indices). When a light wave whose polarization
is different from that of the eigenmodes enters a birefringence system, it decomposes into two
eigenmodes with a certain phase difference between them. As the two eigenmodes propagate at
different speeds, the slow eigenmode is retarded with respect to the fast eigenmode (change in
phase difference); the light that exits the system is a superposition of the two eigenmodes with
a new (different) phase difference and therefore a different SOP. This behavior is used to build
polarization elements (e.g. optical phase retarders work on this principle such as waveplates
or Babinet-Soleil compensators). However, in integrated photonics, such behaviour is an issue
since light wave with polarization other than the eigenmodes cannot propagate without being

modified, it is known as polarization beating.

1.1.7.2 Birefringence systems and Poincaré sphere

The polarization beating corresponds to the periodic evolution of the light polarization along
the propagation path inside a birefringent system. This evolution can be elegantly represented
graphically using the Poincaré sphere. We have explained that points at opposite ends of
a diameter axis of the Poincaré sphere represent two orthogonal polarization states. Since
birefringence systems are characterized by two orthogonal eigenmodes, the two eigenmodes
create a diameter axis of the Poincaré sphere as shown by the red arrow in Figure 1.6. If a light
wave propagates in z-direction, the evolution of the polarization’s Stokes parameters through

the birefringence system is described by [41]:

gi =0 xS (1.30)
where Q2 = Qf(nslow — Nfast) - Sem- A, Mslow, and Nyqs are light wavelength in free space,
refractive index of slow eigenmode, and refractive index of fast eigenmodes respectively. Sep, is
slow eigenmode’s Stokes vector with projections Si(em), Sa(em), and Szem) defined by the equa-
tion 1.29. Indeed, the eigenmodes of the system are the solutions of 856% = 0. Equation 1.30
states that, when a light wave propagates through a birefringent system from any initial po-
sition, the evolution of the Stokes vector continuously traces a circular orbit perpendicular to
the axis connecting the orthogonal eigenmodes on the Poincaré sphere, as shown in Figure 1.6.

The magnitude of the evolution (i.e. phase retardation or polarization beating) is defined by:

2m
¢ = |Q| = 7 ’ (nslow - nfast) -l (131)

where [ is the length of the birefringent system.

Briefly, if a light wave with particular SOP propagates in a birefringent system whose

length and birefringence magnitude (ngow — N fqst) are known, the SOP of the output light can
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v

Figure 1.6: Poincaré sphere representation of evolution of polarization of light when propagates
through a birefringence system. It is a periodic rotation on a circular orbit perpendicular to an

axis connecting orthogonal eigenmodes.

be determined using Poincaré sphere by performing the following steps which are graphically

shown in Figure 1.6

1. Locate the point on the sphere corresponding to the input light SOP, green point in the
figure.

2. Define the eigenmodes axis of the system by assigning a diametric axis connecting the

eigenmodes, red arrow on the figure.

3. Rotate the input SOP point about the eigenmodes axis in a perpendicular orbit by an

angle defined by equation 1.31, to get the final point, red point in the figure.

The examples of the input SOPs in Figure 1.6 are left handed circular (LHCP) and horizontal
linear polarizations. From the evolution of the two inputs we can see that, the more close to
the eigenmodes axis, the smaller the rotation orbit and thereby, the smaller the polarization
change. As stated by equation 1.30, the eigenmodes are the SOPs whose the size of rotation

orbit is zero.
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1.2 Light Guiding in Planar Optical Waveguides

Planar optical waveguides are optical systems that confine light waves in their structures
made of a material with a high refractive index (compared to the surrounding). In this section,
we will use electromagnetic theory to describe the behaviour of light waves in such structures

and find the eigenmodes (guided modes) for the propagated waves.

1.2.1 Planar waveguides equations

To derive planar waveguide equations, we start by writing Maxwell equations 1.1c and 1.1d for

homogenous lossless dielectric media:

OH
oE

where € and p are electric permittivity and magnetic permeability of the dielectric media. We
have schematized in Figure 1.7 a typical structure of a planar waveguide. It is characterized
by a plane-parallel refractive index limit in the (x) direction, but having infinite extent in the
lateral (y and z) directions. Since the structure is infinite in the y and z directions, the electric
and magnetic fields of the light propagating in such structure have the property of translational
invariance in these directions. Therefore, the electric and magnetic fields of a wave propagating

in z direction satisfying Maxwell wave equation are written as:

E = Ey(z) /@5 (1.34a)
H = Hy(z) '@=%) (1.34b)

—> =00

Figure 1.7: Structure of a typical planar waveguide with z-axis as the propagation direction and

step refractive index in x—axis.
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And, the nabla(also called Del) operator in equation 1.32 and 1.33 become:

K
ox
v=|0 (1.35)

—if

For non-magnetic dielectric materials u = pg and € = gyn?. Inserting electric and magnetic
field equations (1.34a, 1.34b) into the equations 1.32 and 1.33 and using the above relations we
get:

iBE, = —iwpoH,

o0E, ‘
e —iwpoH Transverse Electric (1.36)
0H,
iwaonQEy =" 1PH,
x

iBH, = iwegn’E,
0H,

e = jweyn’E, Transverse Magnetic (1.37)
, oE,
wpoH, = B +i0E,

The two equations 1.36 and 1.37 represent the two allowed propagated modes in planar waveg-
uides which are Transverse Electric (TE) and Transverse Magnetic (TM) modes. For the TE,
the E, component of the field is transverse to the direction of propagation while the E, and
E, are zero. For the TM, it is the H, component of the magnetic field that is transverse; the
H. and H, are zero. By observing the electric fields of the two modes, we deduce that the TE
and TM modes are two orthogonal modes polarized parallel and perpendicular to the plane of

the waveguide.

1.2.2 Guided modes propagation equations

1.2.2.1 TE mode

Mathematically speaking, a mode is a field distribution that is a solution of Maxwell wave
equation. For the TE mode, Fz = Fx = Hy = 0, the transverse electric field £, is the solution

of the following wave equation

0’FE
ax; + [k*n?*(z) — B*|E, =0 (1.38)
where magnetic fields are related to the transverse electric field by H,, = _f i Yand H, = w%oaa%'
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If we take the example of a planar waveguide shown in Figure 1.7. It consists of three layers
( cover, core(guiding), and buffer) with refractive indices of n., n, and ny, respectively. We can

write TE-wave equations for each layer as:

0*E, 2 2 2

92 + (k*n; — *)E, =0 (cover) (1.39a)

0*E, 2 2 2

52 + (k"n, — B*)E, =0 (core) (1.39b)

0*L, 2 2 2

92 + (k*nj — p*)E, =0 (buffer) (1.39¢)
To simplify these equations, we assign wave vectors for each layer as (k?n? — (%) = —Q2

(k*n} — (%) = Q2, and (k*nj — %) = —Q3. Inserting Q., Qy, and €, into equations 1.39 they

become:

2
E

a&ﬁy - Q. FE, =0 (cover) (1.40a)
2
E

88x2y + QE, =0 (core) (1.40Db)

O*E

any - WE, =0 (buffer) (1.40¢)

For guided modes, the condition kn, > B > kns,. must be fulfilled, which means that the
solutions of the above equations are sinusoidal in the core layer and exponentially decaying in
the surrounding layers. In other words, a guided mode is a confined electromagnetic field with
a propagated wave in the core layer and evanescent waves in the surrounding layers. Therefore,
the field distribution of the TE mode can be written as [42]:

Ae= ke 0<z<o0 (cover)
Ey, = { Bcos(Quz) + Csin(Q,x) —h<x<0 (core) (1.41)
Defto(ath) —oo <z < —h (buffer)

where A, B,C, and D are constants. Boundary conditions require the continuity of E, field

(which means H, as well) and H, (thereby %) at the boundaries of the core layer at x = 0
and x = —h. Using the boundary condition of continuity of 88% at the interface z = 0, the
equations 1.41 can be simplified to:
oSk 0<z<o0 (cover)
E, = A{[cos(Qyr) — g—; sin(Q,z)] —h<z<0 (core) (1.42)

[cos(Qh) + 2= sin(Qyh)] e @ —co <2 < —h (buffer)

g

Now, by using the continuity of 88% at the interface x = —h, from equation 1.42 we obtain
Qp + Q.
97 q,
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From definition of Q, = (k*n? — [?), equations 1.43 is called propagation constant equation
of TE mode, meaning that the propagation constant 5 of the TE mode satisfies this equation.
The equation is a periodic function and repeats in (mm, m is an integer 0,1,2,...), signifying
the discrete number of guided modes. In other words, there are discrete guided modes with
propagation constants [3,,, m being a positive integer (0,1,2,...), are called fundamental, first,

second mode respectively.

1.2.2.2 TM mode

What we have done so far for the TE mode, can also be repeated with the same procedure to
obtain similar results for the TM mode (H, field). The only difference in deriving propagation
constant equation for TM compared to TE one is the difference in boundary conditions. For
TM mode, the boundary conditions at the core interfaces + = 0 and x = —h are continuity
of H, (and thereby of £gn*E,) and of E, (and thereby of #aali v). If we apply these boundary
conditions on TM wave equation, we get TM mode propagation equation

Qy (% + Q)

tan(Q,h) = = 1.44
() = o (1.44)

— n2 — TL2
where €, = n—ZQb, and Q. = —2Q)..

1.2.2.3 Computation of propagation constant

Using equations 1.43 and 1.44, if the refractive indices of the waveguide layers and thickness
of the core layer are known, the 5 (and thus the effective refractive index of the TE and TM
mode) can be computed. After computation of 5, we can use equation 1.42 to plot the field
profile of TE guided modes as shown in Figure 1.7 for the three TE modes (TEqy,TE;,TE;).
The profile of TM is mode (H, field) is nearly identical to the one TE mode (£, field) such that
one can consider the profiles shown in Figure 1.7 as the three TM modes (TMg,TM;,TM,).
The integer m defines the number of lobes in the guided filed, for example TEy and TE; modes

profile have one and two lobes respectively.

From the computations, we have plotted in Figure 1.8 dispersion curves of the guided
modes for a planar waveguides at (A = 0.633, n.=1, n, = 1.61, and n, = 1.52). It can be
noted from the figure that TE and TM modes propagate with different effective refractive
indices which verifies the birefringent nature of planar waveguides. For a constant wavelength,
the number of the guided modes depend on the core thickness and refractive index contrast
(An = ny, —n;,). Waveguides that supports only one guided modes of each polarization state
(TEy, TMj), are called single-mode waveguides. Such kind of waveguides are preferable in
integrated photonics. Indeed, manipulation of waveguides that are not single-mode is much
more difficult since interaction of fundamental modes (TEy, TM,) with higher order mode

sometimes gives undesirable effects. In what follows in this manuscript (the calculations and
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Figure 1.8: Evolution of effective refractive index of the guided modes of a planar waveguide as

a function of waveguide’s thickness h, for two refractive index contrasts (An =ng, — ny)

experimental measurements), we consider that the waveguides are single mode. Since a single-
mode waveguide supports only one TE and TM mode, which are linear polarization modes, the

linear birefringence in planar waveguides is quantified as:
LB = nNre, — NtM, (145)

LB depends on the thickness of the planar waveguide and decreases with increasing thickness as
indicated by the space between the TEy and TM curves in Figure 1.8. However, It decreases
significantly by decreasing the refractive index contrast (An). Quantitatively, for a planar
waveguide with properties (n. = 1,n, = 1.61, A\ = 0.633um, and thickness h = 2um) LB=
4 x 10~* if refractive index contrast An = 0.09, the LB value reduces to half (LB= 2 x 107%)
for An = 0.01. These theoretical results show the importance of a low An to obtain low LB

planar waveguides.

1.2.3 Polarization beating in planar waveguides

We have shown that planar waveguides are birefringent systems with eigenmodes that are
two linear polarization modes (TE and TM). Therefore, if a light wave is guided inside such
waveguide, its SOP undergo a periodic modulation, unless its SOP corresponds to TE and
TM. The polarization modulation which is known as polarization beating can be graphically
presented using Poincaré sphere. As stated by equation 1.30, on the Poincaré sphere, the

modulation corresponds to a rotation of the initial SOP about a diameter axis of the sphere

25



1.2. Planar Waveguides Chapter 1. Theory and Design

defined by the eigenmodes TE and TM. In Figure 1.9, we have shown the polarization beating
for two guided waves if their initial polarization state is (left circular and horizontal linear). The
linear horizontal polarization is not modified and its rotation orbit is zero since its polarization
corresponds to one of the eigenmodes. However, the left handed circular polarization (LHCP)
is modified to the highest extend and rotation orbit is the highest. The periodic polarization
modulation of LHCP correspond to change in ellipticity x from x = &5 & x = 0.

Q S3 @ input SOP
@ output SOP

rotation orbit
for LHCP input

Eigenmodes axis >

Figure 1.9: Birefringent effect of planar optical wavegquides, Poincaré sphere representation
of polarization beating for left handed circular polarization (LHCP) and linear horizontally

polarization inputs.

Regarding the polarization beating magnitude in planar waveguides, since linear birefrin-
gence is defined by effective refractive index difference of TE and TM, the equation 1.46 become:

2 27
¢:7'(nTE_nTM)'l:7

-LB-1 (1.46)
This equation indicates that the magnitude of the polarization modulation (angle ¢) in planar
waveguides is proportional to the LB and the length of the waveguide (1). In the Figure 1.9, we
have shown a particular case where ¢ = 7, the output polarization is a linear polarization at
-45° with respect to x for left handed circularly polarized input. Because of this polarization
modulation, it is practically impossible to handle circular polarization in planar waveguides or

to use planar waveguides for circular polarization applications such as chiral sensing.

26



Chapter 1. Theory and Design 1.3. Channel Waveguides

1.3 Channel Waveguides

Channel waveguides are rectangular optical structures whose dimensions are of the order
of the wavelength of the light. In contrast to planar waveguides, channel waveguides provide
confinement of light not only in z—direction, but in x — y-directions. Furthermore, they can
be designed to have zero birefringence property (i.e. equivalent interaction of TE and TM
modes ntg = nrym) [18]. This makes channel waveguides a perfect waveguide structure for our
objective of realizing waveguides that can support any polarization. In this section, we describe

light confinement and properties of channel optical waveguides.

1.3.1 Channel waveguide equations

In Figure 1.10, we have shown the structure of a typical channel waveguide, it is characterized
by a refractive index limit with respect to x and y directions, only having infinite extent in
the longitudinal direction (z). A light wave propagating in such waveguides has the property
of translation invariance in only z direction. The electric field and magnetic field equations of

such wave propagating in z direction can be written as:

E = Ej(z,y) '« (1.47a)
H = Hy(z,y) /@52 (1.47Db)

Thus, the nabla operator in Maxwell equations 1.32 and 1.33 is:

v=| 2 (1.48)

Figure 1.10: Structure of a typical channel waveguide with z-axis as the propagation direction.
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Inserting electric and magnetic field equations (1.47a, 1.47b) into equations 1.32 and 1.33, and

using the relation 1.48, we get:

oE, . :
o +ipE, = —iwuH, (1.49a)
agEz +iBE, = iwuH, (1.49Db)
T
oE, 0E,
o oy iwpH, (1.49¢)
a;IZ +ifH, = iwe(x,y)E, (1.49d)
Y
H
aaxz +ifH, = —iwe(z,y)E, (1.49¢)
0oH, O0H, .
_— - = E 1.49f
L - o = ez (1.49f)

As it can be seen from these equations 1.49, in channel waveguides, the modes are no more TE,
TM modes but hybrid modes. In these modes, the three components of the electric (E,, E,, E,)
and magnetic field (H,, H,, H,) are all depending on each other. To our knowledge, to date,
there are no analytical solutions for these equations. Therefore, the guided modes must be

determined using numerical methods.

1.3.2 Computation of guided modes in channel waveguides

In our study, to find properties of guided modes in channel waveguide, we use a full-vector finite-
difference method that has been fully documented elsewhere [43]. We have used an open-source
Python computer programming language package that encompasses the method and give clear
examples of using such method to find guided modes in dielectric channel waveguides [44]. Our
task for using the method is creating a 2D matrix ¢;; that describes the waveguide structure
in term of electric permittivity ¢ (and thereby refractive index n). Each element of the matrix
defines the refractive index at that position which is associated with surrounding refractive
indices. The computations shown in the following were performed by creating 15x15 pm?
refractive index meshgrid with a 50nm step length. These conditions are chosen as an optimised

conditions based on computation time and accuracy.

In Figure 1.11, we have plotted the computed field components of the fundamental modes
for a rectangle waveguide with (n, = 1,n, = 1.61,n, = 1.52,w = 3um, and h = 2um).
It can be noted that, the guided modes of channel waveguides are not similar to TE and
TM modes of planar since the longitudinal components of the electric and magnetic field are
not zero. However, the guided mode shown in Figure 1.11-a is known as quasi-TE mode
since (Ey, B, H;) < (E,, Hy, H,), and, the one in Figure 1.11-b is known quasi-TM mode
since (E,,Hy,, H,) < (E,,E,, H,). Furthermore, for the quasi-TE mode H, < (E,, Hy),
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Figure 1.11: Computed guided light field components distribution in channel wavequides using
a full-vector finite-difference numerical computation method for a) quasi-TEy mode, and b)

quasi-TMyy mode.

for the quasi-TM mode E, < (E,, H;). We therefore, consider the guided modes in the
channel waveguides as two orthogonal plane waves so that we can treat them using plane wave

considerations.

1.3.2.1 Classification of channel waveguides

Depending on the position of the waveguide core (relative to its surroundings) and its
geometry, channel waveguides are classified into different types (the most common ones are
buried, diffused, ridge, rib and strip-loaded). In Figure 1.12, we have drawn the typical cross-
section and computed guided intensity distribution of the fundamental modes (TEgy and TMg)
in these five types of channel waveguides. Each type has its own advantage and disadvantage
depending on the applications. Considering our objective, "channel waveguides for sensing
applications', we shall not study the modal properties of buried and strip-loaded channels

because the guided field is not in contact with the surrounding medium. Therefore, we only
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buried diffused ridge (strip) rib strip-loaded
n n n n
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Figure 1.12: Top) Cross-section and Bottom) Computed guided field distribution of the funda-

mental mode in five types of channel waveguides.

study modal properties for diffused, ridge, and rib channel waveguides with the condition

(cladding layer is air n. = 1), the sky-blue region in Figure 1.12.

1.3.2.2 Guided modes dispersion curves in channel waveguides

To further investigate the behavior of the guided modes and determine their propagation
constant for the three types of channels, we calculated the dispersion curves of the guided
modes. In the computations, the cover is set to be air to satisfy the condition that the guided
can interact with surrounding. The buffer layer is set to be glass as a conventional substrate
for light guiding, and the waveguide core is set to have n = 1.61 that is the refractive index
of the material we want to use. Figure 1.13 shows the effective refractive indices evolution of
TEgo(TMgo) guided modes in diffused, ridge, and rib channel as a function of width and height
of the channels. When the channel’s dimensions are small, no guided modes are present, the
channel start to support guided modes at certain dimensions. The behaviour of guided modes
is not defined by only the dimensions and refractive index contrast (ny, — (14, 7)) but also by
the type of the channel. For instance, rib channel start to support guided modes at higher w

compared to ridge and diffused channels.

From Figure 1.13, we can see that the effective refractive index curves for TEy, (red curves)
and TMgg (blue curves) are different regardless of the channel type, indicating that the channel
waveguides are birefringent. Since TEqy and TMy, are linearly polarized guided modes, linear

birefringence LB is quantified as:

LB = NTE00 — MTMO0O0 (150)

Although the dispersion curves indicate that the channels are birefringent, in all three
channels there are geometries in which the curves intersect (black circle in Figure 1.13). The

intersections between the curves in Figure 1.13 means that channel waveguides can be fabri-
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Figure 1.13: Fvolution of effective refractive indices of guided modes as function of width of w
and height in a) diffused,b) ridge, and ¢)rib waveguides. The T Eoy and T Moy curves intersect
at the position indicated by the black circle.

cated to have zero birefringence. The intersection also means that zero birefringence property
of channel waveguides is only present for exact given geometries, the slightest deviation from
the ideal channel geometry lead to non-zero LLB. This behavior of channel waveguides makes the
fabrication of channel waveguides with zero birefringence property a challenging technological
task because the waveguide geometry must be maintained in centimeter length with nanometer
precision. For such reason, channel waveguides are currently only used for polarization appli-
cations based on TE/TM polarizations. We will show in the upcoming sections, how channel
optical waveguides can be used for circular polarization applications without zero birefringence

condition if the waveguides are made of chiral material.

1.3.3 Polarization beating in channel waveguides

Channel waveguides are birefringent systems with TE/TM edgemodes similar to the planar
waveguides. Therefore, the birefringent effect of such waveguides on polarization beating is
identical to planar waveguides. To avoid repeating what we have already explained, we do not
show the Poincaré sphere representation of the polarization beating in the channel waveguides,

the reader can find the explanation in 1.2.3.
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1.4 Chirality and Light

Chirality is a property of geometry and asymmetry, a chiral object is three-dimensional body
which cannot be superimposed with its mirror image by any solid translation and rotation.
The origin of the word chiral comes from the Greek word /Kheir/ "y£pt" which means"hand".
Chirality is also called "handedness', our hands are non-superimpose mirror images as shown
in Figure 1.14-a. The word chiral was first introduced by Lord Kelvin in the late 19th century
in the following form: "I call any geometrical figure, or group of points, ’chiral’, and say that it
has chirality if its image in a plane mirror, ideally realized, cannot be brought to coincide with
itself" [45].

The chiral property can also be found at the molecular level, some molecules look like non-
superimposable images and are known as enantiomers (Figure 1.14-b). When a material or
medium is composed of (+)/(—) enantiomers, it is said to have a chiral (+)/(-) property. A
material containing the two enantiomers in equal amounts 50:50% is called racemic and has
no chiral property. Since enantiomers have identical chemical composition, they share most of
their physical and chemical properties. However, their interaction with other chiral objects is
different, which is the behavior of any chiral object, including enantiomers. This behavior can
be observed when light propagates through a chiral material, the polarization plane of linearly
polarized light rotates in one direction for the (+) enantiomer and in the opposite direction
for the (—) enantiomer. Indeed, light has a chiral property, circularly polarized light waves
behave as chiral objects (Figure 1.14-c), left and right circularly polarized light waves interact
differently with chiral materials. The phenomenon of plane of polarization rotation by chiral
materials is known as optical activity. In the following, we will discuss the propagation of light

in chiral materials and the physical principle behind the rotation of linear polarization.

(=)-enantiomer ‘

Cco

&

(+)-enantiomer

left-hand right-hand

Figure 1.14: Chiral objects a) Our hands, b) Some molecules (Amino acid), and ¢) Circularly
polarized light.
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1.4.1 Light propagation in bulk chiral media

The behavior of light propagation in a bulk chiral medium can be described using Maxwell equa-

tions and the constitutive equations of chiral materials. Maxwell equations for the propagation

of time-harmonic electromagnetic fields of e~™? in a dielectric medium, known as Maxwell

equations phasor forms, are the following:

V-D=0 (1.51a)
VB =0 (1.51b)
V xE = —iwB (1.51c)
V x H =iwD (1.51d)

where D and B are electric field displacement and the magnetic flux density respectively. The
constitutive equations for the vector fields D and B for an isotropic chiral material are known

as Drude-Born-Fedorov equations [46,47]:

D =<(E + 7V x E) (1.52a)
B =u(H + 7V x H) (1.52b)

where 7 is a first order parameter that describes the chirality of the material. We can see
from equations 1.52a and 1.52b that chirality parameter v couples electric and magnetic fields.
Therefore, solving the above equations is rather complicated. An intuitive way to handle the
difficulty of the problem is to decompose the vector fields (E, H) using the Bohren decomposi-
tion into two independent fields (E, H, ) and (E_,H_) [48-50]:

1
E=E +E  with B.= (BF i\/zH) (1.53a)

1
H=H, +H  with H.= §(H:|:z'1/£E) (1.53b)
1

The introduced fields (E;,Hy) and (E_,H_) are independent of each other and have simple
solutions. Regarding the electric field, by using the equations 1.52a, 1.52b, 1.53a, and 1.53b we

can obtain:

V X Ei = kniEi (154)

where ny = k and n are free space wave vector and refractive index of the material

mn
1F~vkn?
respectively. If we take curl of the equations 1.54, we get Helmholtz wave equation for the E.

vector field

V2E: + k*niEL =0 (1.55)
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In bulk medium, the general solution of the equation 1.55 is a plane wave. By using equa-

tion 1.54 we can show that the equation of the plane wave is in the form:

E, = (2 +if)Egpe "P+* (1.56a)
E_ = (2 —if)Ey_e - (1.56b)

Note that equations 1.56a and 1.56b correspond to left and right handed circularly polarized
(L/RHCP) plane waves propagating in z direction with propagation constants Sy = kny. The
2 and ¢ are unit vectors, and n4. are the effective refractive indices of the propagated E+ fields.
By inserting the solutions of the E+£ fields (1.56a and 1.56b) into equation 1.53a, we get the

equation of the light waves electric field propagating in a bulk chiral medium
E=E,  +E_= (& +i§)Eore P + (2 — i) Ey_e P> (1.57)

This equation shows that a light wave propagates in a chiral medium as a superposition of two
plane waves which are left and right circularly polarized waves. The interaction of the chiral
medium with the two plane waves (L/RHCP) results in different interactions (i.e. they have
different refractive indices). Therefore, a bulk chiral medium is a birefringent with L/RHCP
eigenmodes, so-called circular birefringent medium. Circular birefringence (CB) is quantified

as the difference of the effective refractive index of left and right circularly polarized light

n n
CB=n, —n_= —

iy 1—~kn 1+ ~vkn
OB = 2ykn? for (vkn) < 1 (1.58)

This equation shows that CB is linearly proportional to the chirality parameter v, the higher
the chirality of the medium, the higher the CB.

1.4.2 Polarization beating in bulk chiral media

We have shown that chiral bulk materials are birefringent systems with left and right circularly
polarized eigenmodes. Therefore, if a light wave propagates in a chiral material, its polarization
state undergoes periodic modulation, unless its polarization corresponds to L/RHCP. As we
have discussed before, the polarization modulation can be evaluated using the Poincaré sphere.
The two eigenmodes create a diameter axis on the sphere that is located on the Sz axis as shown
in Figure 1.15. SOP modulation for a light propagating in chiral medium is a periodic rotation
in a circular orbit in a plane perpendicular to the eigenmodes axis. In the figure, we have
shown the polarization modulation (beat) for a left circular polarization and a linear horizontal
polarization input. The left circular polarization is not modified and its rotation orbit is zero

as it is one of the eigenmodes. However, the linear polarization input is rotated in an orbit on
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the equator of the sphere, i.e. the azimuth of the polarization is changed. It is the well-known

polarization rotation that occurs when light propagates in a chiral medium.

Regarding polarization modulation magnitude, since birefringence in a bulk chiral medium
is defined by CB, the equation 1.31 become:

2
¢:77T-CB-Z (1.59)
This equation® indicate that polarization modulation magnitude (¢) in a bulk chiral medium
is proportional to the CB and the length of the medium (/). In Figure 1.15, we have shown a

particular case when ¢ = 7, then, a linearly polarized wave input is rotated by 45°.

Ei d i Ss
igenmodaes aXIS\ \\ . input SOP
: @ output SOP
B
— /
1
rotation orbit
linear horizontal input

Figure 1.15: Birefringent effect of bulk chiral media, Poincaré sphere representation of polar-

ization beating for left handed circular and linear horizontally polarization inputs.

1.5 Chirowaveguides

We have described that single-mode waveguides are linear birefringent systems with two
mutually orthogonal linearly polarized eigenmodes (TE and TM). We have also described that
bulk chiral media are circular birefringent media with two mutually orthogonal circularly polar-
ized eigenmodes (LHCP and RHCP). Therefore, optical waveguides made of a chiral material
have both LB and CB. These waveguides are known as chirowaveguides, they do not support
TE/TM eigenmodes like achiral planar waveguides, nor circular eigenmodes as for bulk chiral

materials, but elliptically polarized eigenmodes [51]. Understanding the properties of guided

SNote that ¢ in equation 1.59 is phase not polarization rotation in real space. The optical rotation in a chiral

medium is ¢/2.
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modes in chirowaveguides is rather a complex problem, as the presence of chirality and finite
dimensions of the waveguides together introduces considerable additional mathematical com-
plexity. However, the properties of the guided modes can be determined if the effect of chirality
on the TE and TM modes is treated as a mode coupling mechanism [52-54].

In a standard (non-chiral) single-mode dielectric waveguide, the TE/TM eigenmodes prop-
agate along the z direction independent of each other if the material properties remain inde-
pendent of z. In the case when there is a perturbation (e.g. due to presence of chirality in the
waveguide) the eigenmodes are coupled with each other. This means that in waveguides made
of chiral material, if a pure TE eigenmode is excited at the beginning of the waveguide, part
of its power is transferred to the TM eigenmode or vice versa. If the field distributions of the
eigenmodes do not differ significantly before and after coupling, the propagation characteristics
of the coupled TE-TM modes can be analyzed by the perturbation method and thereby coupled
mode theory. Similarly, we can use the coupled mode theory to describe chirowaveguide since
the chirality parameter v of a chiral medium is small compared to \/% and it does not change

the eigenmode field distribution.

In this section, we will use coupled mode theory to analyze the chirowaveguides on the basis

of the following assumptions:

o In a standard dielectric material (achiral) waveguide system, the TE/TM eigenmodes
have complex amplitudes (a- f(x,y)e#75* and b-g(z, y)e~"#T™*) of propagation constants
Bre and Brys. Such system are considered as unperturbed system with two independent
eigenmodes.

o In chirowaveguides, coupling is assumed to modify only the real amplitudes of eigenmodes
such that they become function of z (a(z) and b(z)), without affecting either transverse

spatial distributions (f(x,y) and g(x,y)) or their propagation constants (Srg and frg) .
Before using coupled mode theory for chirowaveguides, we need to derive coupling equations

for the bulk chiral medium and describe eigenmodes complex amplitudes in the achiral optical

waveguide that we will be using to derive the coupled mode equations.

Electric and magnetic field coupling equations in bulk chiral medium: We assume
that the waveguide is made of a homogeneous, lossless, isotropic chiral material and the effect
of chirality parameter ~ is in the first order. By inserting the constitutive equations for the
vector fields D and B of bulk chiral medium (1.52a and 1.52b) into the Maxwell equations
(1.51d and 1.51c), we get:

V x E = —iwpH + w*uvye (E + 9V x E) (1.60a)
V x H =iweE + w?eyp (H+ 1V x H) (1.60b)
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Since the chirality parameter v is the first order parameter, the equations 1.60a and 1.60b will

reduce to:

V x E = — iwpH + w?*yueE (1.61a)
V x H =iweE + w?yucH (1.61b)

Taking the curl of the above equations we get:

V2E + w?ueE — 2iyw’ e H =0 (1.62a)
V2H + w?ueH + 2iyw’ ue’E =0 (1.62b)

Using the relation w?ue = k*n?, we write the equations 1.62a and 1.62b as:

V2E + k*n’E — 2ik*n*ywuH =0 (1.63a)
V?H + k*n’H + 2ik*yweE =0 (1.63b)

These two equations (1.63a and 1.63b) show how in a bulk chiral medium the usual wave equa-
tion is modified by terms proportional to 2ik?n? . ... These terms are new source of polarization
for the E and H fields, the H adds new sources to E and E to H. We will use these equations

to derive the coupled mode equations in chirowaveguides.

Transverse field equations in an unperturbed achiral waveguide: For a single-mode
achiral waveguide with given optical and geometrical properties, the eigenmodes are TE/TM

of propagation constants Srg and fBrj;s whose complex amplitudes are of the form:

Ey(z,y,2) =a f(z,y)e 01E? (1.64a)
H,(z,y,2) =b g(x,y)e Praz (1.64b)
where a adn b are the real amplitudes which are constant, and f(x,y), g(x,y) are transverse

functions of the two eigenmodes. These complex amplitudes (1.64a and 1.64b) satisfy the

Maxwell wave equations in the form:

Vi f(x,y) + (K*n*(z,y) — Brp) f(x,y)

0 (1.65a)
Vilg(,y) + (K*n®(x,y) — Bia) f(z,y) =0

(1.65b)

where V; is the transverse gradient operator.

1.5.1 Coupled mode theory of chirowaveguides

Applying coupled mode assumptions, in a chirowaveguide, the real amplitudes of TE and TM

given in equations 1.64a, and 1.64b become a function of z (a(z) and b(z)) while their transverse
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functions (f(x,y), g(z,y)) and propagation constants (87g, Bry) remain unchanged. Now, by
inserting equations of the TE and TM complex amplitudes (1.64a and 1.64b) into the coupled

equations of electric magnetic field in chiral media (1.63a and 1.63b), we get:

2 2p2 2 —1 z
’ ) TE ]
d*a ., da(z »
T .2 2iPre d(z )] flx,y)e=Pre (1.66a)
—2ik*n?(z,y)ywp b(2)g(z,y)e Pz =0
2 2,2 2 —iBrrn
’ ) TM )
d*b o db(z y
T a2 2ifrym d(z )] g(x,y)e hrarz (1.66b)

+2ik*n? (z, y)ywe a(z) f(z,y)e T2 =0

By looking at these equations we notice that the first items of equation 1.66a and 1.66b are
identical to the equation 1.65a and 1.65b which are solutions for the unperturbed systems,
and they are marked out to zero. Since chirality perturbation is weak, we assume that the
variation of the amplitudes a(z) and b(z) is slow such that |§l27§| < |Breal, we neglect then
the (£¢, €LY [55]. Therefore, the equations 1.66a and 1.66b reduce to:

dz27 d22
da(z) E*n?(z,y)

o)== =5 n b(z)g(x,y)e > (1.67a)
g(x,y) dlzl(;> =+ kzg;;’ v) ywe a(z) f(x, y)e*mﬂz (1.67b)

where AB = Brg — Bram. So far, for TM, we have written the complex amplitude of the
magnetic field component H,. However, to know the polarization, we need to deal with the
complex amplitude of the TM electric field E,. Since we assumed the single-mode waveguides
with TE/TM eigenmodes, F, is:

B = =T, = o), y)e e (1.68)

where c(z) = 2124 (z). Inserting b(z) into equations 1.67a and 1.67b, they become:

—we

d Zn? — ,
o) 2 == g (G ate e (1)
d{ =< 2,2 ‘
g(x, y) {BT&/[ZC(Z)} _ k 7;75]\1/’[’ y) Ywe a(z)f(x, y)e—zABz (169b)

Using the relation w?cp = k*n?, the equations 1.69a and 1.69b become:
da(z) K*n*(z,y) k*n*(x,y)

f= Ben B 9(@) @)t (1.70a)
0 — k(e Fey) alz)e (1.700)
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We can simplify more the above equations by inserting CB value (from equations 1.58) to both

equations:
da(z) kCB(x,y) n*(z,y) iAB
_ ONE 1.71
f= > e 9 y) 2 (1.71a)
d kCB ;
g2 _ KB 1 ) afgeminn (1.71b)
dz 2
where nrgp = B—, nry = % are effective refractive indices of TE and TM. Multiplying both

sides of equation 1.71a by f*(z,y), also multiplying both sides of equation 1.71b by ¢*(x,y),
integrating both equations with respect to (z,y) then, using the fact that f(z,y) and g(z,y)

are normalized so that their integral is unity, we finally obtain:

da(z)

e =K,y c(z) e8P (1.72a)
d ,
il(,:) =Ko a(z) e *AP= (1.72b)

These equations (1.72a and 1.72b) are called coupled mode equations where K., and K, are

the mutual coupling coefficients:

k 2
Kea=5 [ 80 0p(e ) (2, gl p) dody (1.73a)
Koo =~ [ CB(a.4) g'(2.0) () drdy (1.73D)

We assume that the field distributions of the two modes are equivalent such that g(z,y) =
f(z,y):

K., = CB(z z,y)|? dxd 1.74a
2/nTEnTM ) £, y)? dudy (1.74a)

Ko =—1 / CB(x,y) | f(x,y)|” dedy (1.74b)

These integrals can be divided into a material part where CB(x,y)=CB and an outer part
where CB=0.

2 2
Ko :];CB/ @Y )2 dudy+ [ TSI 0 ) dedy  (1.75)

at NTENTM 2 Jout nNrenTm
k

Ko ==5CB [ |f(a.y)* dudy -3 / 0-|f (2, ) dady (1.75b)
Furthermore, for single-mode waveguides n? ~ npgnpy then the coupling coefficients can be

written as:

k
Koo =5CB / f(x,y)[? dady (1.76a)
mat
k
Koo == 5CB [ |f(z,y)] dudy (1.76b)
mat
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These equations of coupling coefficients indicate that, in chirowaveguides, the complex ampli-
tudes of TE and TM are coupled as a result of the CB of the waveguides. However, compared to
the bulk chiral material, in chirowaveguides the chiral coupling is reduced by the integral terms
which represent the fraction of the field interacting with the chiral material. In a well-confined
guided modes, the field is mainly inside the material and the integral can be approximated to

1. Therefore, the coupling coefficients (Equations 1.76a and 1.76b) can be written as:

K., z];CB (1.77a)
k
Koo~ — 5CB (1.77b)

1.5.1.1 Eigenmodes in chirowaveguides

To find eigenmodes of chirowaveguides, we have to further simplify the coupling equations.
This can be done by using variable transformation [56]. The idea is that, instead of writing the
absolute complex amplitudes of the waveguide eigenmodes, we write their complex amplitudes

relative to each other, so that:
a(z) =a(z)e "z ”? c(z) = c(z)e' 2 * (1.78)

where a(z) is relative complex amplitude of TE eigenmode, ¢(z) is relative complex amplitude
of TM. The variable transformation allows us to write the coupling equations (1.72a and 1.72b)

straightforwardly in a more compact matrix form:

bllagly e

ke 82
If we use relation AfS = k(nrg — nry) = kLB, the above equation become:

d la(z)] _ ik [ LB iCB

dz | ¢(z) 2 |-iCB -LB

we recall here again that a is the complex amplitude of TE mode and ¢ is the complex am-
—ik LB iCB

2 |-iCB -LB
a compact form the behaviour of eigenmodes in single-mode chirowaveguides. For an achiral

c

a] (1.80)

plitude of TM mode. The coupling matrix ( ) in equation 1.80 represents in

waveguide (CB=0), and therefore, the eigenvalues and eigenvectors of the matrix correspond to
the unperturbed waveguides which are TE and TM eigenmodes. When the chirality is present,
the off-diagonal elements of the matrix couple the TE and TM, then TE and TM are no more

eigenmodes.

Birefringence of chirowaveguides (modal birefringence (MB)) is the eigenvalues of the cou-

pling matrix which quantifies the effective refractive index difference of the eigenmodes
MB = +vLB? + CB? (1.81)
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The eigenvectors of the coupling matrix which means the eigenmodes of chirowaveguides are:

I 1
1

[+ >= —i(Lme)] = | - /14+E82) (1.82a)

LB

:CB

___icB — 15 __

- >= ﬁ] = [y (1.520)
I 1

We can define these two eigenmodes as Jones vectors in term of polarization ellipticity v, if we

define:

B
tan 2y = SB (1.83)

By using trigonometric identity (tany = —222X__) e get Jones vector for the two eigen-
144/ 1+tan? 2x

Tipe = [ oY ] 7 I = [sinx] (1.84)

—gsiny 1COS Y

modes

Not that these two Jones vectors of the eigenmodes correspond to elliptical polarization when

polarization ellipse major axis is located on z—axis (azimuth ¢ = 0)(see equation 1.17).

Chirowaveguides behaviour based on coupled mode theory: In summary, from equa-
tions 1.80- 1.84, chirowaveguides are elliptical birefringent waveguides with (i) left /right handed
elliptically polarized (L/RHEP) eigenmodes , (ii) the azimuth of the eigenmodes is identical to
the axis of the linear birefringent waveguide (TE/TM axis), (iii) ellipticity of the eigenmodes
related to the 8 ratio and (iv) modal birefringence (MB) given as the arithmetic average of

LB
the LB and CB (Equation 1.81).
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Figure 1.16: Behaviour of chirowaveguides deduced from coupled mode theory. a) Coupling
matriz. b) Graphical representation of the coupling, it shows how the presence of chirality
couples the TE/TM eigenmodes of the single mode waveguide and thus the eigenmodes of a
chirowaveguide are left/right handed elliptically polarized modes (L/RHEP). ¢) Evolution of a

chirowaveguide eigenmodes polarization ellipticity as a function of %.
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We have shown in Figure 1.16-c the evolution of a chirowaveguide eigenmodes ellipticity

as a function €. From the figure, we can deduce that for a chirowaveguide with a particular

LB
chirality property (CB), the ellipticity of the eigenmodes is controlled by changing the linear
birefringence (LB) of the waveguide. Therefore, we can obtain optical waveguides that can be
used for elliptically polarized light applications (from linear to circular) simply by having an

LB of the order of CB without the need to fabricate waveguides with zero birefringence.

1.5.2 Polarization beating in chirowaveguides

We have shown that the eigenmodes of single-mode chirowaveguides, are two mutually or-
thogonal elliptically polarized eigenmodes (L/RHEP). Therefore, if a light wave is guided in a
chirowaveguide, its SOP undergoes a periodic modulation, unless its polarization corresponds
to one of the two eigenmodes. Such polarization modulation (beating) can be evaluated using
the Poincaré sphere. The two eigenmodes create a diameter axis on the sphere that has "lati-
tude" angle of 2y with the equator of the sphere but at azimuth ¢ = 0 as shown in Figure 1.17.
The modulation of the SOP of a guided light is a periodic rotation on a circular orbit in a plane

perpendicular to the eigenmodes axis.

We have shown graphically in Figure 1.17 how the SOP of guided light is modulated in a
chirowaveguide if its initial polarization state is a horizontal linear or left circular polarization.
In the figure, we have taken the example of a chirowaveguide whose eigenmodes have an ellip-

ticity of x = 30° which corresponds to ~ 3. In a chirowaveguide with such eigenmodes, the

_I ___________________ ...................................... S3 ............. . |nputsop .................

@ output SOP

qz
Optical wavegmde chirowaveguide o
; Chiral material - A

< TN

rotation orbit
for LHCP input
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|

rotation orbit :
linear horizontal input:

.................................................................................

Figure 1.17: Birefringent effect of chirowaveguides, Poincaré sphere representation of polariza-

tion beating for left handed circular and linear horizontally polarization inputs.
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polarization beating effect for a linear horizontal polarization input corresponds to a rotation
orbit that is quite similar to that of bulk chiral media. On the other hand, the polarization
beat for a left-hand circular polarization corresponds to a very small rotational orbit, indicat-
ing that in these waveguides, the circular polarization can be propagated while maintaining
its polarization handedness. In addition, the eigenmodes are elliptical polarizations with high

ellipticity, so they can be used as a chiral probe to realize optical waveguides for chiral sensing.

In chirowaveguides, as birefringence is defined by equation 1.81, the polarization modulation

magnitude (¢) can be calculated as:

¢ = 2; -\/LB? +CB?.1 (1.85)

This equation indicates that the polarization modulation in a chirowaveguide is proportional

to the magnitude of all birefringences present in the waveguides and the waveguide length.

1.6 Design of elliptical birefringent chirowaveguides

Our objective is to realize optical waveguide with eigenmodes that can be used for sensing
applications. This corresponds to the eigenmodes with high polarization ellipticity, with a
circular polarization at the highest level. We have described that chirowaveguides allow us
to reach our objective while the ellipticity of the eigenmodes is defined by the ratio of the
circular to linear birefringence of the waveguides (g—g). Our objective becomes the realization
of waveguides composed of a material with high CB and a structure with low LB. The choice
of the material is already made, we have two materials with chiral properties (see chapter 2).
Our task, therefore, is to design and fabricate optical waveguides with low LB (in the order
of the CB of the material). Hopefully, channel waveguides can be designed to have very low
LB [18]. In this section, we use the numerical simulations to calculate LB in the types of channel

waveguides that can be used for sensing applications (i.e. diffused, ridge, and rib channels).

1.6.1 Low linear birefringence channel waveguides

We begin our study by defining our objective LB. We target channel waveguides with a LB<
1 x 10~ which corresponds to the CB of one of the materials we use, at A = 0.633um. The
targeted chirowaveguides have eigenmodes with ellipticity x=22.5°. Figure 1.18 shows cross
section of the three type of channel waveguide we want to study. The parameters that affect
the LB are shown in the figure, namely refractive indices of the cover (n.), guide (n,), and
buffer (n;) layers, the channels width (w), their height (h), and rib channel slab thickness (d).
Since we want to use the waveguide for sensing, n. is set to n. = 1 (i.e. refractive index of

air). We also fixed n, and set this parameter to n, = 1.61 as refractive index of one our chiral
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Figure 1.18: Cross-section of different channel waveguides for sensing applications.

material. Therefore the remaining parameters to study are ny, w, h, and d.

Figure 1.19-a-c shows LB evolution as a function of w and h for the three different channels
types while n, = 1.52 is constant (An = 0.09). The blue lines are contour for channels
dimensions with LB < 1 x 107°. It is important to note that we have plotted the absolute
value of LB because for our objective LB= +1 x 1075 or LB =—1 x 107° are equally important,
otherwise, LB is (-) in the upper part of the blue zone. The red lines are the contour for channels
with LB< 1 x 10~%. It can be seen that for all three types of channels, there is always a zone in
which the channels can be made to have the targeted property. The position of the blue area
in the diagonal of the color map indicates that by changing h while w is fixed or by changing w
while A is fixed, we can always obtain waveguides with LB < 1 x 107°. In fabrication process,
the later situation is preferred (changing w while h is fixed) as the microfabrication methods
are usually work on patterning films that has fixed thickness. If we take one example of fixed

h = 2.1pum, we can see from the Figure 1.19-a-c that the fabricating tolerance in width Aw

A =0.633um, n. =1, ng=1.61, An = ng—ny

30 diffused (An = 0.09) ridge (An = 0.09) rib (d = 0.2pum, An = 0.09 10-2
. '.- -.-..
LB<1x10"%zone | [l 7 | B 4 10-3
L 104 E
I
g tib (d = 0.50m, An = 0.09) ridge (An = 0.01) rib (d = 0.2um, An = 0.01) =
. E107° é
2.5
£
- -6
< T Awa100nm 10
1.5 f
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Figure 1.19: FEvolution of LB in different types of channel waveguides as function of channel

width w, height h, rib thickness d, refractive index difference An = ny, — ny,.
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is 50nm for diffused and ridge channel while it is higher Aw is 75nm in rib waveguide with
d=0.2pm.

Regarding the effect of d in rib waveguides, the targeted LB area (blue area) shifts to higher
w and it widens when d increases as shown in Figure 1.19-c-d. Quantitatively, for d = 0.2um
rib waveguide, it has target LB value at h = 2.1pym and w = 2.7um with Aw = 75nm of
fabrication tolerance. When d = 0.5um, the target LB value move to h = 2.1ym and w = 3um,

and the fabrication tolerance increase to Aw = 100nm.

The effect of buffer refractive index (ny) relative to the guided layer refractive index (ny)
for rib and ridge channels is shown Figure 1.18-e-f. By comparing Figure 1.18-b with 1.18-e for
ridge channels and Figure 1.18-¢ with 1.18-f for rib channels we can notice that the behaviour
of the channels is highly changed. In both channels, the targeted LB area shifts to higher w
and widens strongly when An reduces from 0.09 to 0.01. Quantitatively, for such change in An,
at h = 2.1um, the fabrication tolerance in width increase from Aw = 50nm to Aw = 150nm
in ridge channels and from Aw = 75nm to Aw = 200nm in rib waveguides. The choice of
An must be made considering that either the waveguides support guided modes or not. At
very low An, the waveguide does not support guided modes as indicated by the white zone in
Figure 1.18-e-f.

Note that in all the simulation results presented in Figure 1.18-a-f, the fabrication tolerance
increases significantly if a material with higher circular birefringence is used (e.g. CB=1x1071).
This behavior is illustrated in the figure by the red lines that correspond to channels with
LB<1 x 1074

Based on the results of the numerical simulation, we can summarize our fabrication design

as follows:

1. Diffuse, ridge and rib channel waveguides can all be fabricated with the LB of our objec-
tive.

2. The fabrication tolerance of the waveguide dimensions (h and w) is higher in the rib
waveguides compared to the diffuse and ridge waveguides. Similarly, the higher the value
of d, the higher the fabrication tolerance.

3. The refractive index contrast between the buffer layer and the guiding layer is a very
important parameter for the fabrication tolerance in all three types of waveguides, it
highly increases fabrication tolerance.

4. Finally, obviously, if the targeted LB is higher in the first place (i.e., using a material
with a higher CB), the fabrication tolerance is higher for all channels.
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1.7 Conclusion

In this chapter, we have aimed to answer the fundamental questions regarding the topic
of this thesis. In the first sections, we have discussed the nature of light polarization using
electromagnetic theory, the Jones mathematical method for describing light polarization, and
the effect of materials on light polarization. Afterwards, we have described the Stokes param-
eters, which, along with Mueller matrices, are both sufficient to describe the polarization of
light and the effect of any medium on polarization. The advantage of using Stokes parameters
to treat the polarization of light over Jones vectors is that the Stokes parameters are practi-
cally measurable while the elements of Jones vectors are not. We then described the elegant
Poincaré sphere graphical representation of light polarization represented by Stokes parameters.
The Poincaré sphere allowed us to visualize light SOP and determine the effect of polarization

sensitive elements such birefringence systems.

We then described the behavior of light waves when guided in a planar waveguide, which
allowed us to provide the general idea of the behavior of light in integrated photonic components.
By analytically solving Maxwell’s equations, we have shown that the guided modes in planar
waveguides are two orthogonal linear polarization modes (TE/TM), which limits the use of
these waveguides for linear polarization applications. Afterwards, we described guided light
behaviour in channel waveguides and different types channel waveguides. Using numerical
simulations, we described the behavior of guided modes in channel waveguides and showed
that standard (achiral) channel waveguides are also birefringent and are limited to TE/TM

polarization applications.

By solving Maxwell equations for chiral bulk media, we have shown that these media are
circular birefringent systems with left and right circular polarization eigenmodes. Our approach
to determine the eigenmodes of waveguides made chiral materials (chirowaveguides) was the
coupled mode theory which allowed us to define the eigenmodes by simple mathematical equa-
tions (equation 1.83). The equation states that the polarization ellipticity of the waveguides is
proportional to CB/LB. Owing to this equation, for a given value of CB (~ 1 x 107°), then
using numerical simulations, we have defined our design rules for the fabrication of channel
chirowaveguides with elliptically polarized eigenmodes (LB<CB). We showed that rib, ridge,
and diffuse channel chirowaveguides can be fabricated with such property, by varying the opto-
geometrical parameters of the waveguides, such as channel width, height, and refractive index.
Also, we showed that small refractive index difference between the guiding layer and the buffer

layer allows to fabricate low LB channel waveguides with a better fabrication tolerance.
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Chapter

Chiral Films

HIN films are one of the main components of integrated photonics technology. They have
been used as waveguides since the early stages of integrated photonics development [57].

In general, channel optical waveguides which are the building blocks’ of majority of integrated
photonic components are fabricated by micro or nano-structuration of thin films. For our
objective, as we want to fabricate and study channel chirowaveguides, we need first, to get
good optical quality chiral thin films, i.e. films that contain chiral organic molecules, with
the required chiroptical parameters. This important step has already been taken thanks to
the previous work of the Chirality team. Their strategy consists in (i) synthesizing of chiral
molecules with high circular birefringence (CB) and (ii) fabricating thin films with high CB
and good optical quality. In this chapter after explaining the choice of the chiral molecules,
we describe the deposition methods to make chiral films, and also present related work that is

being done during the period of this thesis to obtain better quality chirowaveguides.

2.1 Choice of chiral molecules

In order to carry out this multidisciplinary project (physics-chemistry of materials, organic
chemistry and guided optics), we collaborate with Dr. Laure GUY from the Chemistry Lab-
oratory of the Ecole Normale Supérieure de Lyon for the synthesis of organic molecules with
high CB. The objective is the synthesis of chiral molecules with the following properties: (i)
high chiral property (high CB); (ii) transparent in the visible spectral range; (iii) accessible in
an enantiopure manner and at gram scale; (iiii) chemically stable.

Initially, the choice was made on bridged binaphthol derived molecules. Indeed, these
molecules are transparent above 400nm and have an intrinsic optical rotation, when in solution,
between 0.3 and 5° mm~'mlg~!, depending on the nature of the bridge. Then, they have been

interested in helicene-like molecules which are molecules with a larger number of aromatic
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rings present intrinsic CB greater than the binaphthols family (i.e. 2 to 3 times greater when
in solution) [58].

2.2 Synthesis of chiral thin films with high circular

birefringence

From our description of chirowaveguides (see 1.5.1), the first requirement on chiral layers
to realize chirowaveguides with circularly polarized eigenmodes is having high CB. Among the
exploitable techniques for the deposition of chiral layers, thermal methods that risk to cause
racemization (loss of chirality) and/or to degrade organic chiral molecules were discarded. Two
techniques have been chosen: the sol-gel technique already known to design hybrid materi-
als (organic-inorganic) [59] and Pulsed Laser Deposition (PLD) which has already given good
results for the deposition of small organic molecules [60]. These two techniques have been
adapted to the specificity of the deposition of layers containing chiral organic molecules: syn-
thesis of new chiral sol-gel precursors based on binaphthyl-SiO, [61,62] and in-situ control of

the racemization in both cases [30, 63, 64].

Once the layers are realized, their properties are characterized by the appropriate techniques
developed within the team. Thus, the thickness and the refractive index are measured by M-line
spectroscopy, the optical quality is characterized by the measurement of the optical losses in
guided mode, and their optical rotation (CB) is measured thanks to a rotatory optical dispersion

setup.

2.3 Pure chiral films by Pulsed laser deposition

The laser ablation technique is a thin film synthesis method that was developed for the
synthesis of superconductor thin films [65]. It consists in vaporizing a compound by focusing
a pulsed UV laser on a target of compacted powders and to collect the ablated species on a
substrate placed at a few centimeters. The deposition is performed in a vacuum or in a gaseous

atmosphere.

The use of PLD method for the deposition of organic or even biological films is much
more recent. Indeed, it was assumed for a long time that laser ablation was not a suitable
method for the synthesis of organic films because the energy of the ablation laser was too
high, which would lead to the breaking of the bonds of the organic molecules and thus to their
degradation. Nevertheless, by controlling the deposition parameters, mainly the laser energy
that must be sufficient to release the organic material from the target and not too high to

avoid its degradation. In this case, the thin film deposition regime is not ablation but rather
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desorption. Hence, PLD has allowed the deposition of films of organic molecules of various
size and complexity without degradation [60]. In the case of the deposition of chiral organic
molecules, the challenge is not only to degrade the molecule but also not to racemize it (switch
from one enantiomer to the other) during the deposition by PLD. Indeed, the racemization of
the chiral molecules deposited would lead, in the end, to a film whose chiroptical properties
(CB) might be null. Starting from a target consisting of a single enantiomer of chiral molecules,
it is therefore necessary to find the laser ablation conditions that allow to preserve both the
integrity of the chiral molecule (no degradation) and its enantiopurity (no racemization) to

obtain a purely chiral thin film with a CB and good optical quality.

Previously, the Chirality team has shown that thanks to the PLD technique, it was possible
to realize purely chiral organic thin films made of only binaphtol-bridged molecules [30,63] or
only helicenes-like molecules, transparent and with a very high CB [64]. For this, the essential
parameter to control is the laser fluence which is the ratio of the laser beam energy to the beam

2. Moreover, it has been shown that there is a range of

cross-section on the target in mJ/cm
laser fluence [15-45|mJ/cm?, depending on the deposited chiral molecule, that allows to keep
the integrity of the molecules and their enantiopurity. The transfer of chirality from the target
to the thin film is not limited by thermal effects but rather by photochemical processes since
the degradation of the molecules studied does not depend on the molecular structure whereas
racemization does. Thus, the interest of PLD for these materials is its instantaneous nature
(ultra short laser pulse) which allows the heated material to be immediately ejected and cooled
before the racemization process [30,63]. During my Master 2 internship, we synthesized purely

chiral films of bridged binaphthyl and helicene-like molecules presented in Figure 2.1.

Figure 2.1: structures of chiral molecules deposited by PLD (a) bridged binaphtol and (b) he-

licene like molecule.
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2.3.1 PLD deposition experimental setup

In our experiment, we have been using a KrF laser source (wavelength A = 248 nm, pulse
duration=5 ns) and operating frequency is set to 50 Hz. As it is shown schematically in
Figure 2.2 the laser beam is focused on the target at an incident angle of 45°. The beam size on
the target is set to be 4x4mm? and the optimised energy fluence is found to be 20mJ.cm~2 for
binaphtol-bridged molecules and 30mJcm =2 for helicene-like molecules. The short (5ns) pulse-
by-pulse duration of the technique prevents any thermal damage on the target. Furthermore,
the target material is fixed on a rotating stage to avoid energy(heat) accumulation at the
position of the beam. Thus, only the molecules on the upper surface of the target receive
energy and do not transmit it to the lower molecules. The distance between the target to
substrate was set to 4cm and deposition was carried out under a vacuum of ~ 1 x 107% mbar.
Under these conditions, the deposition rate, using a fresh target, was found to be ~70nm/min
and ~100nm/min for bridged-binaphtol and helicene-like molecules respectively. Thickness

from few nm to few pm could be controlled depending on the deposition duration.

pulsed uv laser

Figure 2.2: Schematic representation of pulsed laser deposition setup

2.3.2 Optimizing thickness of PLD films

Due to the in-homogeneity of the density of the species ejected from the target and their
expansion in space, i.e. the plume geometry, the laser ablation deposition of the thin film is
in-homogeneous in thickness, whatever the deposited material. Indeed, for a 4cm distance
between the target and the substrate, by placing the substrate such that its center touches the
center of the plume, a bell-shaped profile is obtained with a thickness variation of about 60%

between the center of the film and the edges (in lem distance), as shown in Figure 2.4 (a).
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The colored rings observed in photographs of the films (figures’ insets) are the indication of

thickness drop from the center to the border due to light interference by the thin film.
This in-homogeneity of the thickness is the main drawback of the films deposited by PLD

as it induces modal scattering of the guided light. We followed two experimental techniques to

improve the thickness homogeneity of the PLD films that are:

1. Horizontal oscillation of the substrate relative to evaporation plume:. By means
of a vacuum translation motor and a suitable mechanical support, the substrate is set
to oscillate horizontally in front of the target during deposition, so that its position is
periodically translated with respect to the fixed position of the plume. The schematic of
the modified substrate holder is shown in Figure 2.3-a. This improves the film thickness
profile along one axis. The obtained films, in this way, have half-cylinder shaped thickness
profile, with a thickness inhomogeneity of < 20% in one direction, corresponding to the

substrate horizontal oscillation axis, as shown in Figure 2.4-b. We also tried scanning
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Figure 2.3: Scheme of PLD setups to control thickness homogeneity , a) homogeneity control

in one axis, b) homogeneity control in both axis.
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horizontally the rotating target with the laser beam with fixed substrate, but the results
were less good than the previous case.

2. Offset between evaporation plume and substrate while rotating the substrate:.
Increasing the distance between the target and the substrate enlarges the scale of thickness
homogeneity, but it highly decreases the deposition rate. At reasonable target-substrate
distance (4cm), a more homogeneous film is deposited by combining an offset between the
fixed plume position and the initial position of the substrate, and rotation the substrate
(see Figure 2.3-b). Offsetting the substrate allows for a higher deposition rate at the edge
of the substrate than in its center, while continuous rotation of the substrate allows for
a higher deposition rate in the center. Consequently, overall, the center and the edges
get an equivalent deposited material. With this technique, we deposited PLD films with
<20% inhomogeneity in thickness between the center and the edges over lem distance in

2D dimensions, as shown in Figure 2.4-c.

2.3.3 Properties of chiral films made by PLD

o Thanks to PLD, purely chiral thin films (composed only of chiral molecules), transpar-
ent, with good optical quality (no cracks or microscopic defects) are obtained. How-
ever, bridged binaphtol based films are mechanically more brittle and may exhibit post-
deposition poly-crystallization while films based on helicene molecules are more stable.

o Thicknesses of 2um were achieved with thickness homogeneity (20 % difference between
the center and the edges of the layer on a 4cm? layer). Such thickness inhomogeneity
corresponds to a 400nm thickness change in the 2pm thick film, which is a drawback for
our study that requires high precision in thickness control. Therefore, further optimization
of the thickness is required.

o As PLD deposited films are made of only chiral molecules, the high density of chiral
molecules gives them high chiroptical properties. CBa 2.5 x 107° for chiral bridged-
binaphthol films and CBa 9 x 1075 for helicene-like molecules films at A = 633nm are
obtained.

o The refractive index of the bridged-binaphthol films measured by M-line spectroscopy at
A = 633nm is found to be n = 1.71 and isotropic (i.e. in-plane refractive index (ntg) =
out-of-plane refractive index (nry)). However, the helicene-like molecules films are found

to be anisotropic ntg = 1.72#n1y = 1.79).
Although the helicene-like molecules films have higher CB, their anisotropy brings extra lin-

ear birefringence, and therefore, we only used bridged binaphtol chiral molecules films in the

reminder of the thesis work.
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2.4 Hybrid silica films

In parallel, an important work has been done on the deposition of chiral films by the sol-
gel method to reach the required properties in particular, the conservation of CB as high as
possible, a good optical quality, a thickness higher than 2pm. To reach such thicknesses with
the classical sol-gel technique, multilayer deposits (~100nm per deposition) with a thermal
treatment between two depositions is necessary. This allows to evaporate the solvents and to dry
the first layer so that it does not dissolve in the precursor solution during the next deposition.
However, annealing even at relatively low temperature (~150°C) leads to the racemization of
chiral molecules and to the loss of the CB of the layer. It was therefore necessary to develop a
new process allowing to obtain a thick layer in one step and to determine the good temperature

for the drying of the layer while keeping the highest chiral properties.

Through a new deposition protocol using a hybrid, organic-inorganic precursor containing
the functionalized chiral molecule of binaphtol bind to the silica network and by developing a
procedure for a pre-condensed solution with high viscosity, a stable, transparent layers with
thicknesses up to 7pm in one deep-coating step has been achieved [62]. However, the films
obtained in this way, could present cracks which is a drawback for the films. To improve the
mechanical properties of the films and to limit cracking, the sol-gel solution was modified by
replacing TEOS by MTEOS. As shown in Figure 2.5, in TEOS each silicon atom is linked to
four oxygen atoms while in MTEOQOS, it is linked to three of them and one methyl CH3 which
does not take part in the bonding to the silica network. It confers thus, more plasticity to the
network and better mechanical properties to the final thick layers. Therefore, it was necessary
to optimise both the composition and the deposition conditions for this new solution in order
to obtain layers with the appropriates properties (refractive indices, thickness, good optical

quality and high CB) for the fabrication of chirowaveguides and their study.

P o S— , P MTEGS ,
H,C CH, CH;
\O /OJ H3C\ {O
Y Si
O/ ~0 /_ O/ OK
H3C/_ KCH3 H5C CH;

Figure 2.5: Chemical structures of a) tetraethozysilane (TEOS), and b) methyltriethoxysilane
(MTEOS).
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2.4.1 Material Synthesis

The ORMOSIL sols are synthesized based on a polymerizable triethoxysilane precursor func-
tionalized by a chiral binaphtol group RSi(OEt); using the approach previously published else-
where [61] and replacing TEOS by MTEOS. The chemical structure of the ORMOSIL material
is shown in Figure 2.6. As can be seen, the material is made of silica network for which each

chiral molecule is attached to one silicon atom.

Two kinds of solutions containing binaphtol chiral molecules have been prepared: enan-
tiopure solutions containing either (+)RSi(OEt); or (-)RSi(OEt); for the fabrication of the
enantiopure chirowaveguide layers with opposite handedness and racemic solution by mixing
(+)RSi(OEt)3 and (-)RSi(OEt); in equivalent proportions (50-50)%, for the fabrication of
achiral waveguides. By adjusting the amounts of solvent and additives such as MTEOS and
Polyéthylene glycol(PEG), the quality of final deposited layers as well as their refractive indexes

are controlled.
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Figure 2.6: Chemical structure of ORMOSIL films.

2.4.2 ORMOSIL film deposition

The deposition of the ORMOSIL films is carried out using dip coating technique. It is an
immersion-withdraw technique that can be used to deposit films of variety of materials including
sol-gel films [66]. In this case, films are obtained by dip coating a substrate into the wet sol-gel
and post-baking the deposited film to evaporate the solvents and to allow a full condensation

of the material.

An ideal dip coater is schematically shown in Figure 2.7. Prior to dip-coating, silicon
substrates are cleaned in a freshly prepared piranha solution in order to remove all the organics
from the substrate surface and to activate the surface for ORMOSIL binding. The cleaned
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substrate is immersed in the ORMOSIL solution, and after a few seconds of immersion, the
substrate is withdrawn from the solution. A homogeneously spread film is deposited on the
substrate during withdrawal. The thickness of the films depends on the concentration (which
means viscosity) of the solution and the withdrawal speed. Figure 2.8 shows thickness of
dip coated films as a function of withdrawal speed, at a given solution concentration. As it
can be seen, thickness of the films is linearly proportional to dip coating withdrawal speed
and film’s thickness ranging from 1 to 2.6pum are obtained in a single immersions-withdrawal.
These thicknesses are sufficient for the chiral guiding layer. To get more thick films at constant
viscosity and withdrawal speed, multiple immersions-withdrawals are done and thickness as
high as 20um is obtained. To obtain guiding and buffer layers for optical waveguides, thick
buffer layers with low refractive index are deposited first and baked, followed by layers with

higher refractive index relative to the buffer, as shown in Figure 2.7.

substrate
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Figure 2.7: Schematic representation of dip coating technique
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Figure 2.8: Thickness of a single coated films obtained from a (-)P1-46%MTeos_50q/L solution
as a function of dip coating withdrawal speed. The films are baked at 120°C' on a hotplate for
20h.
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2.4.3 Thin film baking

The ORMOSIL dip coated layers are soft and not stable because they still contain solvent
that must evaporate. Baking the layers is necessary to finish the polymerization, remove the
solvents, dry the material, and obtain solid films. We have used hotplates to bake the layers
instead of oven to shorten the drying time and avoid racemization of the chiral molecules.
Indeed, baking with an oven creates a very thin layer on the surface of the films that prevents
the solvent to evaporate and elongates the baking time. The baking temperature is set to 120°C
as an optimised temperature since lower temperature is not effective to remove the solvents and

higher temperature degrades the organic part of the material [62].
During baking, the properties of the layers change. Figure 2.9 shows the effect of baking

time at constant temperature on thickness and refractive index of the baked films. It can be
seen that the first 10 minutes of baking results in a rapid decrease in thickness and a rapid
increase in the refractive index of the layers. After this time, the thickness becomes relatively
constant while the refractive index continues to increase but at a much lower rate. The rapid
increase in thickness and decrease in refractive index with baking time maybe related to the
evaporation of the solvents (they have low refractive index). As the solvents evaporate, the
silica network begins to polymerize and densify but at a slower rate because the Si atoms carry
organic molecules that slow down the process due to steric hindrance. Although the thickness
and refractive index of the films appears to be constant after 20 minutes of baking, complete
condensation of the films required more than 3 hours. This is set by putting the films under
high vacuum in order to check if the baked films are completely dried. If this is not the case,

the remaining solvents removed by high vacuum from the films induce cracks.
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Figure 2.9: Thickness and refractive index evolution of the ORMOSIL films as a function of
baking time at 120°C.

26



Chapter 2. Chiral Films 2.4. Hybrid silica films

2.4.4 ORMOSIL film refractive index control

The hybrid structure of ORMOSIL films provides flexibility in controlling the final properties
of the deposited film. The refractive index of a composite material is based on the refractive
index of its constituents. As we discussed in chapter 1(section 1.6), to achieve chirowaveguides
with low linear birefringence, one important condition is to control the refractive indices of the
guiding and the buffer layers in a way to get a refractive index contrast between these two

layers as small as possible.

The refractive index of the final deposited films was controlled by adjusting the ratio of high
to low refractive index components of the sol-gel solutions. Thus, in our case, by controlling
the amount of MTEOS in the sol-gel solution, the refractive index of the deposited layers could
be adjusted, and a refractive index contrast as low as 0.001 between the buffer and the guiding

layers could be obtained.

After dip-coating of different films from different sol-gel solutions containing different amounts
of MTEOS and baking all the obtained films at 120°C for 20h on hotplate, the refractive index

of the films is measured by M-line.

The evolution of the refractive index as a function of MTEOS content is presented in
Figure 2.10. It clearly indicates that the addition of MTEOS decreases the refractive index
values of the final deposited film. The decrease in refractive index is linearly proportional to
the MTEOS/R-Si02 ratio with -0.0540.01 ratio(slope).
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Figure 2.10: Refractive index evolution of the ORMOSIL films measured at 543nm as a function
of MTEOS/R-SiO, ratio for films baked at 120°C for 20h on hotplate.
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2.4.5 Properties of chiral ORMOSIL-films made by Sol-gel

o It is amorphous glass like material with very good optical quality with negligible optical
losses above 600 nm wavelength.

o The refractive index of the material is adjustable such that it can be used to fabricate
buffer and core(guiding) layer of waveguides with fine refractive index contrast as small
as (~ 0.001).

o Homogeneous thick chiral and achiral films can be deposited with controlled thickness of
2pm and up to 10pm.

o The key advantage of this material which allowed us to reach our objective, is that before
baking, the dip coated layers are soft, and they can be stamped(imprinted) to fabricate
any structure of the material including high quality channel waveguides.

o The baked (condensed) ORMOSIL films are stable and robust, they can be used to
fabricate channel waveguides using etching microstructure techniques , if needed.

« Since the chiral molecules are diluted in the silica lattice, chiral films based on ORMOSIL
show lower chirality(CB~ 1 x 107°) compared to films made of similar chiral molecules
but deposited by PLD. This is the only drawback of the ORMOSIL-films. However, this

polymer material has the highest CB among amorphous polymer materials.

2.5 Conclusion

In this chapter, we have described two chiral films that will be used for channel waveguides
fabrication. For both films, we have presented their synthesis and general properties. In

Table 2.1, the comparison between the two methods in producing chiral films is presented.

Table 2.1: Comparison of chiral films made by PLD and sol-gel method.

PLD films ORMOSIL films
Pure organic chiral films Hybrid binaphtyl-SiO,
Fixed refractive index n = 1.71 Adjustable refractive index 1.6 — 1.63
High CB~ 2.5 x 107° relatively lower CB ~ 1 x 107°
Thickness inhomogeneity Homogeneous thickness with high optical quality
Fragile films Glass like robust films
Thickness control from few nm to few pm Thickness control from 100nm to ~20um
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Chapter

Waveguide Microfabrication

s discussed in chapter 2, we have two materials in film form that possess the properties
A required for our integrated photonics objective (i.e. the materials have a chiral property
that allows us to fabricate optical waveguides for chiral sensing). The first type of films are pure
organic chiral films of bridged binol chiral molecules deposited by pulsed laser deposition (PLD).
The second type of films are hybrid glass films (organically modified silica films containing
Binaphtol chiral molecules) prepared by the sol-gel method and deposited as films by the dip
coating. Our task is to find a suitable microfabrication method to fabricate channel waveguides

from each film.

In general, soft lithography methods are used to fabricate microstructures of pure organic
materials [67]. However, these methods are only applicable to solution-based organic materials
and cannot be applied to PLD films. One microfabrication method that has been shown to
be suitable for PLD films is the deposition of PLD materials on patterned substrates [68]. For
ORMOSIL films, since they are organic-inorganic silica films and they are prepared by the
sol-gel method, the microstructures of these films can be fabricated by the reactive ion etching
method [69], imprint lithography [70], and direct photolithography on light-sensitive sol-gel
films [71]. The latter method requires that the material be functionalized with light-sensitive
molecules so that the entire material behaves like photoresists. However, the first two methods

can be applied directly to any sol-gel derived material.

During my thesis, we used three methods for channel waveguide fabrication: i) micro-
structuring of PLD films by deposition of the films onto patterned substrates, ii) reactive
ion etching of ORMOSIL films, and iii) imprint lithography on ORMOSIL solution. In this
chapter, we discuss the three methods by describing their working principle, highlighting the

considerations that led to the choice of the methods, and their advantages and limitations.
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3.1 Microfabrication of PLD films

Since PLD films are deposited by flying molecules onto a substrate, they take the shape of
the substrate on which they are deposited. This feature of PLD films allows us to fabricate
channel structures in these films. In Figure 3.1, we have schematized the principle of fabricating
microstructures from PLD-deposited materials which includes two processes. The first process
is the fabrication of a patterned substrates as shown in Figure 3.1-a. The second process is the

deposition of PLD layers on the patterned substrates as shown in Figure 3.1-b.
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Figure 3.1: The principle of channel wavequide fabrication from PLD based films a) Patterned
substrate b) Deposited PLD on patterned substrates. c-d) ridge and diffused PLD channel
waveguide (n = 1.71) with numerically simulated guided modes intensity for a 2x Sum? channels
if SU-8 material (n = 1.6) is used as buffer substrate.

To use this method in optical waveguide fabrication, the patterned substrates must be
transparent and have a lower refractive index than the PLD materials (n=1.71 at 633 nm).
Based on these two conditions, we chose to fabricate SU-8 photoresist patterns on a silicon
wafer because SU-8 is a transparent material and has a lower refractive index than PLD material
(n=1.6 at 633 nm). By using different types of patterned SU-8 substrates (e.g., ridge and trench
substrates), we can fabricate ridge and diffused PLD channels. Figures 3.1-¢ and 3.1-d show
the cross-sectional design of ridge and diffuse PLD channels on SU-8 substrates with details of

the channel waveguide and the guided modes simulated in such channels.

3.1.1 SU-8 Photolithography

SU-8 is a commercial negative photoresist with unique optical properties (transparent in visible
and telecommunication wavelength) [72]. Its high performance in the fabrication of high aspect

ratio patterns has attracted much attention for its use in many photonic applications [73,74].
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Figure 3.2: SU-8 photolithography process flow
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The photoresist has been used in variety of applications from fabrication of very thick [75] to
a very high resolution (nanometer scale) patterns [76]. Although the photoresist manufacturer
provides a standard processing guide, the effective realization of SU-8 patterns requires the
optimization of multiple processing parameters depending on the applications and instruments
used in the process. We used the manufacturer’s guidelines as a baseline to optimize the process
parameters and fabricate the patterns for our objective. Figure 3.2 shows the flowchart of the
SU-8 lithography process as recommended by the manufacturer [77], as well as 3D schematics
of the samples at each step. The flow chart and 3D schematics have been modified to represent
the procedure we followed during the time we worked on the fabrication of the SU-8 patterns.
In the following parts of this section, we describe the different steps and present our studies on

the influence of process parameters.

a) Substrate Pre-treatment (Figure 3.2-a): The lithography process starts with the prepa-
ration of the substrate. We have noticed that if the substrates are not clean or wet, the fabri-
cated patterns can become detached during development. To avoid these problems, the silicon
wafers are prepared by cleaning them with hot acetone in an ultrasonic bath, then washed with
ethanol followed by purified water. They are then dried with a nitrogen blower. After this step,
the wafers must be dry and free of any kind of particles (e.g. dust).

b) Photoresist film deposition(coating)(Figure 3.2-b): Typically, photoresists are coated
by the spin coating method, in which a puddle of few drops of photoresist is poured onto the
wafer and then spin-coated. However, SU-8 spin coatings are not homogeneous, during coating,
protrusions are present on the edges of the films which are known as edge beads (see Figure 3.2-
¢ inset). Figure 3.3 shows SEM images of trench patterns fabricated with SU-8 films with and

without edge beads while all the other process parameters were equivalent. We see that presence

4um Silicon | i (4um

Figure 3.3: Effect of edge beads on SU-8 trench patterns a) with edge bead b) without edge beads.
Not that the photolithography process parameters for both samples were all the same.
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of edge beads decreases the resolution and performance of the photoresist because they cause
a proximity effect when exposed to light. The cross-linking of the photoresist in the trench
shown in Figure 3.3 with the edge beads is due to the fact that the edge beads limit the contact
of the photomask with the coating and thus the light diffuses under the photomask. We have
reduced the size of the edge beads by executing speed changing program in the spin-coater. For
example, run the spinner at 500 rpm and 200 rpm/second acceleration for 10 seconds, then at
1000 rpm and 500 rpm/second for 10 seconds, then at 3000 rpm and 1000 rpm/second for 30
seconds [77]. Such technique highly reduces edge beads, especially if low thickness photoresist
is used (e.g. 2 and 5um). To completely remove edge beads in thick SU-8 coatings (e.g., 10um),
we cleaved the edges of the samples. These techniques allowed us to deposit homogeneous films
of SU-8.

c) Soft-Bake(Figure 3.2-c): After the spin coating, the coating must be baked in order
to evaporate the solvent. Complete evaporation of the solvent is necessary since the film may
stick to the photomask (if photomask used) during exposure step. Although it is recommended
by the photoresist manufacturer that soft baking should preferably be done in two steps, first
at 65°C and then at 95°C on a hot plate, we found a single step baking directly at 95°C on a
hot plate to be effective for our objective. We have optimized the soft baking time depending
on the thickness of the resist, as listed in Table 3.1. The optimized values are obtained on the
basis of the minimum resolution obtained and the baking time sufficient not to stick to the

photomask.

Table 3.1: Optimised soft-baking time (min) at 95°C on a hotplate versus film thickness (um)
for SU-8 films.

Photoresist thickness (um) ‘ 3£0.1 ‘ 5£0.1 ‘ 10+0.1
Optimized soft bake time (min) | 1.5 | 2 | 23

d) UV-Light Exposure(Figure 3.2-d): Depending on the facilities available at the Uni-
versity Claude Bernard Lyon 1, we used three different exposure systems which are shown in
Figure 3.4. The EVG 620 NT, UV-KUB 2, and upg101 allowed us to perform the light exposure
step in hard contact mask, soft contact mask (proximity), and laser exposure respectively. The

three exposure techniques are performed as follows:

1. In hard contact mask(Figure 3.2-d-left and 3.4-a), the photoresist is exposed to near-UV
light through photomask * in which the photomask and the wafer (sample) are in contact.

*The photomask consists of patterns of a thin (< 50nm) layer of chromium made on a glass substrate. As

SU-8 is a negative photoresist, the fabricated patterns are the negative image of the photomask patterns.
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Figure 3.4: Three light exposure systems a) EVG 620 NT used for b) UV-KUB 2 ¢) upg101

laser exposure system.

A pressure is then applied to eliminate as much as possible the gap between the wafer
and the photomask. We studied the effect of light exposure on the quality of channel
and trench patterns in SU-8. Figure 3.5 presents the effect of exposure dose on pattern
width for a 3um thick photoresist when the resist is exposed through a 2pm opening
in the photomask. The fabricated pattern width is seen to be very close to the feature
size defined by the photomask if right energy dose is used. However, by increasing the
energy dose, the width of the patterns increases significantly while the increase in width
is less when the energy dose is far from the optimized value. It is therefore important
to optimize this parameter because a high energy dose extends the polymerized area and
limits the minimum size of the fabricated pattern. Using contact mask method minimum
resolution for ridges and trenches are obtained at the optimized exposure dose which are
listed in Table 3.2.
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Figure 3.5: SU-8 Pattern width evolution as a function of exposure dose for 3um thick photore-

sist when its exposed through 2um opening of a photomask.
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Table 3.2: Optimised exposure enerqy dose for three different thickness (um) for SU-8 films for
near-UV light of 362 wavelength

Photoresist thickness (um) | 3£0.1 | 5+0.1 | 10£0.1
Optimized light exposure (mj/cm?) ‘ 50 ‘ 70 ‘ 100

2. In proximity photomask(Figure 3.2-d-middle and Figure 3.4-b): In proximity photolithog-
raphy, there is a gap between the photomask and the resist. The gap is controlled by the
mask holder system, it is usually in the micrometer range which limits the resolution of
this method. The reason of using this method was that the system (Figure 3.4-b) is an
effortless, fast and economical masking system. However, after much effort, we came to
the conclusion that the system cannot be used to obtain SU-8 patterns smaller than 4um
because SU-8 is very sensitive to the photomask proximity effect.

3. Laser exposure system(Figure 3.2-d-right and Figure 3.4-c): To fabricate patterns that
were not available in photomask form, we used a laser light exposure system uPG 101.
The system can be used for direct writing and uses a laser source at wavelength of 365nm
with a micrometer scale beam size. Any pattern structures can be produced by this
system and resolution down to micrometer is obtainable. The minimum resolutions of
the obtained patterns are limited by the laser spot size. With this system, we have been
able to fabricate high aspect ratio SU-8 patterns (10:2 in 10um thick photoresist).

Based on the results obtained with the three light exposure systems, we have listed their

advantages and disadvantages in the Table 3.3.

Table 3.3: Comparison of three photography UV exposure systems.

UV exposure model Advantage Disadvantage
EVG 620 NT (Figure 3.4-a) Fast exposure High cost
Contact mask exposure High resolution Photomask needed
UV-KUB 2 (Figure 3.4-b) Fast exposure Low resolution
Proximity mask exposure Low cost Photomask needed
upgl01 (Figure 3.4-c) Maskless exposure High cost
laser exposure High resolution Long exposure time

e) Post-exposure bake(Figure 3.2-e): The photo-initiation by the UV light energy in the
exposure step is assisted by the heat of the post-exposure bake. This step provides the additional
energy needed to polymerize the exposed portion of the photoresist and therefore should be
performed directly after the exposure step. Any delay between exposure and post-bake step

will result in diffusion of photoacid from the exposed area and thus limit resolution [78]. In
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addition, a short postbake time is not sufficient to polymerize the exposed area, whereas a long
postbake time causes polymerization to continue outside the exposed area. Using a hotplate
set at 95°C, we optimized the postbake time to obtain minimum resolution for three different

photoresist thicknesses which are listed in Table 3.4.

Table 3.4: Optimised post exposure bake time for three different thickness (um) for SU-8 films
baked on a hotplate at 95°C.

Photoresist thickness (um) ‘ 3+£0.1 ‘ 5£0.1 ‘ 10+0.1
Optimized post bake time (min) ‘ 2 ‘ 2 ‘ 2.5

f) Development(Figure 3.2-e): Samples are allowed to cool (at room temperature) for
at least one minute after post-baking before development, and then immersed in a developer
provided by the photoresist manufacturer (propylene glycol methyl ether acetate). We also
optimized this process parameter, the optimized development times for three SU-8 films of
different thicknesses are listed in Table 3.5. We have seen that short development time is not
sufficient to dissolve the unexposed area of the photoresist, while a long development time
affects the sidewall angle of the fabricated patterns and also limits the minimum fabricated
ridges. The optimized development times are expressed in seconds since it is important to
develop the samples to the accuracy of seconds. Note that the speed of agitation of the sample
in the developer solution changes development time (a faster agitation requires a shorter time

and vice versa) and also affects the lithographic performance.

Table 3.5: Development times for SU-8 film as a function of film thickness using (Propylene
glycol methyl ether acetate) developer.

Photoresist thickness (um) ‘ 3£0.1 ‘ 5+0.1 ‘ 1040.1
Development time (seconds) ‘ 50 ‘ 90 ‘ 150

g) Rinse and dry: Developed samples are sprayed (washed) with isopropyl alcohol for a few
seconds to clean and remove developer residue, followed by a spray of purified water, then dried

with a nitrogen blower.

h) Hard bake: All samples are baked after the rinsing and drying step for > 5 minutes on a
hot plate at 95°C. This step is not critical, neither the baking time nor the baking temperature.
We performed this step to ensure the stability of the SU-8 patterns when they will be used as

substrates.
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Lithographic performance: The SU-8 process explained in this section is sufficient to fab-
ricate patterns up to one micrometer in 3um and 5um thick photoresist coatings. In the 10pum
thick coatings, the minimum size obtained was 2um ridges and 4pm trenches. SEM images of
the minimum resolution obtained in the 10 micrometer thick coating are shown in Figure 3.6.
Smaller features in the 10pum coating could not be obtained because ridges less than 2um in

width were detaching and trenches less than 4pm in width were cross-linking.

i .
gty

Figure 3.6: High aspect ratio SU-8 patterns. a) a width=2um :height=10um ridge. b) a
width=4pum:height=10um trench.

3.1.2 PLD deposition on patterned substrates

After fabrication of the patterned substrates from SU-8 photoresist, the next step is to fabricate
the channel chirowaveguides by depositing the pure chiral material by PLD on the patterned
substrate. Figure 3.7 shows deposited PLD of bridged-binaphtyle layer on ridge SU-8 patterns

3um
—

2.2me <€—PLD ridge channel

<€—SU-8 ridge channel

i 4

silicon wafer

Figure 3.7: SEM image of a PLD ridge channel fabricated by depositing the PLD material on
a patterned SU-8 substrate. Note that the SEM image is taken at a 45° tilted angle.
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using the optimized PLD deposition parameters as described in 2.3.1. It can be seen that the
PLD layer follows the substrate patterns and results in a PLD ridge channel. The width of
the fabricated PLD ridge channel is defined by the patterns on the substrate while its height is
defined by the thickness of the deposited layer. For the sample shown in the figure, the process
ended up with a 2.2 x 3um? PLD ridge channel.

3.1.2.1 PLD channel waveguides performance

Although we have fabricated PLD channels made of pure chiral molecules, we have never
been able to use them as waveguides. We studied the behavior of the channels and found that
some obstacles prevented the coupling and propagation of light inside the channels. Figure 3.8-
a shows a PLD channel after cleaving the sample. It can be seen that the PLD channels do
not cleave like the rest of the sample, while the SU-8 patterns and the PLD layer on the wafer
follow the cleavage of the silicon wafer’. The reason for this behavior of the PLD channels is
probably the adhesive force between the SU-8 and the PLD organic layer. This behavior of the
PLD channels prevented the coupling of light into the channels since we were using an end-fire

coupler which requires a flat, smooth facet to couple the light.

In addition, although we could get sometimes, channels with smooth facet such as the one
shown in Figure 3.7, the coupled light did not propagate, it scattered as soon as it entered
the channels. Figure 3.7-b shows some parts of the PLD channels that were causing the light
scattering. It appears that the molecules undergo a poly-crystallization process that deforms
the shape of the PLD channels. Binaphthyl molecules are not stable in time, reorganize from
amorphous material to poly-cristalline (>few days) and create therefore, uncontrollable barriers

for light propagation.

"The sample shown in Figure 3.7 is one of the samples that PLD channels were cleaved to have flat facet

while majority of the samples were cleaved as the one shown in Figure 3.8-a

PLD ridge channel on SU-8

g

‘MWW,_MW .

BB denosition PLD structure
5um t reorganization 10pm
[ silicon wafer |

Figure 3.8: SEM images of PLD films on SU-8 channel patterns , a) PLD film cleave imper-

fection, b) PLD reorganisation barriers.
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Considering the two problems in the fabrication of PLD channels, we decided to stop our
studies on PLD films and to focus on ORMOSIL films, whose optical quality and stability over

time have been demonstrated [62].

3.2 Microfabrication of ORMOSIL films by RIE

Fully condensed organically modified silica (ORMOSIL) films behave more like silica films
and, therefore, we decided to investigate lithography methods suitable for silica films. One
method that has proven effective in fabricating ORMOSIL microstructures is reactive ion etch-
ing (RIE) [69]. However, due to the unique properties of our ORMOSIL chiral films, we had to

adapt the RIE process parameters and study the entire fabrication process.

‘ORMOSIL dip coating ‘ORMOSIL dip coating

‘ Subsrate Pretreat
and bake and bake

>

’ sa . High refractive
Low refractive index ORMOSIL index ORMOSIL

%RIE (dry etching) ‘photolithgraphy

ORMOSIL channéi

Figure 3.9: ORMOSIL dry etching process flow.

The basic idea of the RIE process is to transfer a structure defined by a mask (e.g. a pho-
toresist) into a material that cannot be structured directly. In Figure 3.9, we have schematized
the complete process we followed to fabricate ORMOSIL channel waveguides by RIE. It consists

of five successive steps:

(a) First, silicon wafers are cleaned by soaking them in a fresh (prepared) pirhana solution
to dissolve any attached pollution molecules(Figure 3.9-a).

(b) Thick films of low refractive index ORMOSIL (e.g. 80% of MTEOS) are then deposited
on the clean wafer by dip coating, then the layers are baked for 20 hours at 120°C on a
hotplate (Figure 3.9-b).
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(c) Prior to the deposition of the second ORMOSIL layers, the first layers are plasma cleaned
to activate their surface, then the second layers which have a higher refractive index
(compared to the first layer (e.g. 60% of MTEOS)) are deposited and the baking step is
repeated (Figure 3.9-c).

(d) In this step, photoresist patterns are fabricated on the double-layer ORMOSIL films
using a commercial photoresist (AZ5214E), in which all photolithography parameters have
already been optimized and a complete guide to photolithography on this photoresist is
provided by the manufacturer [79](Figure 3.9-d).

In this section, since we have previously described steps a-c (see 2.4), and in step d we have
used the regular lithographic process, we discuss in detail only the RIE step (Figure 3.9-e) by

explaining the basics of the method and presenting our experimental studies.

3.2.1 RIE etching principle

RIE is a dry etching mechanism that uses low pressure reactive plasmas containing ions and
radicals to perform gas phase etching. The etching mechanism is divided into chemical and
physical processes [80,81]. Figure 3.10 shows the schematic of the typical etched structures
based on the different processes of the etching mechanism. In the chemical etching process,
a target material is etched chemically. The plasma contains reactive species (radicals) that
are very active and very sensitive to the atomic bonds, they interact with the target materials
surface and create volatile products. Chemical etching process is highly selectivet and results
in an isotropic etched structure (figure 3.10-b). In the physical process, materials are etched
by ion bombardment, in which energetic ions are directed at the material by an electric field.
The directed ions transfer their energy to the atoms on the surface of the target materials,
if the energy is high enough, the atoms of the target materials are sputtered. Therefore, the
selectivity of this process is low compared to the chemical etching. Since the bombardment of

the ions is directional, it produces a directional etching structure (Figure 3.10-c).

Selectivity is defined as the etch rate of the target material relative to the mask.

Materia|
to be etcheq

Figure 3.10: Schemes of typical etched structures of the different reactive ion etching processes.
a) Sample to be etched b) Chemically etched , b) Physically etched c¢) combined chemical and
physical etching by optimizing RIE etching process parameters.
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The chemical and physical processes can be synergistically combined to overcome the lim-
itations of both if the parameters of the RIE are optimized, as schematically shown in Fig-
ure 3.10-d. In such process, the reactive gases reduce the materials surface binding energy and
enhance the sputtering, simultaneously, directed energetic ions create active sites to enhance
chemical reaction of reactive gases with surface atoms and both together enhance the overall

etching process [81,82].

RIE equipment: The RIE process can be performed using RIE equipment (Figure 3.11).
It comsists of a high vacuum chamber controlled by a vacuum pump. Inside, there are two
electrodes, the lower electrode (cathode, also serves as a sample holder) is connected to a
radio frequency (RF) power, the upper electrode is grounded. After introducing reactive gases
through the gas inlet, the plasma can be initiated by applying RF power (typically at 13.56
MHz) to the lower electrode (cathode) [83]. In the vacuum environment, the applied RF power
causes a discharge between the two electrodes and this discharge dissociates and ionizes the
gases in the chamber (i.e. the plasma). The plasma contains reactive gases and ions that
are responsible for the chemical and physical etching processes. With the plasma initiation,
the difference in ion and electron mobility makes the cathode electrode a negatively charged
electrode; a DC bias voltage is then formed on the electrode. The electric field of the bias voltage
attracts the positive ions from the plasma to the target material and causes the directional
etching of the RIE.

Figure 3.11: Photograph of an RIE equipment. inset) 3D Schematic representation of an ideal
RIE equipment. Note that the 3D schematic is not to scale.

RIE process gases: The selection of reactive gases in the RIE is a key parameter for suc-
cessful etching. Typically, different gases are used in the RIE to provide chemical and physical
etching for the process. The reactive gas for chemical etching must be chosen so that the re-
action product between the reactive species and the target material atoms is volatile. The ion

etch gas (physical ion bombardment) should be selected based on the hardness or toughness
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of the material to be etched and the mask. We are using RIE to etch ORMOSIL that is a
silica based material. It has been shown that SFg and O, gas mixtures are suitable for etching
silicon-containing materials [84]. SFg provides sufficient F-radicals to the plasma and creates
volatile SiFy or SiF, (z less than 4) gases while Oy gas provides oxygen ions for physical etch-

ing. Therefore, we used a gas mixture (SFg/O2) as the process gases in the RIE etching of
ORMOSIL films.

3.2.2 Optimising RIE process parameters for ORMOSIL etching

We explained that RIE incorporates both chemical and physical etching. It is important to
optimize the process parameters so that the fabricated structure has the desired properties. In
our experiments, we were using "Nextral NE110" RIE equipment(Figure 3.11) , and, we chose to

optimize three process parameters: the RF power (W), the gas flow rate, and the chamber pres-

ORMOSIL etch rate)
Photoresist etch rate/"

sure (mTorr) in order to achieve a high etch rate and selectivity (selectivity=

Experimental protocol to measure RIE etch rate: In our process optimization experi-
ments, we used the experimental protocol shown in Figure 3.12 to measure the etch rates for
ORMOSIL and photoresist. The experiment proceeds as follows: photoresist and ORMOSIL
films are deposited on silicon wafers, a piece of PDMS is used to mask a part of the sample
during the etching process (Figure 3.12-a). Afterwards, the sample is etched in a RIE process in
which the PDMS mask protects one part of the layer and the process results into a step etched
profile(Figure 3.12-b). The PDMS mask is then removed and the etching height is measured
using a profilometer (Veeco Dektak 150) as shown in Figure 3.12-c and 3.12-d.

‘ Profilometer data

: Materia|
i to be etcheq

0 50 100 150 200
Lateral distance [um]

Figure 3.12: Schematic representation of etch rate measurement experimental protocol steps,
a) Sample with PDMS mask b) Etched sample with PDMS mask b) Etched sample after liftoff

the PDMS mask d) An experimental measure of etched step measurement by profilometer.

Experimental study: The first measurements were carried out using pure gases (SFg or
O,) to understand the etching process of ORMOSIL. We observed that if only pure SFg gas
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is used in the RIE process, the ORMOSIL films become very rough. Also, in using pure O,
gas, the process etched only the photoresist and the ORMOSIL etching was negligible. In pure
SF¢, the process results in very rough ORMOSIL films, probably because they are silica-based
and SFg provides F-radicals that chemically interact with silicon atoms and destroy the silica
network [85]. The high etch of the photoresist in pure O, is due to the fact that the photoresist
is a pure organic material and organic materials (soft in general) can be easily etched during

physical etching process.

Starting from equal gases raio, Figure 3.13 shows the effect of oxygen gas flow on the etch
rate (and selectivity) of photoresist and ORMOSIL at two different RF powers while the SFg is
10sccm and the chamber pressure is 25mTorr. When the RF power is 50Watt, the etch rate for
ORMOSIL and photoresist increases by increasing the Oy gas flow up to 30sccm, after which
the etch rate decreases. However, for high RF power (75Watt), the etch rate always increases
for ORMOSIL and photoresist. Regrading etching selectivity, at 50Watt of RF power, it is
almost constant (~1.2) except for 20sccm of Oy gas flow which it goes down to 0.95. At the
75Watt of RF power, selectivity goes down from 1.5 at 10sccm of Oy flow for 1.2 at 40scem of
O flow.

These results show that ORMOSIL and photoresist are primarily etched by oxygen ions

since the Og flux increases the etch rate for both materials. The etching of both materials by
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Figure 3.13: Effect of Oy flow on AZ5214F photoresist mask and ORMOSIL etch rate for
two different RF powers (top: RE power =50Watt, bottom: RF power =75Wait) at constant
chamber pressure (25 mTorr) and SFs gas flow (10 scem).

73



3.2. ORMOSIL dry etching by RIE Chapter 3. Waveguide Microfabrication

oxygen ions is also the reason for the increase in etch rate with RF power. Higher RF power
creates a higher DC bias between the chamber electrodes and, therefore, the oxygen ions acquire
a higher momentum and bombard the material surface with higher energy and, therefore, the
etch rate is higher [86].

Although the higher RF power gives higher etch rate, high roughness is observed at higher
RF power. Figure 3.14-a and 3.14-b show optical microscope images of two ORMOSIL layers
that are etched at 50 and 75Watt of RF power respectively. This high roughness is probably

caused by enhanced ion bombardment.

masked zone

Figure 3.14: Optical microscope images of ORMOSIL layers etched at a) 50 Watt and b) 75 Watt

RF power while other parameters Oy:SFg=30sccm:10scem, pressure 25 mTorr are constant.

To know the effect of RIE chamber gas pressure on etch rate, the other parameters are set
constant (RF power=50Watt, Oy:SFg ratio: 30:10 sccm) and pressure of the chamber is varied.
Figure 3.15 shows ORMOSIL and photoresist etch rate and selectivity as a function of RIE
chamber gas pressure. As can be seen from the figure, the etch rate decreases as the pressure
increases. This can be due to the fact that at high pressure, the density of the gas inside the

chamber is high and the oxygen atoms lose their energy during collision before bombardment of

2.00

w
o
o
!
-
~
vl

-3~ Photoresist etch rate
e -H- ORMOSIL etch rate

=
[
o

--A- selectivity

N
o
o
>
/
/
/
/
/
/
/
/
7
/
/
/

Etch rate [nm/min]
N
(2]
o
! }
)
>
o = -
~ o N
w o wv
Selectivity

N
&
o

/
!
/
!
/
/
/
!
/
!
7

F0.50

N

N

o
!

F0.25

N

o

o
!

. . . - - - - - 0.00
30 40 50 60 70 80 90 100
Gas pressure (mTorr)

Figure 3.15: Effect of RIE chamber pressure on AZ5214FE photoresist mask and ORMOSIL etch

rate at constant RF power and Oy:SFg=30sccm:10scem.
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the material surface [87]. Regarding selectivity, it is relatively constant in which it only changes

from 1.2 to 1.1 by changing gas pressure from 25Torr to 100Torr.

Taking into account the conditions (low roughness, high etch rate and selectivity), the
processing parameters were optimized as pressure=50 mTorr, RF power=50 W, O5:SF¢ flow
rate 30:10 sccm and photoresist: ORMOSIL etch rate=233+10:2724+10 nm/min. The optimized
parameters are selected based on the results presented here and other results obtained before
I start my PhD, which showed that higher pressure decreases the roughness of the etched
ORMOSIL layers but results in isotropic etching [88].

3.2.3 Crack control in ORMOSIL layers

Sol-gel based films have always suffered from the problem of film cracking [89]. Since our
ORMOSIL films are also sol-gel derived films, they also had the problem of cracking, while for
optical waveguides, a crack-free waveguide is an essential requirement. Throughout our work
on ORMOSIL channel fabrication by RIE, we have encountered film cracking at all stages of

the process.

Figure 3.16 shows three samples that cracked during the RIE process. The films are seen to
crack during photolithography process of the photoresist soft mask fabrication (Figure 3.16-a).
The cracking of the films in this step is due to the thermal shock of the lithography baking
step. Some samples that were not cracked in the lithography step they directly cracked as soon
as they were put under ultra high vacuum chamber of the RIE (Figure 3.16-b). The vacuum
cracking occurred because the films were not completely condensed, and under vacuum, the
remaining solvents in the films initiated cracks in the films. We were able to avoid cracking
during these process steps by baking the ORMOSIL films on a hot plate to ensure that the

films are fully condensed, whereas previously we were baking them in an oven.

In the final ORMOSIL etching process, the samples also cracked as shown in Figure 3.16-c.

However, we have never been able to completely solve the film cracking problem in the RIE

Figure 3.16: ORMOSIL film cracking during channel fabrication by RIE a) Cracks during soft
mask fabrication. b) Crack by the RIE Ultra high vacuum. ¢) Crack during the etching process.
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dry etching process, except for a few samples. As can be seen in the figure, the cracks cut the

channels and prevent their use as waveguides.

3.2.4 Fabricated ORMOSIL channels

Figure 3.17 shows SEM images of a three-step RIE process on an ORMOSIL layer at the
optimized process parameters. A 2.3£0.1 pum thick photoresist (AZ5214E) channel is fabricated
on a thick ORMOSIL film (Figure 3.17-a). The sample is etched for 5 minutes, during this
time 1.440.1 gm of ORMOSIL is etched while only 1.1+£0.1 pm of photoresist mask is etched
(Figure 3.17-a). The sample then etched again for an additional 3 minutes, during the total 8
minutes, 2.1£0.1 um of ORMOSIL and 1.740.1 pum of photoresist are etched. In the two-step
etching process selectivity is found to be constant ~ 1.2 4+ 0.05. The results show that the
shape of the photoresist, including the sidewall angle, can be transferred to the ORMOSIL
layer. However, the roughness of ORMOSIL and photoresist increases with etching time.

ORMOSIL ORMOSIL

Figure 3.17: Scanning electron microscope images of RIE process a) Photoresist mask on OR-
MOSIL, b) 5 minutes RIE etched ORMOSIL, and c) 8 minutes RIE etched ORMOSIL. The

process parameters are pressure=50 mTorr, REF power=50 W, Oy:SFg flow rate 30:10 sccm.

The results shown in Figure 3.17 are the best results I have obtained during the time I have
been working on the fabrication of ORMOSIL structures by RIE. Although our latest results
on ORMOSIL channel fabrication by RIE were quite promising, we decided to stop our study

on this fabrication method for the following reasons:

1. We found another fabrication method that is much more efficient than RIE for our ma-
terial (the new method is described in the next section- 3.3).

2. Most of the samples were cracking, which made the method very time-consuming.

3. Even at our optimized RIE process parameters, the roughness of the fabricated channels

was still high.
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3.3 Microfabrication of ORMOSIL by Imprint Lithog-
raphy

We explained in the previous chapter (section 2.4) that ORMOSIL films are obtained by dip
coating of sol-gel derived ORMOSIL solutions on substrates. Prior to baking, the ORMOSIL
layers are wet and soft and can be patterned using imprint lithography method. The basic
principle of imprint lithography is simple: transfer the structure of a mold to the soft ORMOSIL
layers by imprinting (stamping) the mold on the surface of the layers [70]. In Figure 3.18 we have
schematically shown the process flow of ORMOSIL channel waveguide fabrication by imprint

lithography. The process is performed in five successive steps as described in the following:

(a) In the first step, silicon wafers are cleaned by soaking them in a fresh (prepared) pirhana
solution to dissolve any attached pollution molecules(Figure 3.18-a).

(b) Thick layers of ORMOSIL are dip coated on the clean wafers, then baked for 20 hours at
120°C on a hotplate(Figure 3.18-b).

(c) Prior to the deposition of the second ORMOSIL layers, the first layers are plasma cleaned
to activate their surface, then fresh ORMOSIL layer with high refractive index (relative
to first layer) are dip coated(Figure 3.18-c).

(d) Directly after dip coating of the second ORMOSIL layers, PDMS molds are imprinted
on to the fresh ORMOSIL by gently putting the PDMS mold on the layers. The size of
PDMS molds must be smaller than the ORMOSIL layer otherwise the edge beads of the
film prevent the mold to completely transfer the structures. To fix the mold on the layers,
the ensemble (PDMS mold on ORMOSIL layer) is sandwiched between two glass slides

.ORMOSIL dip coating
i and bake

:.Subsrate Pretreat .ORMOSIL dip coating

PDMS mold
[ T T ™

High refractive

Low refrac{ive index ORMOSIL
index ORMOSIL

‘PDMS press and bake '

.Removal of PDMS mold

stable ORMOSIC strucutures

Figure 3.18: Imprint lithography on ORMOSIL films process flow
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then clamped using foldback clips as shown in Figure 3.19. Glass slides are used in the
clamping to ensure homogeneous distribution of the clamp pressure on the PDMS molds.
We have studied the effect of load applied on the pdms mold (between 1-10Kg,), but we
didn’t see any obvious effect of different forces in that range on the resulted fabricated

structures.

Glass slides gl

Silicon wafer‘\ a ol

Figure 3.19: Photograph of three imprint samples.

The clamped samples were then baked in an oven at 120°C for 3.5 hours. Due to high
permeability of PDMS to the diffusion of small molecules, including sol-gel solvents, it
allows the drying of the structures [90]. The baking temperature of 120°C is chosen as the
optimal temperature, because at lower temperatures the obtained ORMOSIL structures
are not stable and higher temperatures the ORMOSIL material loss chirality [62]. Re-
garding the 3.5 hours bake time, a longer bake time complicates the removing of PDMS,
and for a shorter bake time the fabricated structures are not stable.

After baking the samples, the clamps were released and the PDMS molds were removed
from the samples by slowly pulling on one side of the mold. The removed PDMS molds
are clean without having any ORMOSIL residues, they can be reused several times. At
this step, ORMOSIL structures are fabricated that have negative image shape of the
PDMS molds (Figure 3.18-¢).

The success of the imprint lithography method lies in the fact that the mold does not bond to

the ORMOSIL layer during the imprinting process. Based on this condition, we chose to use

a polydimethylsiloxane (PDMS) mold because its low binding affinity to other materials has

already been proven [91]. Although PDMS molds are simple to make, they can only be made

by replicating the structure of other molds, called master molds. In the following subsections,

we describe the experimental processes for i) fabrication of the master molds; ii) replication of

the PDMS molds from the master molds.
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3.3.1 Master mold fabrication

The structures obtained by PDMS-based imprint lithography are defined by the master molds,
any imperfections in the master molds will be transferred by the PDMS molds to the fabricated
ORMOSIL structures. During the time we used the imprint lithography method, we made
master molds with two methods which are schematically shown in Figure 3.20. The first
method is a direct fabrication of the targeted channel structures using SU-8 photoresist on a
silicon wafer as shown in Figure 3.20-a. Such SU-8 master molds are fabricated by following
the photolithography process explained in 3.1.1. The advantages of using SU-8 for master mold
fabrication is that the process is fast, and it can be fabricated in one step. However, if the
master mold is planned to be used for a long time and needs to be cleaned several times, it is
better to use silicon molds. Therefore, we decided to fabricate silicon master molds and in the

following, we give the experimental details of their fabrication.

a SU-8 photoresist

photolithgraphy

AZ5214E photoresist

aster mold

photolnthgraphy dry etching (RIE) lift off

Figure 3.20: Two methods for master mold fabrication for PDMS replication a) SU-8 master

mold and b) Silicon master mold.

silicon master mold fabrication

The silicon master molds are fabricated in three steps process as schematically shown in Fig-
ure 3.20-b.

1. Photolithography of AZ5214E photoresist in negative mode: The photoresist is
spin-coated on a clean silicon wafer at 3000 rpm for 50 seconds to get 1.8um photoresist
film. After a soft baking at 110°C for 50 seconds on a hotplate, the photoresist layer is
exposed to near-UV light exposure (intensity=0.4mW, writing speed 5mm A =365nm)
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using uPG 101 laser exposure system. The exposed photoresist is then post baked at
110°C for 60 seconds. Afterwards, the whole sample is again exposed to near UV light
(400mJ/cm? at 365nm) using the exposure system (UV-KUB 2). The exposed photoresist
film is developed in a solution (AZ 726 MIF) for 50 seconds. The developed sample is
immersed in a glass container with water flow for 1 minute to clean and remove developer
residue then dried with a nitrogen blower. The remaining photoresist pattern are the
channel patterns with desired width that will be used as soft mask for dry etching in
RIE.

2. Dry etching of photoresist patterns by RIE: The RIE process is performed using
the same RIE equipment (Nextral NE110) and the same gas mixture (SFg:05) that was
used for ORMOSIL dry etching (see 3.2). After multiple of experiments, the process-
ing parameters for silicon etching were optimized as follows: pressure =50 mTorr, RF
power=50 watt, SFg=10sccm:0y=10sccm flow rate. With these optimized parameters,
2.240.1um of silicon is etched in 500 seconds with about 90° side wall angle.

3. Lift off of the remaining photoresist: After etching the silicon wafer, the sample is
immersed in acetone in an ultrasonic bench to remove the remaining photoresist. At this
stage, silicon patterns with a width defined by the photoresist and a height of 2.24+0.1um

are fabricated.

In Figure 3.21, we have shown an SEM image of the structure of a 2.2+0.1um high and
2.7£0.1pm wide silicon channel fabricated using the previously described process. As can
be seen in the figure, the sidewall and surface roughness of the channel are very low, which
ensures the low roughness of the fabricated ORMOSIL channels.

Figure 3.21: SEM image of silicon master mold fabricated by RIE. note that the the image is
taken at 45°.
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3.3.2 PDMS mold replication

PDMS is a silicon-based polymer that is transparent (compatible with UV-curable materials),
elastic (compatible with all structures) and inexpensive. It is already used to reproduce patterns
from a few nanometers to hundreds of microns [91,92]. We used PDMS to obtain a negative
image of the master mold structures for use in the imprinting process. The PDMS mold

replication process is schematically shown in Figure 3.22, it consists of the following steps:

Silanized master mold cured PDMS over the mold

—-
Casting liquid pdms against Removal of PDMS
the mold and bake from the mold

Figure 3.22: PDMS mold fabrication process flow.

1. Master mold pretreatment: This step is necessary if the substrate of the master molds
is silicon, whether it is SU-8 patterns on silicon or pure silicon patterns. Silicon wafers
are partially hydrophilic, which can lead to direct bonding of the silicon wafers to PDMS
via the hydroxyl groups. It is therefore essential to make silicon-based molds hydrophobic
by modifying the surface, which can be done by adding a silane function to the surface
in a process known as silanization. To silanize the silicon mold, few microliters of a
silanizing agent (TriMethylChloroSilane) is added to a small plastic cup and then, along
with the silicon mold, placed in a vacuum desiccator. In Figure 3.23, we have shown the
experimental facility used for silanization. The mold is left under vacuum for 3 hours so

that the silanes form a monolayer on the silicon surface.

S 2

Figure 3.23: Photograph of the experimental facility for master mold silanization.
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. Casting of liquid PDMS against the mold and bake: This process is performed in
five successive steps. Liquid PDMS is first prepared by mixing the PDMS base (Sylgard
184) and the curing agent with a plastic lab spatula in a 10:1 ratio (e.g. 20g of PDMS
base with 2g of the curing agent). It is important during the mixing process to add
the curing agent to the liquid Sylgard 184 and not the other way around, otherwise it
may result in poor crosslinking of the polymer. Second, the silanized master mold was
attached to the base of a petri dish to prevent the mold from floating in the liquid PDMS.
Third, the liquid PDMS was poured onto the master mold in the petri dish. Four, the
Petri dish containing the master mold and the liquid PDMS was placed under vacuum in a
desiccator for 10-20 minutes to remove air bubbles produced during the preparation of the
liquid PDMS. Five, the air bubbles-free liquid PDMS was placed in an oven set at 70°C
for 4-5 hours to cure as shown in the Figure 3.24-a. Indeed, liquid PDMS can polymerize
at room temperature but the curing time decreases with increasing temperature.

. Removal of PDMS from the master mold: The cured PDMS was removed from
the master molds by slowly pulling it from one edge of the petri dish. The replicated
PDMS molds were then cut with a scalpel to the size of the master molds as shown in
Figure 3.24-b.

Figure 3.24: Photographs of last two steps in replicating the PDMS mold from the master mold
a) Curing of the liquid PDMS on the master mold placed on a petri dish. b) PDMS molds

removed and cut out.

In PDMS replication processes, the negative images of fabricated master molds are transferred
into PDMS molds. Figure 3.25 shows a PDMS mold that replicated the negative image of
three ridge structures of the same height but different width. The structures in the PDMS are

trenches of the same size as the structures in the master mold. We used each PDMS mold

multiple times for imprint lithography without noting any degradation in the performance of
the fabricated ORMOSIL structures.
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PDMS mold
trench surface

4um

PDMS cutted side ; I

Figure 3.25: SEM image of a pdms mold

3.3.3 Fabricated ORMOSIL channel by imprint lithography

Figure 3.26 shows SEM images of ORMOSIL structures fabricated by imprint lithography. It
can be seen that multiple structures of different sizes from the PDMS mold are well transferred
onto the ORMOSIL layer. The sidewall and surface roughness of the structures are low enough
that they are not sensed by a high-resolution SEM. During the time we used imprint lithog-
raphy, we found no size limitations in this method. However, in the fabrication of the optical
waveguides, we noticed that the process always ends with a small layer (d) below the fabri-

cated channels as shown in Figure 3.26-b. This means that the fabricated optical waveguides

Silicon

Silicon

Figure 8.26: SEM images of ORMOSIL structures fabricated by imprint lithography a)
rib waveguides with different width and b) a fabricated ORMOSIL channel with width
(w=2.7+0.1um), height (h=2.1£0.1um) and rib slab thickness d=0.24+0.1um.
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were always rib structures. The only drawback (to date) of this fabrication process is that the

thickness of d layer could not be controlled.

In terms of optical performance, the waveguides fabricated by imprint lithography exhibit
excellent optical performance (i.e., they easily guide light and exhibit low losses, as we will show
in Chapter 5). In addition, the samples never cracked during the process, whereas cracking
was the main problem with ORMOSIL microstructuring by RIE. Since this fabrication method
allowed us to fabricate high quality optical waveguides, we decided to use only this method and

abandon the previous methods.

3.4 Conclusion

In this chapter we have described three microfabrication methods for chirowaveguides chan-
nel fabrication. For each method we have discussed in details the principle of the method and
the procedure to repeat such method. In Table 3.6, we have listed advantages and limitations
for the three different methods.

Table 3.6: Comparison of different methods for the fabrication of channel chirowaveguides.

Fabrication Method Advantages Disadvantages Choice
-Pure chirowaveguide
o -Simple process -Structure instability
PLD deposition on .
-Thickness control -Hard to couple Abandoned
patterned substrates ) ]
-Diffused and light to the channels

ridge channel

) -High cost
-Thickness control Hich b
-High roughness
ORMOSIL dry etching by RIE “Ridge and s Tons Abandoned
) -Complicated process
rib channel ]
-Structure cracking

-Simple process

-Low cost
) o not controlled
ORMOSIL imprint lithography | -Thickness control . ) Selected
rib slab thickness
-Stable structures

-Low roughness

The first method was fabrication of channel chirowaveguide of pure chiral material deposited
by PLD. The method included by the fabrication of SU-8 photoresist patterned substrate and
then deposition of PLD layers on the patterned substrates to obtain PLD deposited structures.
The second method was fabrication of channel chirowaveguides from sol-gel derived ORMOSIL

films. This method was the conventional dry etching method for the fabrication of structures in
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thin films. In the method patterns of AZ5214E photoresist are fabricated on ORMOSIL layers
then they were transferred to the ORMOSIL layers in a reactive ion etching process. The last
method was fabrication of channel chirowaveguides from sol-gel derived ORMOSIL by PDMS
based imprint lithography. In the method structures of silicon or SU-8 molds were replicated
by PDMS then they were transferred to the ORMOSIL layers.

For the three methods investigated, we were only able to use ORMOSIL channel waveguides
fabricated by imprint lithography. This method was found to be much more efficient than the
other two methods, so we concluded that we would only use imprint lithography to fabricate

the channel chirowaveguides.
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Chapter

Development of Optical Setups for Waveguide

Characterization

FTER a year of study, we fortunately found a suitable method to fabricate good qual-
A ity channel waveguides as attested by optical and scanning electron microscopes (see
Figure 3.26). For our objective which requires a chirowaveguide with circularly polarized eigen-
modes, the optical property of the waveguides can only be known by using optical characteri-
zation methods. An effective method to characterize the polarization properties of an optical
system is to use classical Stokes polarimetry measurements [93]. By knowing the Stokes param-
eters of a laser beam and measuring the Stokes parameters of the same beam after interaction
with the optical system, one can fully describe their optical properties in terms of polarization.
In our case, we do not need simple classical Stokes polarimetry, such as bulk media polarimetry,
but a polarimetry setup equipped with a technique to guide (couple) laser light into the waveg-
uides and collect the output light out of the waveguides. In this chapter, we present the optical
setups that we have developed and used for the characterization of our chirowaveguides by ex-
plaining the operating principle of the constituent optical elements as well as their advantages

and limitations.

4.1 Waveguides input-output coupling

As discussed in Chapter 1, light is guided and propagates in waveguides as guided modes.
To characterize waveguides, we need devices that convert a laser beam into guided modes, and
also collect the light from the waveguides. These devices are known as waveguide light couplers.
Researchers have developed three effective light waveguide couplers: prism coupler [57], grating

coupler [94] and end-fire(direct) coupler [95].
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4.1.1 Prism coupler

Prism coupler works by focusing a light beam onto the base of a high refractive index prism
that is in proximity to a waveguide so that the evanescent field of the focused light beam
tunnels to the waveguide. Figure 4.1 shows the schematic of an ideal prism coupler. One
important condition for this technique to work is that the waveguide must be placed in contact
with the base of the prism. To achieve the proximity between the waveguide and the prism,
the waveguide must be pressed towards the base of the prism such that the evanescent field
from the base of the prism overlap with the waveguide’s guided modes. Light couples into
the waveguide when phase velocity of the evanescent wave is equal to phase velocity of the

waveguide’s guided modes. The condition for phase matching is

kn, sinf = j,, (4.1)

where (k = 27”) is the free-space wavenumber, n, is refractive index of the prims, ¢ is angle of
the light beam at the base of the prism, § is propagation constant of the guided modes, and

m =0,1,2... is guided mode order.

At certain values of 6 the phase matching condition fulfills and light couples to the waveg-
uide. The 0 angles depend on the refractive index of the prism, the refractive index of the
substrate (or buffer), the refractive index and the thickness of the waveguide. Thus, by know-
ing the refractive index of the prism and measuring the 6 angles, calculation can be performed
to obtain the thickness and refractive index of the waveguide. Indeed, to independently deter-
mine the thickness and refractive index of the waveguide, at least two coupling angles (i.e. two

supported modes) are required.

Prism coupler is most suitable for thin films (planar waveguides) and is the coupler of M-line
spectroscopy technique that is used to study the properties of optical thin films (thickness and
refractive index). We have used M-line spectroscopy to measure refractive index and thickness
of the planar chirowaveguides. However, the prism coupler is not suitable for studying channel

waveguides; we avoided using such coupler to study the waveguides because:

(i) Coupling of light into channel waveguides using a prism is a very challenging task [96].

(ii) Pressing the channel waveguides to the base of the prism may destroy the channels.

4.1.2 Grating coupler

Grating coupling method uses periodic structures (grating) close to a waveguide guiding layer to
couple the light diffracted by the grating to the waveguide as schematically shown in Figure 4.1-
b. Light couples into the waveguide when the phase velocity of the diffracted light is equal to
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focal length

objective lens

pushing screw | PErod(A) Grating

Figure 4.1: Schematic description of a) Prism coupler, b) Grating coupler, and c) End-fire

coupler. The schematics are not to scale.

the phase velocity of a guided modes of the waveguide. The condition for phase matching is

27r_

k sin9—|—pA

Bim (4.2)

where 6 is angle of the light beam with respect to the normal line to the grating, p is diffraction
order, and A is the grating period. From equation 4.2, to couple first order diffracted light (i.e.
achieve high coupling efficiency), the grating must have a period less than the wavelength of
the light.

Although the grating coupler can be integrated into channel waveguides, we did not use it in
our characterization method because grating couplers are polarization sensitive and therefore

not suitable for polarimetry studies [94].

4.1.3 End-fire(direct) coupler

For the whole polarimetry study we carried on the waveguides, we have only used end-fire(direct)
coupling technique. As shown in Figure 4.2-c, an end-fire coupler directly couples a light beam
into a waveguide by focusing the beam on the end faces of the waveguide using optical lenses.
The first condition for this technique to work is that the waveguide must be prepared to have a
flat input facet. This condition can be met by fabricating the waveguide on a silicon substrate
and then cleaving the silicon. High coupling efficiency can be achieved by matching the focused
beam profile to the guided modes profile. Since laser beams are Gaussian shape beams, they
can be focused in a way that they match the fundamental modes of the waveguide (planar or

channel).

Conditions for high coupling efficiency: Using appropriate optical lenses with right focal
length and numerical aperture, one can focus a laser beam so that the beam intensity distribu-

tion (beam waist) at the entrance of the waveguide is as close as possible to overlap with the
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field of the fundamental modes of the waveguide. For a laser light beam of diameter D and

wavelength A, the beam size d; at the focal point is

REY )
~ 7D ~ 7N.A.

ds (4.3)

where f and N.A. are focal length and numerical aperture of the lens respectively. To avoid
aberrations, we have used high numerical aperture objective lenses* instead of standard optical
lenses for light coupling and collecting. With such objective lenses, we can image waveguides
and guided modes, as well as couple (and collect) light simultaneously. However, end-fire
coupling is rather delicate technique, any mismatch between the focused beam profile and the
profile of the fundamental guided modes will lead to energy transfer into higher order or buffer
leaky modes. To obtain high coupling efficiency, it is important to control position, size of the
focused beam relative to the waveguide’s edge facet and guided modes. Moreover, the coupling
efficiency also depends on the angle of the focused beam with respect to the waveguide facet
(maximum at right angles) and also on the cleanliness of the facet. Therefore, the objective

lens and the laser beam require critical alignment and micro meter precision manipulation.

4.1.3.1 Experimental End-Fire coupler

Figure 4.2-a schematically represents our end-fire coupling setup. A light beam from a
single-mode fiber-coupled laser-diode (5 mW, 635 nm-Roithner Laser Technik) is collimated
using a regular beam collimator. To control the laser beam size, multiple lenses are used so
that the beam size is equivalent to the aperture of the input coupling objective. The laser
source is placed far enough away from the waveguide (> 2m) to have freedom in manipulating
the beam. The height of the beam relative to the optical table is controlled with a mirror
so that the beam is parallel to the optical table and arrives perpendicular to the waveguide
entrance facet. The angle of the beam on the side of the waveguide is adjusted by controlling
the reflection light on the side faces of the waveguides’ silicon substrates. The light beam
(Gaussian shaped, collimated, properly sized) arrives at the entrance of the objective, and it is
focused at waveguide’s input facet. To manipulate the focused beam at the micrometer scale, a
waveguide alignment system (MDE881) is used. The MDES881 system allows us to control the
position of the focused beam at the micrometer scale with several degrees of motion necessary
for the type of critical alignment required for the end-fire coupler. It is composed of three parts,
two parts controlling the (x,y, z) axes of input and collecting objective lenses, the middle part
(the sample holder) has additional motions (rotation around the axes (x,y, z)) to ensure that
the beam arrives at the waveguide facet at the correct angle. The light beam finally coupled
to the waveguide then the output light is collected by the output objective and sent to a CCD
camera (Stingray F201B).

*e.g. 20X Nikon CFI60 TU Plan Epi ELWD Infinity Corrected Obj.
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Figure 4.2: a) Schematic representation of the optical setup for light coupling using end-fire
coupler. b) Photograph of guided light in planar (left) and channel (right) waveguides using the
setup. Note that propagation direction is from left to right (white arrow).

4.1.3.2 End-fire coupler setup testing

The optical setup allowed us to couple light into planar and channel waveguides, as shown
in Figure 4.2-b. As expected, the guided light in the planar waveguides is only confined in the
plane parallel to the waveguide surface, it diverges laterally in the waveguide. On the other

hand, the coupled light in the channel waveguide is confined in the x-y direction.

As the optical setup is equipped with a CCD camera, we can image the guided modes at
output face of the waveguide. Figure 4.3 shows experimental images of guided modes’ intensity
profile of four channel waveguides of different sizes. The figure indicates that the setup can

be used to guide fundamental modes of channels of different sizes. Furthermore, from the size
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Figure 4.3: Experimental images of the intensity profile of guided modes in channel waveguides

of different sizes. Note that the images are shown false colors

and shape of the measured modes, by comparing them with theoretically calculated ones, we
can determine channel waveguides type (rib or ridge), the channel width (w), height (h) and
rib channels slab thickness (d). Note that the identification of d shown in Figure 4.3-left in an
optical waveguide in which the buffer and guiding layers are made of the same material with
a low refractive index difference is not possible with either SEM or optical microscope. The
scale bar in the images is calculated from the magnification of the system (focal length of the
objective and the distance of the camera from the object), it is also verified using scale bar

samples.

The only limitation of the setup, which is a basic limitation of the End-Fire coupler, is that

the waveguide must have clean, flat input and output facets.

4.2 Waveguide loss measurement

After coupling light to the waveguides, the first optical characterization is the measure-
ment of the optical losses of the waveguides. A simple method for measuring optical loss in a
waveguide is to measure the intensity of light scattered on the surface of the waveguide [97].
The method works by assuming that the scattering centers in the waveguides are uniformly
distributed. To measure the scattered light, a photodetector can be used at normal angle to
the waveguide surface. We implemented this method in our optical end-fire coupler setup by
simply placing a CCD camera over the waveguides to record images of the light scattered by
the waveguides surface, as shown in Figure 4.2. The working principle of the method is simple,
it is to record the images of the light scattered out of the surface of the waveguide and then

calculate the decrease in light intensity with propagation length to obtain the losses.

Waveguide loss measurement setup testing

In Figure 4.4, we have shown images of the top surface and the relative intensity profile

of light scattered when guided in a channel waveguide. The upper part of the figure is an
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experimental photograph of the scattered light as it propagates through a 1 cm long, 2.1
pm high, 5.1 pm wide channel waveguide. The bottom part is obtained from the lateral
intensity variation (propagation length) in the experimentally measured photographs. Due to
the presence of some defects in the waveguide that scatter light, this method is not giving us
an accurate measurement of optical losses. However, it can still be used to measure the overall
optical losses, as the overall intensity of the scattered light decreases from the beginning to the
end of the waveguides. The slope of the linear fit of the intensity profile in dB gives us the
losses in dB/length. The setup can be used to measure losses higher than 1dB/cm with +1

dB/cm accuracy, if the light scattering sources are uniformly distributed in the waveguide.

Scattered light intensity (a.u.)
0.0 0.2 0.4 0.6 0.8
. .

Channel width= 5.1um
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Losses (dB/cm)= -2.3*1
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Propagation length (cm)
Figure 4.4: Losses measurement for a 2.1 x 5.1um? channel waveguide. top) Photograph of
scattered light intensity in false color. bottom) Scatted light intensity variation with propagation

length.

Although the method has an accuracy limitation, it can be partially resolved when long
waveguides are used. The advantages of this setup are the simplicity and speed of the mea-

surements. For our case study, the £1dB/cm loss estimation was sufficient.

4.3 Polarimetry

In a laser polarimetry setup, a light beam of a known polarization state is passed through
a sample to determine the polarization properties of the sample. It works by comparing the
polarization state of the laser before and after its interaction with the sample. To build such a

setup, we need an optical system to control (prepare) the polarization state of the laser light
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beam and another optical system to analyze (measure) the polarization. During my thesis,
we have built one optical system for polarization preparation and two systems for polarization
measurements. In this section, we discuss the three optical systems by explaining the working
principle of each optical element, showing step-by-step how the setups are constructed, and

demonstrating their performance.

4.3.1 Polarization preparation

In the chapter 1, we explained that light can be linearly polarized if the oscillation of the electric
field is confined in a plane. Such a polarization can be obtained by using optical elements called
linear polarizers. Although linear polarizers are sufficient to obtain any linear polarization state
by simply rotating them, to obtain nonlinear polarization states, an optical element capable
of changing the phase of the electric field components of the light waves is required. Optical
elements that are used to modify the phase of a light wave are generally called phase retarders or
wave plates. In addition, some optical devices known as compensators are designed to produce a
variable phase retardation. Using the polarization elements mentioned, any polarization state
can be obtained. In our optical polarization setup, we chose to use combination of a linear

polarizer (Glan-Laser polarizers) and a variable phase retarder (Babinet-Soleil compensator).

4.3.1.1 Glan-Laser polarizer

Glan-Laser polarizers consist of two prisms made of a linear birefringent material (e.g.
calcite). As shown in Figure 4.5-a, the hypotenuses of the two prisms face each other with an
air gap between them to form a rectangle. The prisms are oriented to have the same orientation
of the optic axis, which is perpendicular to the direction of propagation of the light beam to be
polarized. As described in the chapter 1, when a light wave enters a linear birefringent system,
it decomposes into eigenmodes of the system which are two orthogonal linear polarizations and
have different effective refractive indices. Glan-Laser polarizers are designed so that when the
two eigenmodes encounter the glass-air interface between the prisms, one is totally reflected and
the other is transmitted. This means that the transmitted light wave is one of the eigenmodes
of the prisms and is therefore linearly polarized. Since the operating principle of the polarizer is
total internal reflection, it is very important to control the input angle. Note that if the directed
light wave forms an angle of 90° with the input face of the polarizer, 100000:1 extinction ratio

of the two eigenmodes can be obtained.

4.3.1.2 Babinet—Soleil compensator

Babinet-Soleil compensator consists of three pieces of a linear birefringent material, a plane
parallel plate (PP) and two wedges (WG1 and WG2), as shown in Figure 4.5-b. As indicated

in the figure, the optic axes of the plane parallel plate and the two wedges are perpendicular to
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Figure 4.5: 2D schematic representation of a) Glan laser linear polarizer b) Babinet-Soleil

compensator.

each other, all perpendicular to the direction of the light beam. The plane parallel plate and
the first wedge are fixed while the second wedge is movable in y, so the effective thickness of the
two wedges is adjustable. As the optic axis of the plane parallel plate is perpendicular to the
two wedges, the wedges cancel out the phase retardation effect of the plane parallel plate [98].
When a light wave enters the Babinet-Soleil compensator, the phase of one of the eigenmodes
of the system is retarded relative to the other, but when it reaches the two edges, it is the other
eigenmode that is retarded. Therefore, if the effective thickness of the two wedges is equal to
the thickness of the plane parallel plate, the net phase retardation is zero. In such a combined
system, by moving the second wedge (sliding on the other wedge), one can control the net phase
retardation. The variable phase retardation (¢) is proportional to the movement of the second
wedge (variation in y)

b= 27 (ne — no) 27 (ne — myp)

A A

where n, and n, are the effective refractive indices of the eigenmodes of the linear birefringent

~tanf -y (4.4)

material, called here extraordinary and ordinary rays. d, y and 6 are the variations of the
effective thickness, the vertical movement of the movable wedge (WG2) and the angle of the

two wedges respectively, as shown in Figure 4.5-b.

4.3.1.3 Polarization preparation experimental setup

Figure 4.6-a, schematically represents our polarization preparation system. A collimated
633nm laser light beam with an unknown polarization state is passed through a Glan-laser
polarizer (1I0GLO8AR.14 Newport) to obtain a linearly polarized light beam at azimuth 0. The
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linearly polarized light beam is directed to a Babinet-Soleil compensator (Thorlabs SBC-VIS),
which is oriented in such a way that its fast axis (eigenmodes axis) makes an azimuth angle
of 45° with respect to the polarization axis of the input light beam. The phase retardation
of the light beam after it passes through the Babinet-Soleil compensator is controlled by a
computer-controlled motor. By moving the motor, i.e. moving the movable wedge, polarization
states with any ellipticity from x = —7 to x = +7 but a constant azimuth can be obtained.
The accuracy of Babinet-Soleil compensator in controlling phase retardation is found to be ¢ ~
0.02°.

The principle of the setup can be explained using the Poincaré sphere. As the Babinet-Soleil
compensator is a birefringent system, its eigenmodes create a diameter axis on the sphere as
shown in Figure 4.6-b. The light coming from the polarizer is a horizontally polarized light wave
(x = 0), it is represented by the green dot on the sphere. The variation of the position of the
movable wadge of the Babinet-Soleil compensator creates a variation of the phase retardation.
The variation in the phase retardation corresponds to a rotation of the input polarization state
about the eigenmodes axis (i.e. rotation in Sy = 0 plane). In Figure 4.6-b, we have plotted

on the Poincaré sphere some possible polarization states (purple dots) that can be obtained

Babinet-Soleil
Compensator
Glan-la
unknown
polarization

<

\\ e ’ polarization state=

‘ ® Input polarization * ‘
®O0utput polarization i
0.5
\
o\
S'30F |
— S,
-0.5F
Figenmodes axis 1
. . - ) .
-1 -0.5 0 0.5 1
S

Figure 4.6: a) Schematic of Glan-laser polarizer and Babinet-Soleil compensator polarization
preparation setup. b) Poincaré representation of the polarization modulation by a Babinet-Soleil

compensator. c¢) Some possible polarization states prepared by the combination.
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from the configuration of the optical system shown in Figure 4.6-a. According to the definition
of the Poincaré sphere, the polarization states obtained by the configuration correspond to
polarization with different ellipticity from x =0 — 5 — x =0 — x = =7 — x = 0 as shown
in Figure 4.6-c.

4.3.2 Polarization measurement by retarder and polarizer

Similar to the way we used a combination of phase retarder and polarizer to control (prepare)
the polarization state of light, we can also design a combination to analyze (measure) the
polarization state of a light beam. In chapter 1 section 1.1.5, we explained that when a light
beam passes through polarization elements (e.g. a retarder or polarizer), its Stokes parameters
change depending on the polarization element. The effect of the polarization element can be
calculated using the 4x4 transfer matrix (Mueller matrix) corresponding to the element. In this
section, using Mueller matrices, we investigate the design of an optical system for measuring

the polarization state of light, consisting of a phase retarder and a linear polarizer.

4.3.2.1 General configuration

Let us assume that a light beam whose polarization we want to determine has Stokes param-
eters Sy, S1, 52, .93. If the beam passes through a combination of a retarder and a polarizer, its
Stokes parameters become S, ST, .55, 55. Let us also assume that the beam first passes through
the retarder whose fast-axis is rotated by an angle a with respect to the z-axis of the input
polarization, and it creates a phase retardation ¢. Afterwards, the beam passes through a linear

polarizer whose transmission axis is rotated by an angle . The configuration is schematized in

phase retarder (&) linear polarizer

fast axis

Figure 4.7: General configuration of retarder and polarizer for polarization measurement.
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Figure 4.7. When the light beam with Stokes vector Sj,,. passes through the phase retarder
and the linear polarizer that have M; and M, Mueller matrices respectively, the output light
Stokes vector is

Soutput = Ma - My + Sinput (4.5)

Taking the Mueller matrices listed in Table 1.4 for the corresponding phase retarder and po-

larizer shown in Figure 4.7, Stokes vector of the output beam is

So 1 cos 2v sin 29 0
STl 1 |cos2y cos? 21 sin 2¢ cos2¢p 0

Sy 2 |sin24y sin 24 cos 20 sin? 2 0

S3 0 0 0 0
(4.6)
1 0 0 0 So
0 cos?2a + cospsin?2a (1 — cosd)sin2acos2a —sin@sin2a| |5
0 (1 —cos@)sin2acos2a sin®2a + cospcos®2a sin ¢ sin 2a So
0 sin ¢ sin 2« — sin ¢ sin 2« cos ¢ S

What we measure directly in experiments using photodetectors is the Stokes parameter S (i.e.
the beam intensity). The results of equation 4.6 in terms of S§ is [99]

So(a, ¢, ) :;{So + [S1 cos 2ac + Sy sin 2a/] cos 2(¢) — ) ()

+ [(S5 cos 2ac — Sy sin 2ar) cos ¢ + S3sin @] sin2(¢ — a) }
Equation 4.7 indicate that the output intensity of light as it passes through the combination
of the phase retarder and the polarizer depends on its initial Stokes parameters (S, S1, Sa, S3),
the phase retardation of the phase retarder (¢), the angle of the phase retarder («), and the
angle of the polarizer (¢). Therefore, by measuring the intensity of the transmitted light for
different values of («, ¢, and v)), the initial Stokes parameters of the beam can be determined.
The Equation 4.7 represents all the polarization measurement methods that can be built by

the configuration shown in Figure 4.7.

4.3.2.2 Polarization measurement by rotating quarter-wave plate and polarizer

Looking at the Equation 4.7, we can notice that it is rather complicated equation and
the parameters Sy, S1, 52, and S3 can not be easily determined if all the parameters (a, ¢, 1))
change at the same time. However, if two parameters in the equation (e.g. ¢,1) are chosen
to be constant, Sy, S1, 52, and S3 can be determined by measuring the intensity of the output
light as a function of the rotation of the phase retarder a. In our experimental setup, we chose
to set the polarizer to ) = 0 and use the quarter-wave plate (i.e. a fixed phase retarder ¢ = 7).

Inserting the value of ¢ = 0 and ¢ = 7 into equation 4.7, it simplifies to
. s 1 1 1., . .
Sgla, ¢ = 5 v =0)= E[Sg + 5(51 + S; cosda) + 552 sin 4o — S3sin2a/] (4.8)
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4.3.2.3 Experimental setup

Figure 4.8 schematically represents our optical system for measuring polarization using the
combination of a rotating quarter-wave plate and a linear polarizer at azimuth 0. The light
beam whose Stokes parameters need to be determined first passes through a rotating wave plate
(05RP04-24 Newport). Rotation of the wave plate is controlled by a motorized rotation plate
(Newport-PR50CC). Then the light is passed through a Glan-laser polarizer (10GLOSAR.14
Newport) and its intensity is measured with a CCD camera (Stingray F201B). The whole
polarization measurement works by measuring the transmitted light intensity with the CCD
for different rotation angles (a;) of the wave plate. For each measurement, the camera takes
a set of images at «; and records the data which contain N intensity values corresponding to
N angular positions of the wave plate (¢ = 0 to N-1). The length of the data (N) is usually a
small fraction of 360°, for our case, we choose to take N=36 images (a«=10°). The saved data
are then analyzed using nonlinear least squares fitting of the data with the equation 4.8. By
fitting the data with the equation, the four constants Sy, Sy, Sz, 95 are determined which are
the Stokes parameters of the input light beam. The advantage of using a camera to measure
intensity is that when we analyze the data, we can choose precisely which part of the beam we
want to analyze. The camera also allows to obtain polarization mapping of the beam (i.e. one

polarization per pixel), as we will see in the setup testing section.

Glan-laser

Iineaq:olarizer

rotating

quarter—vQ/f plate

fast axis

X

Figure 4.8: Rotating quarter-wave plate-polarizer optical system for polarization measurement.

4.3.3 Setup calibration

The main objective in developing the polarimetry setup was to characterize the fabricated

chirowaveguides. We then incorporated the whole polarimetry setup into end-fire coupling one
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as shown in Figure 4.9". Before using the optical setup, all elements have to be calibrated.

Therefore, we must

1. Define xyz axes of the whole system.
Find transmission axis of the two polarizers (polarizer I and polarizer II).
Find the fast axis of the Babinet-Soleil compensator.

Calibrate the variable phase retardation of the Babinet-Soleil compensator.

ARl e

Find the fast axis of the quarter-wave plate.

6. Check phase retardation of the quarter-wave plate.

Based on the mentioned calibration requirements, we have calibrated the setup as explained in

the following:

1. As indicated in Figure 4.9, the z, y, and z axes are defined as waveguide TE polarization
mode axis, the TM polarization mode axis, and the propagation direction of the guided

light, respectively.

2. To find the transmission axis of the first polarizer (polarizer-I), we coupled light into a
single layer film on metal (doped silicon) and detected the output light from the CCD
camera. Polarizer-I is then introduced into the setup and rotated until the output light
is completely attenuated (minimum output), this angle corresponds to TM(y) axis, then
the TE(x) axis is determined by rotating the polarizer by 90°. The polarization angle for

which the transmission of the guided light is minimal corresponds to the TM axis because

"Note that the figure shows the setup after calibration.

{Rotating
iquarter-wave plate

--------------------------------------------

Bablnet Soleil
compensator

polarizer II

Polarization
measurement

............................................... End-fire coupier ™" *

Polarlzatlon preparatlon Light coupling and collecting

Figure 4.9: Polarimetry setup for wavequide characterization
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the evanescent part of TM is longer and therefore strongly absorbed by the metal.

To find the transmission axis of the second polarizer, called polarizer-II in Figure 4.9,
the waveguide is removed from the sample stage, then we just used the cross-polarizer
technique. At this point, the transmission axes of polarizer-I and polarizer-1I are deter-
mined, they are respectively at azimuth 0 and azimuth 90 and no light passes towards

the camera.

. To find the fast axis of the Babinet-Soleil compensator, it is placed between the two
crossed polarizers and rotated until the minimum output intensity is measured, this angle

corresponds to its fast axis.

. To calibrate the Babinet-Soleil compensator (i.e. induced phase retardation as a function
of the position of the computer-controlled motor), the compensator is rotated by 45° with
respect to the x axis as shown in Figure 4.9. The computer-controlled motor is then moved
to vary induced phase retardation until the minimum light is detected by the camera, the
position is noted as zero phase retardation (¢ = 0). Then the motor continued to move
until the second minimum light is detected by the camera, this position is noted as phase
retardation of 2. Once the motor position for the 0 and 27 phase retardations are known,
any phase retardation can be obtained by taking the values between these two positions.
For example, if the position of the motor for the phase retardations of 0 and 27 are p;

and p, respectively, a phase retardation of 27 - z can be obtained by moving the motor

to ([p2 — p1] - * + p1) position.

. To find the fast axis of the quarter-wave plate, the Babinet-Soleil compensator is set to
0 phase retardation, then the quarter-wave plate is added to the setup and rotated until

the minimum intensity is measured again and this angle is noted as its fast axis.

. To find the exact phase retardation by the quarter-wave plate, the quarter-wave plate is
rotated by -45° with respect to the x axis such that its fast axis cross with the one of
Babinet-Soleil compensator. In such configuration they cancel phase retardation of each
other. Then phase retardation is modulated by the Babinet-Soleil compensator until
minimum intensity is measured and that position of the Babinet-Soleil compensator is

noted to be the phase retardation of the wave plate.

When all the optical elements were calibrated, the polarizer II is set back to 0 angle relative z-

axis (remember we have crossed polarizer II with polarizer I at the beginning of the calibration)

to satisfy the equation 4.8. At this point, all the optical elements are calibrated and the setup

is ready to be tested.
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4.3.4 Rotating quarter-wave plate and polarizer setup testing

The polarization measurement of the setup is tested by sending light with known state of
polarization (SOP) and compare them with the measured ones. The known (reference) SOPs
are prepared by the combination of the linear polarizer and the Babinet-Soleil compensator.
In Figure 4.10-a we have plotted reference and measured polarizations on Poincare sphere. To
know the accuracy of the system, we send light with a polarization of different ellipticity y and
azimuth 1*. The blue and green points in the figure represent the reference and the measured
SOPs. We can clearly see that the accuracy of the setup is very high in the measurement of the
Stokes parameters since the blue and green points coincide. This accuracy is also illustrated in
the 2D plot shown in Figure 4.10-b by comparing reference and measured normalized Stokes
parameter (Si, Se, S3) separately. The accuracy of the system to measure Stokes parameters
of any SOP is found to be +3%.
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Figure 4.10: Comparison of reference and measured polarization states by the optical setup. a)

Comparison plotted on Poincare sphere. b) Comparison of the Stokes parameters separately.

As the optical setup is equipped with a camera, it can be used to characterize separately any
part of a light beam by analyzing the corresponding part from the images taken by the camera.
We used the setup to obtain polarization mapping of light beams such that if the polarization
of the beam is not homogenous it can be detected. Figure 4.11 shows an experimental mea-
surement of polarization mapping of a laser light beam obtained by the setup. In the figure, we
have shown in false color the normalized intensity of the laser beam (i.e. the beam profile) and

SOP of light at different positions (pixels) of the beam represented by the polarization ellipses.

¥To obtain SOPs of different azimuth without rotating the Babinet-Soleil compensator, we used a half-wave

plate by putting it after the Babinet-Soleil compensator.
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Figure 4.11: Polarization mapping of an elliptically polarized laser beam.

4.3.5 Birefringence measurement using the setup

Birefringence systems are characterized by two eigenmodes: the only SOPs that can pass
through these systems without being modified. Therefore, determination of the eigenmodes
of a birefringence system is enough to describe the system. To find the eigenmodes, we have
sent different SOPs through the birefringence system and measured the corresponding output
SOPs. We then used a computer model that compares the input SOPs with the output SOPs
and determines phase retardation and the normalized Stokes parameters of the eigenmodes of
the birefringence system. From the normalized Stokes parameters we can determine polarization

ellipticity x and polarization azimuth 1 of the eigenmodes using the equations 1.24-a and b

Sz

5= and sin 2y = .53

(For normalized Stokes parameters the equations 1.24-a and b are tan 2y =

respectively).

We have tested our setup for determining eigenmodes of a known birefringence system (i.e.
half-wave plate) that is designed to create a m phase retardation on a light beam. Figure 4.12
shows the Poincaré sphere representation of the half-wave plate behavior. The blue and green
dots on the sphere represent the SOPs of the light beam before entering the half-wave plate
(input) and after passing through it (output). The black points are fitted points to find the
eigenmodes (and thereby eigenmodes axis) of the half-wave plate. We have also plotted by the
cyan curves, the trajectory that connect input and output polarizations which means that the
input SOPs went through the possible states shown by the cyan curve before arriving at final
state. As can be seen the half-wave plate creates m phase retardation since it modifies a circular
polarization to counterpart (orthogonal) circular polarization. It is not only phase retardation
that we can find with the setup, it also gives azimuth (1) of the eigenmodes axis of the wave

plate since it shows how horizontal and vertical linearly polarizations are modified.
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Figure 4.12: Poincaré sphere representation of the behavior of a half-wave plate.

Typically, a half-wave plate (half wavelength retardation) should create a 7 phase retarda-

tion, we found 182° phase retardation that corresponds to 1% of error.

4.3.6 Advantages and drawbacks of the optical setup

During my thesis, we have mostly used this setup to characterize the samples. The advantages

of the setup are:

1.

The setup is equipped with a polarization preparation system that allows to produce any
polarization state.

The End-fire coupler in the setup allows light to be guided and collected in optical waveg-
uides. It can also be used to determine type and dimensions of channel waveguide from
the guided modes.

The polarization measurement part of the setup can be used to analyze the polarization
of an unknown light beam with accuracy of +£3%.

The polarization measurement part of the setup can be used to analyze the polarization
of an unknown light beam with accuracy of £3%. It can also be used to obtain the
polarization mapping of a light beam.

The entire setup can be used to analyze the birefringent properties of any system, includ-

ing waveguides and bulk media.

103



4.3. Polarimetry Chapter 4. Optical setups

The only drawback of this setup is the measurement time, the combination of the rotating

quarter-wave plate and polarizer takes ~1 minute to analyze one polarization state.

4.3.7 Dynamic polarization measurement

In order to overcome the only limitation of the polarization measurement part of the previous
setup, namely the long measurement time, we have developed a new setup allowing instanta-
neous measurement of the SOP. The principle of this setup is simple: the light beam to be
analyzed is divided into three parts so that each part can be used to measure a normalized
Stokes parameter. To build the setup, we used non-polarizing beam splitters to split the light

and Wollaston polarizing beam splitters to separate the orthogonal polarization states.

4.3.7.1 Optical elements working principle

Non polarizing beam splitter: Non polarizing beam splitter are cube beam splitters made
by cementing together two right-angled prisms, the hypotenuse of each prism is coated with
semi-reflective films. The films are designed such that one part of light is reflected at 90° while

the other part is transmitted.

Wollaston polarizing beam splitter: In Figure 4.13, we have schematically shown a Wol-
laston polarizing beam splitter. It is made of two prisms of a linear birefringent material (e.g.
calcite) cemented together on their hypotenuse. The two prisms are oriented such that their op-
tic axes (eigenmodes axis) are perpendicular to each other and to the direction of propagation.
When light enters at right angle into the first prism it decomposes into two eigenmodes without
being refracted. As soon as the eigenmodes encounters the tilted interface of the two prisms,
since the optic axes of the two prisms are perpendicular to each other, they are refracted as two
beams in opposite directions, they are further refracted at the exit face. Therefore, the light

coming out from the polarizer is made of two beams with orthogonal polarization states.

Optic axis

Optic axis

Figure 4.13: Schematic of Wollaston polarizing beam splitter.
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4.3.7.2 Experimental setup

Figure 4.14 schematically represents the optical setup allowing the instantaneous measure-
ment of the polarization state of light. A beam of laser light to be analyzed is split into three
beams using a combination of a 30:70 non-polarizing beam splitter (NBS-1) and a 50:50 non-
polarizing beam splitter (NBS-2). The 30% reflected beam from the NBS-1 is then sent through
a Wollaston polarizing beam splitter (WPBS-1) which separates the horizontally and vertically
polarized portions of the beam. The intensities of the separated beams are measured by two
photodiodes (D; and Ds), then the value of the Stokes parameter S; is determined by the

following formula:
D1 — Doy

Q= _—_=- —=
' D1+ D2

(4.9)

where D; and D, are intensities measured by the two photodiodes. The remaining 70% of the
beam is split again into 35%:35% to be used for measurement for Stokes parameters Sz and Ss.
The reflected 35% is sent through a quarter-wave plate oriented at 45° relative to the z-axis,
the quarter-wave plate converts the left and right circularly polarized light into horizontal and
vertical linear polarizations respectively. The horizontal and vertical linear polarizations are
then separated by a Wollaston polarizing beam splitter (WPBS-2) to be detected by the Dj

and D, photodiodes. Then Stokes parameter Sz is measured as:

D3 — Dy
|D3 + Dy

Ss (4.10)

quarter-wave plate
at azimuth (45°)

h— M T
WPBS-Z /Dh
}’ / M, 7

Input polarized beam

Figure 4.14: Schematic representation of the optical setup for instantaneous measurement of
Stokes parameters. NBS, WPBS, D are abbreviations for non polarizing beam splitter, Wollas-

ton polarizing beam splitter, and photo-diodes is polarizing beam splitter respectively.
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Finally, the last 35% part of the beam is sent though a Wollaston polarizing beam splitter
(WPBS-3) that is oriented at 45° to separate linear polarization at +45°%nd -45°relative to
x-axis. The seperated beams are measured by photodetectors D; and D6, and Sy is measured

as:
Ds — Dg

Sy = 6
2 ‘D5—|—D6‘

(4.11)

It can be noted from equations 4.9-4.11 that the setup measures normalized Stokes parameters
because the they are determined by dividing the measured intensities by the total light beam
intensity (i.e. Sp).

4.3.7.3 Setup calibration

In order to use the setup to accurately measure Stokes parameters, the following conditions

must be met:

1. Non-polarizing beam splitters should not change the polarization state of the
light beams as they separate them: We have used non-polarizing beam splitters
(BS010 [50:50] and BS052 [30:70] Thorlabs). Since beam splitting is based on thin film
coating, and generally (films) are sensitive to light polarization, the non polarizing beam
splitters were not a real non polarizing beam splitters. Therefore, we had to determine
Mueller matrices for the optical element encountered by each beam which are needed to
be accounted during the measurement. The measurement of Mueller matrices for three

beams as indicated by M;,Ms, and M3 in Figure 4.14, is explained in Appendix A.

2. Wollaston polarizing beamsplitters should separate two orthogonal polariza-
tions in an ideal way®: We have used Wollaston prism (Newport 10WLP08) that
deviates the two polarization at ~20° in wavelength of visible light. We verified the per-
formance of this optical element using linear polarizers and found that the beamsplitter

separate two orthogonal polarizations with extinction ratio of ~100000:1.

3. Each pair of photodiodes should measure the light intensity identically: The
sensitivity and response time for D; should be the same as for Dy, the same for (Ds,
Dy) and (D5, Dg). We used silicon photodetectors (Thorlabs FDS100-P10) which were all
found to measure intensity identically. This can be verified by exchanging the photodiodes
of the pair, if we exchange them we should get the same magnitude of the Stokes parameter

but with an opposite sign.

SThe first time we built the setup, we used prism polarizing beam splitters (Thorlabs PBS122), but their
performance was not good. The polarization separation was partial, intensity of one of polarizations was

switching to the other which was changing the value of measured Stokes parameter.
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4.3.7.4 Dynamic polarization measurement setup testing:

As we did for the previous optical setup, we have also tested this setup by analysing a
light beam with known (reference) Stokes parameters prepared by the combination of linear
polarizer and the Babinet-Soleil compensator then compare them with the Stokes parameters
measured by this setup. As the setup is not equipped with a camera but with photodiodes,
it only gives the average polarization of a light beam; we cannot observe the intensity profile
of the beam nor the polarization mapping. In Figure 4.15-a, we have plotted the reference
and measured SOPs. The blue and green dots in the figure which represent the reference
and measured SOPs of different ellipticity x and azimuth 1) are very close to each other on the
Poincaré sphere, attesting the accuracy of the setup. The accuracy is also verified by comparing
reference and measured Stokes parameters separately as shown in Figure 4.15-b. The accuracy
of this setup is found to be £6% which is lower than the rotating quarter-wave plate polarizer
setup (see 4.3.4). The important advantage of this setup is the instantaneous measurement of

the light polarization.
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Figure 4.15: Comparison of reference and measured polarization states by the optical setup. a)

Comparison on Poincare sphere b) Comparison of the Stokes parameters separately.
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4.4 Mach-Zehnder interferometer

When we were measuring the polarization properties of the waveguides, we noticed that
the measurements were not reproducible. This is because, the ORMOSIL material of which
the waveguides are made is sensitive to ambient humidity. We therefore had to set up an
interferometric system to measure the effect of humidity on the samples. Indeed, interferometers
have proven to be a very powerful tool to measure small changes in the optical properties of
a material (e.g. refractive index) [100]. In this section, we explain the working principle of

interferometers in general and the procedure for developing Mach-Zehnder interferometer.

4.4.1 Interferometry principle

An interferometer is an optical device that works on the principle of interference of light waves
to measure any variation in the optical path length of one of the constituent waves, called
measurement wave compared to the reference wave. The two constituent waves come from the
same source of monochromatic light but travel two distinct paths. These two waves interfere
when they are simultaneously present in the same region of space. The resulting intensity of
their interference is a spatial redistribution of the total intensity in which it is higher/lower

than the intensity of both waves (constructive/destructive interference) in certain positions.

Interference of two waves can be described by superposition principle which is an algebraic
sum of the two waves [101]. For two plane waves propagating in free space, we can write their

electric fields as
E1 _ E01€i(k1.r—wt+¢1)

E, = Egge!k2t—wi+02) (4.12)

where ¢; and ¢ are initial phases of each wave. Since the two waves are assumed to be coherent,
their phase difference (¢; — ¢2) is constant. When we perform the vectorial sum of these two
waves, the total electric field is written as

Etotal = El + E2

4.13
= [Eolei(kl.r+¢2) + E01€i(k2.r+¢2)]€—iwt ( )

We want to measure the beam intensity which is the absolute square of the complex amplitude
of the electric field. The intensity of the two waves are I} = |Eg;|*> and I, = |Eg2|?, then the
total intensity of the combination is
Liotal = |Ey + Ey|?
= [Eo1|* + [Eoa|* + [E{Es[* + |E B3| (4.14)
= I + I, + |E{Es|* + |E,E3|?
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Here we assume that the two waves have the same polarization state, then the interference

therms are

IBE,|? = /I, Ie!l(ki—k2) r+(91=¢2)] B, E5? = /I, [ l(k1—k2) r+(d1-¢2)] (4.15)

From the trigonometric identity cos ¢ = %(e"‘z’ + e*"‘ﬁ), we can rewrite the equation 4.13 as

[total = Il + IQ + 2 Il _[2 COS¢ (416)

with
¢ = (k1 — ka).r + (¢1 — ¢2) (4.17)

Equation 4.16 is called interference equation, it demonstrates that the final intensity of the
interfered waves is not only sensitive to the initial intensity of the interferometer constituent
waves but also to their phase difference (¢). The sensitivity of optical wave phases for environ-
mental conditions makes interferometers a very sensitive tool for sensing background changes
such as refractive index, distance encountered by the waves. For example, for two waves whose
initial phase difference is zero (¢ — g2 = 0), the ¢ of the equation 4.16 (k.r = 25*1) change if one
of the waves travels an additional distance [ in a medium of index of refraction n. Therefore,
any change in refractive index, wavelength or distance by one of the waves can be detected

from the total intensity of the waves.

4.4.2 Mach-Zehnder interferometer experimental Setup

Figure 4.16 schematically shows a Mach-Zehnder interferometer setup to measure variation of
refractive index in an optical waveguide. A collimated and polarized beam of light from a
He-Ne laser (Uniphase 1507P-0) is split by an unpolarized beam splitter into two beams that
constitute the two arms of the interferometer, called reference and measurement beams. The
reference beam is reflected twice by two mirrors before being recombined with the measurement
beam at the second non-polarizing beam splitter and sent to a CCD camera. The measurement
light beam is coupled into the sample waveguide and collected with microscope objectives
(end-fire coupler). As indicated in Figure 4.16-inset, the two beams are inclined (not parallel)
by a small angle o when they are superimposed on the camera (detector), so they create
interference fringes. Because of the inclination angle between the two beams the phase difference
in Equation 4.17 become:

¢:2/<r'x~sina+(¢1—¢2)

2
o %; cx-a+ (¢ — ¢2) for small « (4.18)
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Figure 4.16: Schematic representation of the Mach—Zehnder interferometer optical setup.

Figure 4.17-a shows experimentally measured interference fringes resulting from the inter-
ference of the reference laser beam and the measurement beam that has been guided through a
planar waveguide and collected. The distance between the interference fringes depends on the

angle v as shown in Figure 4.17-b. As « is small, the fringe spacing (§) is defined as:
E=— (4.19)

In principle & must be equivalent for all the fringes. However, as can be seen in Figure 4.17-b,
the fringe spaces is higher in the left part of the figure compared to the right part ones. This is

probably due to the divergence of the measurement beam, because when it exits the waveguide,
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Figure 4.17: a) Interference fringes image. b) Interference fringes intensity profile.
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it diverges. For our case study, the fringe space is not the parameter we want to measure but

we measure the relative phase of the beams (i.e. the ¢; — ¢o term).

4.4.2.1 Measurement of humidity effect in planar waveguides

We used the Mach-Zehnder interferometer to measure effect of humidity in planar optical
waveguides. As shown in Figure 4.16, the planar waveguides are studied in a controlled humidity
chamber. An identical chamber is also put in the pass of the reference beam such that the only
difference between the reference and measurement beam is the optical waveguide. When we
modify humidity of the chamber, since the reference beam travels in a material that changes
refractive index with humidity, the phase difference between the two beams vary as a function of
humidity. The variation in refractive index of the material varies the phase of the measurement
beam as:

2m
A¢ = TAnguidelguide (420)

where lgyiqe and ng,q are length and refractive index of the waveguide sample respectively. A¢
is only a function of the refractive index of the waveguide material if all other parameters (A, ()
are constant. The A¢ effect on the interference fringes is their redistribution such that they
undergo a variation that they seem to move to the naked eye. If we measure the intensity
at a constant position of the camera sensor, the resulting intensity with the variation of the
refractive index, is a periodic variation of the intensity as shown in Figure 4.18. From the
equation 4.20, we can calculate the variation in refractive index as:
A

Algyige = ———— A 4.21
ng ¢ 27Tlguide (b ( )

Every peak in Figure 4.18 corresponds to change in A¢ by 27. Therefore, the refractive index

variation is given by:

A
Angyige = ——2m - N = - N (4.22)

27rlguide guide
where N is number of peaks. For instance, for the wavelength of red light (633nm) and the
length of the sample (16mm), each peak corresponds to the change in the refractive index of
the guided material (Angyige) by (~ 4 x 107°).

0.65 4 Ay =2m
0.60
0.55
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0.40 1
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Figure 4.18: Intensity profile for interference fringes temporal evolution.
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With this Mach-Zehnder interferometer setup we can measure in-plane refractive index
(nTE) and the out-of-plane refractive index (nTM) of planar waveguides as a function of
humidity. The precision of the measurement in refractive index variation is defined by the
wavelength of light used in the setup and length of the waveguides (equation 4.22). In our mea-
surements, we were able to measure refractive index variation with An ~ 5 x 107 in planar

optical waveguides.

4.5 Conclusion

In this chapter, we have described the optical characterization setups developed and used
to characterize optical waveguides during this thesis. In Table 4.1, we have listed all the optical

setups with their functionality.

Table 4.1: Summery of optical characterization setups described in this chapter.

Optical setup Functionalities

-Light guiding (coupling and collecting) in planar
End-fire coupler and channel waveguides.

-Identification of waveguide types and dimensions.

-Measurement of optical losses higher than 1dB/cm

Optical loss measurement )
with +1 dB/cm accuracy.

-Polarization preparation from unknown light beam
with the precision of 0.02° in phase retardation.
-Measurement of Stokes parameters of a light beam
with accuracy of +£3% in ~1 minute.

Laser polarimetry -Polarization mapping of a light beam in ~1 minute.
-Instantaneous measurement of Stokes parameters of a light
beam with accuracy of £6%.

-Determining phase retardation and eigenmodes axis

of any birefringent system with accuracy of £1%.

- Measurement of optical waveguides in-plane and

Mach-Zehnder interferometer out-of-plane refractive index variation (ntg and nry)

in the range of ~5x107° at wavelength of red light.

As shown in Table 4.1, the optical setups described in this chapter are sufficient to charac-
terize optical waveguides in terms of polarization, optical losses, and also variation of optical
properties of the waveguides material with changes in environmental conditions(e.g. humidity).
For each optical setup, we have described the development details, including the working princi-

ple of the optical elements, the calibration of the setups, and the accuracy of the measurements.
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Chapter

Elliptical birefringent rib chirowaveguides

N chapter 1, we showed that by combining linear and circular birefringence (LB and CB) in
I channel chirowaveguides, elliptical birefringent waveguides can be obtained. In chapter 2-3,
we described chiral materials and microfabrication methods to fabricate channel chirowaveg-
uides. In chapter 4, we described optical setups to characterize the polarization properties of the
waveguides. In this chapter, we present our experimental results in the realization of elliptical
birefringent rib channel chirowaveguides*. We show how, by fabricating rib channel chirowaveg-
uides of different widths on the same wafer, we can tailor the LB of the chirowaveguides and
obtain waveguides with different eigenmodes ranging from conventional TE/TM eigenmodes to
quasi-circular eigenmodes. The chirowaveguides which have quasi-circular eigenmodes can be
used for circularly polarized light applications, making them good candidates for chiral sensing.
In the last section of the chapter, we theoretically investigate the feasibility of using these chi-
rowaveguides for chiral sensing by considering chiral paracetamol molecules solution as a chiral

probe.

5.1 Design of elliptical birefringent waveguides

As we have explained in chapter 1 (section 1.5), the ellipticity of the chirowaveguides eigen-
modes is ruled by the ratio %. To fabricate a chirowaveguide that have elliptically polarized
eigenmodes with high ellipticity, we have to maximize CB and minimize LB simultaneously.
The CB value is defined by the chirality property of the material we use, it is an organically
modified silica (ORMOSIL) as we described in chapter 2. Its CB is measured at normal in-
cidence for thick planar ORMOSIL films and is found to be CBx~ 1 x 107° at A = 633nm,

among the highest described for amorphous polymeric materials. Therefore, the parameter to

*Note that most of the results presented in this chapter are published in the article “Elliptical Birefringent
Rib-Channel Chirowaveguides for Quasi-circularly Polarized Light Applications in Integrated Photonics” [102].
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be controlled is the LB from the waveguide geometry (shape). In chapter 1 (section 1.6), we
have shown that LB can be controlled by fabricating channel waveguides with defined geome-
tries. We have also shown that if low refractive index contrast buffer and guide layers are used
in the fabrication of channel waveguides, low LB waveguides can be made with relatively high
fabrication tolerance (less precision in size control). Low refractive index contrast waveguide
layers are then obtained by using the ORMOSIL material in different compositions to fabricate
the buffer and guide layers. The refractive indices of the ORMOSIL material that we used in
this study are measured from planar waveguides using m-line spectroscopy, and they are found
to be ny = 1.61 and n, = 1.625.

Regarding the channel type structure, we work with rib waveguides since our fabrication
method (imprint lithography) allow us to easily fabricate rib structures (see section 3.3). In
Figure 5.1-(inset) we have shown the cross-sectional schematic of the targeted rib waveguide.
It is characterized by a rib width (w), a rib height (h), and a slab thickness (d). The guiding
and the buffer layers have refractive indices n, and n; respectively (n, > n;). The refractive

index of the cover layer (n.) is set to 1 as refractive index of air.

Gathering these specifications, using numerical simulations, we have computed linear bire-
fringence LBgpape=n07E00-DTM00 cOming only from the shape of the waveguide. Figure 5.1 shows
the computed LBgpape as a function of rib width w at constant d=0.2 pm and h=2.1 pm having
An = 1.625 — 1.61 = 0.015. As it can be seen from the figure, the LBg,ape varies with the
rib width, and it intersects zero at w = 3.25um (i.e. zero birefringence property). The yellow
colored area in the figure delimit the range where LB<CB. This corresponds to the rib channel
chirowaveguides with eigenmodes ellipticity x >22.5°. Intersections of the LB<CB zone with

the variation of LBghape as a function of rib width w give us the fabrication tolerance in width of
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Figure 5.1: Computed shape birefringence LBspape (nTEO0-NTMO0) fOT @ Tib waveguide (inset) as

function of w but constant d = 0.2 pm h=2.1 um, n.=1, ny,=1.625, and ny=1.61.
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the waveguides. To fabricate rib waveguides with targeted properties, the fabrication tolerance
is Aw = 150nm.

In practice, LBgpape is not the only linear birefringence present in optical waveguides, some
other sources of linear birefringence have often been reported and attributed to residual me-
chanical stress [27]. While LBgpape is possible to calculate theoretically and technologically
tunable, the stress effect is difficult to predict and to control practically. Our strategy to get
rid of this unpredictable contribution to the overall linear birefringence has been to elaborate
on the same sample (wafer) series of rib waveguides with a constant slab thickness d and rib
height h but with a various values of rib width w. Due to the fabrication tolerance shown in
Figure 5.1, we have chosen to fabricate waveguides of different widths with a step of 300nm
around the width in which the waveguides have zero birefringence property (w = 3.25um). In
doing so, it makes possible to end up with a w value where LBgape is equal and opposite to
the stress linear birefringence and thus cancels the overall linear birefringence of the channel

waveguide.

5.2 Rib fabrication and testing

5.2.1 Rib fabrication

We have used imprint lithography to fabricate the channels. As explained in 3.3, the structures
size is defined by the master mold. We thus fabricated a silicon master mold with several sets
of channel structures, each set consisting of 11 channels with widths ranging from 1.8 to 5.1um
in 300nm steps. Then, PDMS molds are replicated from the master mold, and they are used

to fabricate ORMOSIL structures with the same structural design as the master mold.

In Figure 5.2, we have shown the fabricated rib waveguides. As it can be seen from the
figure, the structures of the silicon mold (channels of w=1.8, 2.1, 2.7,...5.1 pum) are well
transferred by the PDMS mold to the ORMOSIL layer. The fabricated ribs have sidewall
angles 80° < a <90° with a slight difference (< 44°) between the two sides of the channels
(Figure 5.2-d). The sidewall angle comes from the silicon master mold as it is fabricated by
reactive ion etching. The difference in sidewall angle between two sides may be due to the

various anisotropic pressures used to press the PDMS molds during imprint lithography.

The channels widths and heights are found to be very similar to the initial master mold
dimensions with a variation of +0.05um from one waveguide to another. The fabricated struc-
tures w and h can be easily measured from the SEM images as it is shown for three different
widths in Figure 5.2-b-d. However, because the compositions of ORMOSIL for the buffer and
guide layers are relatively similar, the slab thickness d of the rib structures cannot be measured

by either optical microscope or SEM. We have measured d of the structures from guided modes
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-----------------------------------------

Iml Silicon

.
---------------------------------------------------------------------------------------------------------------

Figure 5.2: a) SEM image of ORMOSIL rib waveguides fabricated by imprint lithography which
have same height h = 2.1 £ 0.1um, same slab thickness d = 0.2 £ 0.1um but different width.
b), ¢), and d) are rib channel wavequides with w = 2.1 + 0.1um, w = 2.7 + 0.1um, and
w = 3.6 = 0.1um respectively. The buffer layer is 6um thick with a refractive index contrast
Ang—ny = 1.625 — 1.61=0.015.

size as we will see in the next subsection. For a given channel waveguide, top view inspection
with an optical microscope showed no variation in dimensions on a 2 cm long sample. In addi-
tion, polarization measurements on a 2 cm long waveguide before and after a half-cut showed
no difference. This ascertains that the cross-sectional shape of the waveguides does not vary

significantly along the sample.

5.2.2 Optical propagation

Samples are cleaved to have flat facets then fixed on our end-fire coupling setup (see Figure 5.5).
Light is launched and guided into each channel independently. The modes measured at the

waveguide output facets are seen to be properly confined in the rib structures and with an

116



Chapter 5. Elliptical birefringent chirowaveguides 5.2. Rib fabrication and testing

ORMOSIL
n=1.622

ORMOSIL
n=1.615

Intensity [a.u.]

2 um =
[ | w=3.6 um

Figure 5.3: a) Simulated and b) Experimentally measured mode intensity profile for the three
rib waveguides with same rib height h = 2.1 & 0.1um, same slab thickness d = 0.1 £ 0.1um but
different width w = 2.1,2.7,3.6 £ 0.1um from left to right. Not that the intensity of the guided

modes is shown in false color scale

intensity profile similar to the simulated one’s as shown in Figure 5.3. After determining w and
h from SEM measurements, comparing the experimental and theoretically calculated guide
mode size, the slab thickness d of the fabricated ribs is determined to be d=(0.240.01pum),
as shown in Figures 5.3-a and b. Waveguides with widths less than 3.3 pum are single-mode
(i.e., they support only the TEqy and TMy guided modes which have a single-lobe intensity
distribution). However, waveguides with widths greater than 3.3um (e.g., w = 3.6um), in

addition to TEy and TMyy modes, also supported higher order modes.

5.2.3 Waveguide loss measurements

Regarding the material losses, the rib waveguides are fabricated from ORMOSIL material in
which losses of the material in planar waveguides are measured and estimated to be lower than
1 dB/cem [62]. However, fabrication of the channel may bring extra sources of losses such as
sidewall and surface roughness. From the SEM measurements, we observed that the sidewall

roughness was low, but this needs to be confirmed by the loss measurements.

Using the experimental setup explained in 4.2, we have measured losses by recording the

images of the light scattering from the channels top surface. The images recorded by the CCD
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camera are then treated to obtain the intensity profile of the scattered light as a function of
the propagation length. Figure 5.4 shows top surface images and relative intensity profile (in
dB) of the scattered light for three different width waveguides. The channels losses are seen
to be in the range of the detection limit of the loss measurement method, as the presence of
some non-uniformly distributed light scattering sources creates high noise in the measurement.
However, a linear fit of the overall reduction in scattered light intensity allows to estimate the
value of the losses in the channels. As shown in the figure, for the three waveguides the overall
losses are always below 3dB/cm while the smaller width waveguide experience higher optical
losses. In the 2.1um wide channel, losses are -2.9+1dB/cm, they reduce to -2.6+1dB/cm and
-1.9+1dB/cm in the 2.7um and 3.6pum wide channels respectively. The higher losses in small
width channels can be attributed to the roughness of the sidewall created during the waveguide
fabrication process. Indeed, the interaction between the guided modes and the waveguide

sidewall is higher for smaller size channels [103].
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Figure 5.4: Top surface of image and losses measurement for ORMOSIL rib waveguides with
same height h = 2.1um but different widths w = 2.1,2.4,3.6 £ 0.1um.
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5.3 Polarization measurement results

In this section, we present polarization measurement results of the waveguides made of
material with positive chirality (CB=+1 x 107°), negative chirality (CB=—1 x 107°), and
racemic (CB=0) as a function of the channels’ geometries. In measuring the polarization
properties of the waveguides, we observed that they are sensitive to the ambient humidity.
Therefore, the channels were studied in a controlled humidity chamber by keeping the relative
humidity of the chamber at 574+2%. The details of the humidity effect on the waveguides’

polarization properties are presented in the next chapter.

Figure 5.5 shows the optical setup used for waveguide characterization. A 633 nm laser
beam is passed through a combination of a linear polarizer and a Babinet-Soleil compensator
to control its polarization state (SOP), and then launched into the waveguides. The light col-
lected from the waveguides is characterized in terms of Stokes parameters using the combination
of a rotating quarter wave plate and a linear polarizer. By comparing the SOP of the input
laser light with the SOP of the light measured at the output of the waveguides, the SOP of the
waveguides eigenmodes represented by the normalized Stokes parameters is determined. From
the normalized Stokes parameters we have determined polarization ellipticity x and polariza-
tion azimuth v of the eigenmodes using the equations 1.24-a and b (For normalized Stokes

parameters the equations 1.24-a and b are tan 2¢y = %f and sin 2y = S3 respectively).

Rotating quarter
waveplate

Humidity controlled cham

air outlet

.................................

.............................................

Polarization measurement

Humidity controlled
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End-fire coupler

"I'D'c')'l'a'\'r'i'z'éffi'&:f'EFé'Eé'FéfEi'aF\ """ Light coupling and collecting

Figure 5.5: Optical measurement setup.
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5.3.1 Elliptical birefringence modulation

First, we investigate the influence of the rib width (w) on the birefringence behavior of the
waveguides. In Figure 5.6, we have shown the polarization ellipticity of the rib waveguides
eigenmodes with corresponding ellipses as a function of the w for three samples: two with
opposite chirality (4), (—) and one racemic (4/-). The measurements are repeated on at least
five successive series of widths pattern for each of the samples, resulting in error bars that are
twice the standard deviation of the measurements. For a given dimension, we retain only the
best 70% of the ribs. The 30% remaining ribs present lower eigenmodes ellipticity that comes
either from uncertainty in the fabrication process width or from additional deformations that

induce higher linear birefringence.

As shown in Figure 5.6 by black squares, the racemic waveguides eigenmodes ellipticity are
always null. Regardless of their width w, all these ribs behave as achiral waveguides that are
linear birefringent. Adding chirality to these waveguides profoundly change their behavior. For
the same rib structure, from w=3.9um down to w = 2.7um, the eigenmodes ellipticity increases
from conventional TE/TM (x = 0) to quasi-circular polarized eigenmodes (xy=32.5+7° and
29+7°). Lowering the rib width from this optimized value, results in a high reduction of the

eigenmodes’ ellipticity down to 5° at 2.1um.
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Figure 5.6: Figenmodes ellipticity and polarization ellipses measured for different rib widths
w at rib height h=2.1um, slab thickness d=0.2um, refractive index contrast is An=0.015, and

working wavelength is 633 nm.
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Since the waveguides’ chirality (CB value) is independent of the size of the waveguides,
the modulation of the eigenmode ellipticity as a function of w is related to the modulation of
the LB of the waveguides as a function of w (i.e. x(w) = 0.5arctan [%?W)]) As predicted by
numerical simulations, the LB depends on the width of the waveguides and has a minimum
value at a certain width. However, as we have shown in Figure 5.1, the expected minimum LB
is at w=3.25um while it is observed experimentally at 2.7 um. This behavior of the eigenmodes
indicates that the (LBgjqpe) coming from the geometrical size (shape) of the waveguides is not

the only LB present in the waveguides.

5.3.2 Sources of linear birefringence

For further understanding, the magnitude and principal axis orientation of the experimentally
measured LB were extracted from the normalized Stokes parameters of the waveguide eigen-
modes. The magnitude of LB is calculated using equations 1.83 and 1.24-af, and the principal

axis orientation is calculated using 1.24-bt.

In Figure 5.7-a, we have shown the experimental LB magnitude as a function of the waveg-
uides widths. For all the rib widths, |[LB| < 1x 1073 and is minimum at w = 2.7um where values
as small as 3x10% are measured. We see that the minimum LB is at w = 2.7um whereas the
minimum LB was expected by the numerical simulations at w = 3.25um (dashed line curves in
Figures 5.7-a). However, the addition of a constant LB to LBgape (LBghape(w)+1x107*) makes
the numerical simulation model perfectly fit the experimental data (continuous line curves in
Figures 5.7-a). Such additional LB contribution has been already observed in planar multi lay-
ers of polymers and is attributed to the stress induced linear birefringence [104,105]. Similarly,
our fabrication procedure involves multiple layers of materials which may also add constant
residual stress as they are fabricated by the sol-gel method and stress in sol-gel layers is a well
known problem [89]. We therefore refer to this constant linear birefringence as stress linear

birefringence (LBggress)-

Regarding the principal axis orientation of the LB as shown in Figure 5.7b, except for
w = 2.Tum, it is around zero whatever the waveguides width and thereby, the eigenmodes of
the linear birefringence are located on TE/TM axis. At w = 2.7um, unexpectedly, the principal
axis orientation of the eigenmodes is no more aligned to the TE/TM axis but tilted with and
angle (¢ < £45°). Since the behaviour is also observed for the racemic rib waveguides, it
can not be attributed to a chiral effect. Therefore, the waveguides exhibit additional linear

birefringence that have eigenmodes not polarized like the TE/TM eigenmodes but polarized at

TLB=CB/ tan[arcsin(S3)]
tPrincipal axis orientation is the orientation of the birefringent axis (eigen-axis) relative to z-axis which is

defined by eigenmodes polarization azimuth ¢ = 0.5 - arctan g—i
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Figure 5.7: Experimental linear birefringence LB deduced from the eigenmodes polarization.
a) Principal azxis orientation of the linear birefringence as the orientation (azimuth) of the
polarization ellipse of the eigenmodes. b) |LB| deduced from the ellipticity of the eigenmodes.

The green line is the CB value of our material.

+45° with respect to TE/TM axis. We have calculated the magnitude of the additional linear
birefringence (LB.i45) at w = 2.7um and found that LBiy5 ~ 4 x 107%. At this width, because
LBghape and LBgyess cancel each other, LB, 45 becomes visible(measurable). The presence of
LB.445 can be attributed to the small departure from the ideal rectangular symmetrical shape

observed on some ribs [106], as can be seen on the SEM images shown in Figure 5.3-c.

Finally, the linear birefringence of the studied ribs can be assigned to three sources:

(i) Shape linear birefringence LBgpape(w), it is function of rib width and has TE/TM eigen-
modes.

(ii) Residual stress linear birefringence LBggess= 1 X 10~* which does not depend on waveg-
uides’ width and also has TE/TM eigenmodes.

(iii) A low linear birefringence LBiy5~ 1 X 107% that is only measurable when the LBgape
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and LBgess have opposite signs and cancel each other. LB.45; has eigenmodes that are
polarized at £45° with respect to TE/TM axis.

These results demonstrate the relevance of our design strategy to produce low LB waveguides
by fabricating waveguides with different width on same sample. Indeed, it made it possible to
achieve channel waveguides with low linear birefringence (less than our objective LB) and even

find out and quantify other unpredictable birefringences arising in the waveguides.

5.3.3 Low linear birefringent chirowaveguides

Three examples of Poincaré sphere input/output trajectories for the three waveguides with
(-),(+) and (+/-) chirality are shown in Figure 5.8, for the rib width w = 2.7um. The blue
and green dots in the figure show the SOP of the light before coupling into the waveguides
and the SOP of the light measured at the waveguide output, respectively. The black dots are
the best fitted SOP to the output polarization to find the eigenmodes. The cyan curve shows
the trajectory of the polarization modulation of each input until it exits the waveguides and is
measured as an output. The polarization trajectories of (-),(+) samples show a clear rotation
of the input SOP about a diameter axis of Poincare sphere (eigenmodes axis) that is out of
the equatorial plane, attesting for an elliptical birefringence behaviour of the chirowaveguides.
As expected, the racemic (4/-) samples eigenmodes axis is located in the equatorial plane, its

polarization behaviour is similar to linear birefringent waveguides.

For the () waveguide, the input SOP are rotating "to the east” which corresponds to an
anti-clockwise rotation in the laboratory space and with the location of the slow eigenmode in
the north hemisphere as expected for a (—) enantiomer in a chiral medium. The (4) waveguide
shows an opposite effect (mirror image) as expected for two enantiomers. Combining the
measured eigenmode ellipticity and the rotation angle (guided light phase change ¢) in the
Poincaré sphere), we calculated via equations 1.83 and 1.85 the two birefringence at this rib
width w = 2.7um and obtained CB=(140.1)x 10 and LB=(4.541)x10°. This value of CB is
very close to the CB measured at normal incidence for thick planar chiral films, which shows
the validity of the coupled mode theory we used to determine polarization properties of the

chirowaveguides eigenmodes.

Additionally, in Figure 5.8-a and b, we have shown the polarization modulation orbit for
left-handed circularly polarized light by the cyan circle in the (-),(+) samples. The position
of polarization modulation orbit in the north hemisphere show that if circularly polarized
light is guided in such waveguides its polarization handedness is conserved no mater how long
the propagation length is. Furthermore, the eigenmodes of the chirowaveguides are quasi-

circularly polarized as indicated in Figure 5.8-a and b by the red and blue ellipses, meaning
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Figure 5.8: Poincaré representation of the transformations of input SOPs (blue points) into
output SOPs (green points) after propagation in the chirowaveguides. The black points are the
best fitted values for a rotation of angle ¢ about a diameter azxis (red arrow). The cyan curves
highlight the link between the input and output SOPs. a) (=) enantiomer waveguides, b) (+)
enantiomer wavequides and ¢) (+/-) racemic waveguides. All waveguides are rib channels with

w=2T7um, d = 0.2 um, and h=2.1 um.
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that quasi-circularly polarized light can be guided in these waveguides while its polarization
remain unchanged. Therefore, in such chirowaveguides quasi-circularly polarized light can
be used as chiral probe for chiral sensing. The polarization properties of these waveguides
fulfill the conditions of our objective chirowaveguides that is “channel optical waveguides for

enantioselective sensors”

5.4 Chiral evanescent wave sensor (Theoretical study)

One potential application of the waveguides presented in 5.3.3 is chiral sensing by prob-
ing chiral media with the evanescent waves surrounding the waveguides. In this section, we

theoretically investigate the possibility of using the waveguides for chiral detection.

As we described in chapter 1 (in 1.5.1), a chirowaveguide is an elliptical birefringent system

defined by the eigenmode ellipticity y and the modal birefringence (MB).
1 CB
X =5 arctan <LB> (1.83)
MB = vLB? + CB? (1.81)
When a light wave propagates in a chirowaveguide, its SOP undergoes a phase change which

is described on the Poincaré sphere as a rotation about the chirowaveguide’s eigenmodes axis

by an angle

b= 2; .VIB?} CB? - (1.85)

where [ is the length of the waveguide. The CB in the equations 1.83,1.81, and 1.85 is the

circular birefringence felt by the electromagnetic field according to
CB = [ CB(,y) - [E(x,y) - dudy (5.1)

where |E(z,y)|? is modulus square of the normalized guided mode profile.

5.4.1 Effect of a chiral molecule on the chirowaveguide

Let’s assume that our device is in contact with a media containing chiral molecules. We
schematized in Fig. 5.9 three scenarios for chiral molecules to change the chiral environment of

the chirowaveguide

(a) In the volume of the cladding layer of the waveguide, with CB that is denoted as CBq4-

(b) At the surface of the waveguide if the surface of the waveguides is functionalized, with
CB that is denoted as CBgy; face Over the length of the molecules’ binder.

(c) Inside the waveguide if the chiral molecules diffuse into the waveguide layer through the

pores of the sol-gel material with CB that is denoted as CBgyige.
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Figure 5.9: Different types of sensing in optical waveguides. a) Volume sensing: change of CB
in the cladding layer of the waveguide. b) Surface sensing: targeted molecules are anchored
on molecular binder resulting in a high CB enhance in the close vicinity of the waveguide. c)

Molecular diffusion of the chiral molecules into the wavegquide material.

According to Equation 5.1, the three scenarios change the CB of the elliptical birefringent
waveguide from CB to CB4+ACB by

ACB = CBuiaa - |E(z,y)|? - dody
outside
+ CBsurface : |E(I, y)|2 . dﬂ?d’y
sur face
+ [ CByuiae - [E(z,y)[* - dudy (5.2)

is taken outside the waveguide, | is taken on the length of the

sur face

where the integral [,

utside

molecule anchor, and [; is taken inside the waveguide layer.

nside

In order to get an idea of the change in CB during sensing, let’s assume that we want
to detect paracetamol. The specific optical rotation of paracetamol is [a] ~ 80, it is the
optical rotation for a path length of 10cm measured for a concentration of 1g per 100ml.
The corresponding circular birefringence for a concentration C (g per 100ml) is therefore
CB=C '%mﬁ ~C 2.8 x 107% for A = 633nm. A pill of 1000mg of paracetamol in one
glass of water (200ml) results in CB~107%. This CB corresponds to the condition where the
electromagnetic field interacts fully with the paracetamol solution. However, for the waveguide,
we must consider that the guided light partially interacts with the chiral solution (as indicated
by Equation 5.2). We theoretically determined evanescent part of the guided modes of the
chirowaveguides and found that it is only 0.1% of the total field which means that it is very low
and needs to be optimized. However, we have also noticed that the waveguides are sensitive
to humidity since the ORMOSIL material is porous (as we will see in chapter 6 water diffuses
into the material pores). Thus, we assume that when the waveguides are used for sensing
applications the analyte will diffuse into the material. Considering 0.1% of the evanescent of
the guided modes and diffusion of the analyte into the material, we assume that 1% of the

paracetamol solution is sensed by the guided modes corresponding to ACB ~ 1078,
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5.4.2 Measurement parameters of the sensor

Change CB of the chirowaveguide will induce at first order a change in the two parameters y
and ¢:
99

_ _ O
A¢ = 5z ACB, Ay = SZoACB (5.3)

Inserting Equation 1.83 and 1.85 into Equation 5.3, we get:

cos? 2y
X= o ACB (5.4)
a¢_ L sin2y - ACB (5.5)
2r A

The Equation 5.5 can also be rewritten in terms of the optical rotation (OR):
A
2¢ =sin2x - AOR (5.6)

First, if we consider parameter Ay. Equation 5.4 states that the waveguides eigenmodes el-
lipticity change in the presence of additional chirality and the change y is the product of two

terms:

(i) (cos®*2x = S%) term vanishes for chiral material meaning this parameter can not be used
in the chirowaveguides. However, it is maximum for achiral (racemic) waveguides (S; = 1)
where a change in CB will induce the change in eigenmodes ellipticity x.

(ii) (%) is the angle measuring how far eigenmodes axis is from the equatorial plane in the
Poincaré sphere. Paracetamol sensing with CB=10"% and our LB=10"° ends up with an

angle of ~1072 which can not be reasonably detected.

Regarding the second parameter of the sensor that is A¢. Equation 5.5 states that the rel-
ative phase change (%) of an input SOP will result in a change in rotation angle about the
chirowaveguide eigenmodes axis in the Poincaré sphere. It shows that the sensitivity of our

elliptical birefringent waveguide to a chiral change is the product of three terms:

(i) (£) term corresponds to the accumulation of the phase change along the length of the
waveguide. This is a very important term for all interference-like measurements because
it allows for a huge amplification of the signals.

(i) (sin2x = S;) shows that chiral sensing requires an elliptical birefringent media. We
can note that this term is the normalized |S3| Stokes parameter of the two eigenmodes.
For circular polarized eigenmodes [S3| = 1 is maximum. The low LB chirowaveguides
presented in the previous section have y =32.5°=S; ~ 0.9 which is very close to the
maximum |S3| and therefore, they are very good candidates for chiral sensing. The achiral

(racemic) waveguides which have S3 = 0 are insensitive (at first order) to a CB change.
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(iii) (ACB) is the variation of the circular birefringence in the region of the guided modes’
field. It requires optimization of the guided modes field/material interaction in order to

get most of the field where the CB is changing.

This analysis shows that sensing chirality via a polarization change of the guided modes is well

adapted for circular birefringent waveguides (sin2y = 1) by measuring the A¢ because it is

amplified by phase change accumulation by the % term. Measuring the Ay seems much more
l

un-realistic because (i) there are no 4 amplification and (ii) the term 552 is very small even

for our low LB rib waveguides.
Chirowaveguide sensor

We first assume that the chirowaveguides behaves as pure chiral waveguides with circularly
polarized eigenmodes (i.e. 2y ~ 7). The plane of polarization of a linearly polarized input
light wave propagated in such chirowaveguides is rotated by an angle of ¢/2, as illustrated in
Figure 5.10.

When such chirowaveguides are used for sensing, the effect of chirality from the analyte
change the optical rotation as described by Equation 5.5 (expressed in CB) or Equation 5.6

(expressed in OR). Therefore, the chirality of the analyte can be measured simply as optical

Ag

rotation as indicated in Figure 5.10 as =°F.

In a simple case, if the chirowaveguide is lcm long, for the example of the paracetamol

Left(right) elliptitically,

polarized mode \

chiral molecules

A¢
y
¢
—_ —_ —
Input polarization state Output polarization state

Figure 5.10: Chirowaveguide evanescent sensor. In red (blue) the field profile of the
left(right)-handed elliptically polarized guided modes. While the guided modes acquire a phase
change during their propagation in the chirowaveguide, a change of the chirality in the over-
cladding induces an additional phase variation. The additional phase leads to a variation of the

output polarization angle.

128



Chapter 5. Elliptical birefringent chirowaveguides 5.5. Conclusion

(ACB=1 x 107% at A=633nm), the optical rotation coming from the chirality of the analyte is

AOR :§ .ACB-1
AOR ~0.03° (5.7)

This value of optical rotation is largely above the limit of detection of standard setups. We can
then reproduce the instrumental strategy developed for bulk chiral polarimeters: modulation
of the input polarization and Lock-in amplifier (leading to resolution of 0.0001° for commercial

apparatus) [107].

5.5 Conclusion

In this chapter, we have presented the main results obtained in this thesis. First, we have
shown the fabrication design rules to obtain channel waveguides with elliptically polarized
eigenmodes. In the design, depending on the chirality of the material (CB), we defined a
fabrication tolerance in the width of the waveguides. The numerical simulation model predicted
only the LBgpape, to compensate unpredicted sources of LB such as LBgyess, we fabricated

multiple waveguides of different widths on the same wafer.

Using imprint lithography method, we fabricated channel waveguides that showed to have
low propagation losses (< 3dB/cm). Polarization measurements showed that the waveguides
are elliptical birefringent. The eigenmode ellipticity was modulated by changing the width
of the waveguides from linearly polarized eigenmodes to quasi-circularly polarized eigenmodes
(0 < x <32.5°). Since the circular birefringence (CB) of the waveguides is constant and does not
depend on the waveguide geometry, we deduced from these results the experimentally measured
linear birefringence in the waveguides. By comparing the theoretically calculated and measured
linear birefringence, we were able to deduce the different sources of linear birefringence in the
waveguides and showed that LB in the channel waveguides is originated from three sources i) a
variable LBgpape that is defined by the opto-geometrical properties of the channels ii) a constant
LBstress coming from the residual stress of the waveguide layers which had magnitude of ~ 1074
and iii) a constant LB.45 that was a very low linear birefringence ~ 1075, The LB.45 being very

small was only measurable when the LBghape and LBgtess were eliminated in the waveguides.

Afterwards, we showed that the chirowaveguides with the lowest linear birefringence (i.e.
high x) can be used to propagate circularly polarized light in integrated photonic chips without
changing its polarization handedness. As these chirowaveguides had quasi-circularly polarized
eigenmodes they can be used for quasi-circular polarization application such a chiral sensing.
We have thus theoretically shown that such waveguides have the potential to be used in chiral

sensing applications.
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Chapter

Effect of humidity on sol-gel polymer waveguides

OLYMERS obtained by the sol-gel method have micro- or nanopores in their material struc-
P ture, i.e. spaces of varying size and quantity that remain in the gel network after the gels
have dried [108]. This makes these polymers sensitive to environmental conditions, such as the
presence of surrounding gases like water vapor (humidity). The sensitivity of sol-gel polymers
has attracted considerable attention in order to use them for sensing applications [109], or to
avoid their sensitivity by eliminating the pores [110]. In the field of optical waveguides, these
materials have become the main components of several integrated photonic humidity sensors,
such as optical interferometers [111], bragg gratings [112], grating coupler [113], micro-ring
resonators [32]. All these applications of these materials require a deep understanding of the

optical phenomena behind their sensitivity to humidity.

Here, we investigate the dynamic and static effect of humidity on sol-gel derived ORMOSIL
polymer chirowaveguides. The humidity variation can change the refractive index, linear bire-
fringence (LB) and circular birefringence (CB) of the chirowaveguides. The optical rotation
measured for normal incidence light on a thick layer of ORMOSIL is not changed by humidity
showing that the CB does not depend on humidity. However, humidity can change refractive
index and LB of the waveguides as water can diffuse into the pores of the material, resulting
in chemical and mechanical changes of the material. Different methods have been used for
the measurement of LB in optical waveguides including interferometric measurements [114],
magneto-optic conversion [115] or polarization beating recording [116]. These methods are
based on the measurement of the phase (¢) variation of the waveguide eigenmodes with the
modulo of 27 which only allows to obtain the relative variation of ¢. To obtain the absolute
value of ¢, we take advantage of our polarimetry setup which can measure not only the phase
variation but also the polarization state of the chirowaveguides eigenmodes. From the polar-
ization state of the eigenmodes, we measure the absolute value of ¢ (and thus of LB) in the
case where LB<CB.




Chapter 6. Effect of humidity on sol-gel polymer waveguides 6.1. Experimental

6.1 Experimental

Waveguide preparation

Thick layers (> 5um) of ORMOSIL are prepared by dip coating of ORMOSIL solutions on
silicon wafers, then they baked. These thick ORMOSIL layers are then used as buffer layers
to deposit on them guiding layers with a higher refractive index than the buffer one’s. The
refractive index of the deposited layers is adjusted by adding a given amount of pre-hydrolyzed
MTEOS into the ORMOSIL solution (see 2.4 for details). The thickness of the planar waveguide
layer used in this study is measured by M-line spectroscopy and found to be 2um=+0.1. The
refractive indices of the buffer (n,) and guide (n,) layers are 1.605+0.001 and 1.6184+0.001

respectively.

Channel waveguides are prepared by the same procedure as the planar ones with the excep-
tion that the guiding layers are patterned using imprint lithography. All the channel waveguides
analysed in this study are found to be rib channels with channel height A = 2.1 + 0.1um, rib
slab thickness = 0.2 £ 0.1um but different width w. The refractive indices of the buffer and
guiding layers of the channel waveguide samples are measured from planar waveguides made
with same materials composition and found to be n, =1.61£0.001 and n, =1.62540.001 re-
spectively. The refractive indices of the planar and channel waveguides are measured at room
temperature (from 20 to 27°C) and ambient relative humidity (35+5%).

Characterization setup

The waveguides are analyzed in a chamber, and the relative humidity (RH) is controlled by
flowing RH-controlled air through the chamber. To control the relative humidity in the 11-
75% range, a mechanical air pump and valves are used to control the flow of air bubbling
through a saturated salt (LiCl) and water solutions into the sample analysis chamber. The air
from the saturated LiCl solution has RH=114+5% while the air from the water solution has
RH=754+5%. The air mixture controlled by the mechanical valves is air with a RHe [11 £ 5 :
75+5%]. A commercial electronic humidity sensor (DHT11), placed next to the analyzed optical
waveguides, is then used to measure the RH values. We calibrated the humidity sensor from
the RH of air in equilibrium with different saturated salt solutions [117]. All measurements are
performed at room temperature (from 20 to 27°C), but it only changed within +2°C throughout

any experimental run.

Mach-Zehnder interferometer is used to measure the evolution of in-plane refractive index

(ntE), out-of-plane refractive index (nry) in planar waveguides as a function of humidity. The
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principle of the Mach-Zehnder interferometer measurement and the experimental setup are
explained in detail in 4.4. Linear birefringence (LB) of the planar and channel waveguides is
measured using a laser Stokes polarimetry setup which is explained in 4.3. To remind, the
state of polarization (SOP) of a 633nm laser light is controlled, and then it is guided into the
waveguides. At the output, the SOP of the collected light is measured. By comparing the SOP
of the laser light before and after its passage through the waveguides, the eigenmodes phase

(¢), SOP of the eigenmodes, and LB of the waveguides are determined.

6.2 Mach-Zender interferometer: ntg and nty versus

humidity for planar waveguides

M-line spectroscopy measurements performed on a thick film (> 5um) showed that the
ORMOSIL refractive index decreases before and after immersion in water. Relative variation
of ntg and nty of ORMOSIL planar chirowaveguides are then measured as a function of
relative humidity, using Mach-zehnder interferometer. Figure 6.1 shows the dynamic evolution
of ntg and nry in a planar chirowaveguide when the humidity is changed from dry (RH=11%)
to humid (RH=75%) air. It is seen that nrg and nty decrease with increasing background
humidity, indicating that the overall refractive index of the chirowaveguide decreases with
humidity. The change in both ntg and nry are reversible which means that the decrease in
background humidity increases nrg and nry. Figure 6.1 also shows that the variation of nrg

is higher than ny with the humidity variation. nrg varies by ~4.4x 1072 in ~7 minutes when
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Figure 6.1: Dynamic evolution of in-plane refractive index (nrg), out-of-plane refractive index
(nra ) versus humidity from dry air with (RH=11%) to humid air (RH=75%) and back cycle.
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the dry background of the planar chirowaveguide becomes humid. However, ny varies by only

~3.2x107? during the same period of time in the humid air.

In order to understand the origin of the effective refractive index (RI) variation, we compute
the variation of nrg and nry for a planar waveguide made of two ORMOSIL layers with variable
RI. We assume that with the increase of humidity water diffuses into the material pores and
induces a RI variation An of either (i) only the guiding layer or (ii) the guiding and buffer layers.
The results are plotted in Figure 6.2. They are almost similar for the two assumptions (i) and
(ii): nrg and nry depend linearly on An (Figure 6.2-a and b) and LB = ng — nry < 1073
(Figure 6.2-c and d). Therefore, the global effective refractive index (nrtg,nTy) variation can
be explained by the change of material refractive index of An ~ 5 x 1073, However, the LB
variation can not be attributed to the refractive index change of the layers since both nrg and
ny vary with the same ratio when the refractive index of the layers changes resulting in a LB

change lower than 6 x 107° as shown in Figure 6.2-c and d.
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Figure 6.2: Calculated nrg(An) — nrg(0), nta(An) — npar(0), and LB = ntg — ny < 1073

variation in a 2pum thick planar waveguide as a function material refractive index variation.

The variation of the refractive index of ORMOSIL layers can be due to the diffusion of
water into the pores of the ORMOSIL material, which changes its refractive index [111]. The
reason of which the refractive index decreases with humidity can be related to the presence of
~20% polyethylene glycol compound in the composition of the ORMOSIL material. Indeed,
polyethylene glycol is known to be very hydrophilic and its refractive index has been shown to
decrease with humidity [118].

The variation in LB cannot be attributed to the change in material RI. However, it has
already been shown that the change in background humidity modifies the mechanical properties
of sol-gel derived layers [119]. We believe that the mechanical stress present in the planar
layers is modified by the adsorption of water in the material pores, resulting in a change of the

measured LB.
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6.3 Static birefringence measurement

6.3.1 Measurement technique

To further understand the effect of humidity on the birefringence in planar and channel chi-
rowaveguides, we used Stokes polarimetry technique. From our elliptical birefringent descrip-
tion of chirowaveguides (see 1.5.1), a chirowaveguide is an elliptical birefringent system whose
birefringence is composed of the LB of the waveguides and the CB of the chiral material. The
LB and CB define the polarization ellipticity (x) of the chirowaveguide eigenmodes and the
magnitude of the phase variation between the two eigenmodes (¢) of the light as it propagates

through the waveguide, according to the following relationships:

B
tan 2y = E—B (1.83)

N e (159

where A\ and [ are free space wavelength and propagation length respectively. These two Equa-
tions allow us to determine birefringence variation in the chirowaveguides as a function of
humidity if we determine y and ¢ as a function of humidity. Since CB does not depend on

humidity, measurements of y and ¢ are indirect measures of LB in the waveguides.

We can determine x and ¢ accurately by coupling light with at least four different SOP into
the waveguides and measure the corresponding output SOPs. ¢ is the rotation angle between
input and output vectors in the Poincaré sphere. 2y is the inclination angle of the eigenmodes’
axis. Since the angle ¢ is measured modulo 27, the Equation 1.85 does not give the absolute
value of v/LB2 + CB2 because we do not know how many 27 must be added/subtracted to the
measured ¢. On the other hand, LB and y are related by tan 2y which does not suffer from
this problem (i.e. tan(2y + 2nm) = tan(2y)). Therefore, the measurement of LB is absolute
once Y is known. However, the measurement of x is only accurate for values of LB<CB where

x departs significantly from zero. Based on this, our measurement strategy is the following:

o For each humidity we measure ¢ and Y.

« For the highest ellipticity (2x ~ 7/2), we obtain an accurate (and absolute) value of LB:

LBpjn. This value gives the minimum ¢ = ¢,,;, < 2.
e The values of ¢ without the modulo 27 uncertainty are deduced from ¢,,;, step by step.

e LB is deduced from Equation 1.85.
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6.3.2 Planar waveguides LB measurement

Eigenmode polarization evolution

Eigenmodes of a planar waveguide as function of humidity are determined by coupling light
with four different SOP and measuring the corresponding output SOP. During the measure-
ments, for each input SOP, we waited (&~ 5 minutes) before measuring the output SOP to

ensure that equilibrium had been reached.

Figure 6.3 shows the evolution of the planar chirowaveguide eigenmode as a function of
humidity on the Poincaré sphere. The red arrows in the figure represent the slow eigenmode of
the chirowaveguide at the corresponding relative humidity (RH) value. The angle between the
vector representing the eigenmode and the sphere equator defines 2, where x is the polarization
ellipticity of the waveguide eigenmodes. For all measurements below RH<61%, the waveguide
slow eigenmode is located on the S; axis which is identical to the TE eigenmode. However,
from RH=61%, the vector representing the slow eigenmode moves away (2y increase) from the
S; axis, and it continues to increase until 2y becomes maximum at RHa65-66%. At this value
of RH, the eigenmodes of the waveguide are circularly polarized and the waveguide behaves as
a chiral bulk medium. After these RH values, the slow eigenmode vector approaches the S;

axis again, which means that 2y decreases™ and the eigenmode polarization becomes linear.

*Note that 2x angle is measured as the closest angle between SOP vector and the sphere equator.

Figure 6.3: Planar (—) enantiomer chirowavequide slow eigenmode evolution as a function of

humidity represented on Poincaré sphere.
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From Equation 1.83, the results shown in Figure 6.3 indicate that at RH<61% the LB of
waveguide is high compared to CB (LB>CB). By increasing humidity the LB decreases while
CB is constant. The fact that the maximum value of 2y is measured at RH~65-66% and
it decreases after this RH value indicates that the waveguide LB~0 around this RH, and it
changes its sign (nry become higher than ntg) before and after RH~65-66%. The direction
of the evolution of the slow eigenmode towards the South Pole of the sphere is defined by the
chirality of the waveguide: either the waveguide is (4)-enantiomer or (—)-enantiomer as we
will see in the following sections. However, the plane in which the eigenmode vector evolves
is defined by the LB of the waveguide. In Figure 6.3, the eigenmode vector evolution with
humidity is confined the S;=0 plane (red circle in the figure), which means that the main axis
of the LB present in the planar waveguide always remains on the S; axis, regardless of the

humidity:.
45° polarization evolution

To measure magnitude of LB in the long range of humidity 11%<RH<75% variation, we
launched linearly polarized light at +45° with respect to the plane of the waveguide surface
(r—axis) and measured the SOP of the output from the waveguide. Figure 6.4 shows the
Poincaré sphere representation of the output SOP (green arrows) in a planar chirowaveguide as

the background humidity varies for a S; = 1 input SOP (45° linear polarization- blue arrow).

At constant humidity (RH=11%), the chirowaveguide modifies the +45° SOP input into
a particular output SOP as indicated in Figure 6.4-a. From this measurement we can not
determine absolute value of ¢ since its value repeats itself with a 27 period depending on
length and birefringence of the waveguide. However, we can use the output SOP at RH=11%
as a reference SOP for subsequent measurements to determine relative phase change A¢ as a
function of humidity. From Figure 6.4-a, we can see that A¢ (and thereby SOP of the output
light) varies with RH. The variation of the output SOP corresponds to the variation of the LB

of the planar waveguide.

The output SOP variation, represented by the green arrows is a rotation in S;=0 plane
indicating that eigenmodes of the waveguide are TE/TM. After 5% change in relative humidity
(at RH=16), the SOP output almost completes a full rotation about the eigenmodes’ axis.
Therefore, in the next measurement of the output SOP, 27 is added to the measured A¢ that
defines the angle between the initial output polarization (SOP at RH=11) and the measured
output SOP, as shown in Figure 6.4-b. During the measurements, RH is varied with a small
step (~1%) to ensure that A¢ varies by less than 27 between two successive measurements.
The polarization variation in the range (18% to 22%) is also a rotation about the TE/TM axis

meaning the eigenmodes of the chirowaveguide still behave as TE/TM.

With the continuous increase in RH, after 8 rotations on the sphere (167), at the 9th rotation
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Figure 6.4: Poincaré representation of phase change for a linear polarization a +45° input as
a function of humidity. a) RH=11% to 16%. b) RH=18% to 22%. c¢) RH=64% to 68%. d)
RH=69% to 73%.

(187), a rotation of the SOP output out of the S;=0 plane is observed as shown in Figure 6.4-
c. This out of the S;=0 plane rotation is only observed for three values of RH (64-65-66%),
and with continued increase in RH, the SOP rotation returns to the S;=0 plane as shown in
Figure 6.4-d. The out of the S;=0 plane rotation can be explained by the following: at RH
around (64-65-66%) the LB is small enough that the CB becomes a dominant effect and rotates
the 45° input about the chiral eigenmodes (left and right-handed circular polarization). The
return of the output SOP to S;=0 after the further increase of RH, means that the waveguide
goes through zero LB behavior while the LB is positive (nrg > nrym) at RH<64%, at RH~64
(nrE &~ nry) and at RH>64% (nrg < nry). This means that the effect of humidity is a decrease

in nrg relative to nry, as it was observed from the eigenmode polarization measurements.
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LB versus RH in planar waveguides

From the measurements of A¢ versus RH, with the absolute value LB~ 2 x 1075 measured
at RH=66% from y = 39°, we obtain all the ¢ and LB versus RH. Figure 6.5 shows the variation
of LB as a function of RH from 11 to 75%. It can be seen that the LB decreases linearly with
RH over this range of measurements. Interestingly, it vanishes at RHA~65% meaning that at this
value, the planar waveguide behave as a chiral bulk medium. We have also represented in the
figure, the calculated LB for the planar waveguide considering that the material RI changes in
the range 5x1073. The RI change is deduced from the Mach-Zehnder results (see Figure 6.1).
As we have shown in Figure 6.2-c-d, the theoretically calculated LB is only function of the
waveguide geometry (shape) and it is constant over the whole range of humidity variation. We
can therefore write the measured LB as the sum of the shape linear birefringence (LBgpape), an
offset LB at RH=0% (LBgrno) and a humidity dependent LB —«a[RH]:

LB = LBshape + LBRHO — - RH(%) (61)

From the experimental results LBruo = 7.8 £0.05 x 107% and o = 1.2 £ 0.01 x 1075. At
RH=0%, the planar waveguide has LBgape+LBruo. LBrmuo can be attributed to residual stress
in the planar layers of the waveguide. Indeed, during evaporation of the sol-gel solution, tensile
stress (positive sign) arises at the layer interfaces parallel to the substrate [120]. In addition,
because the temperatures during deposition of the layers differ from those at which the films are
used, thermal stress is also often reported due to the difference in thermal expansion coefficient

between the waveguide layers and the silicon substrate [119].

A LB (measured)
—— linear fit

8 — b Theoretially calcuated LBghape if refractive index of the sample changes in 5x1073

-1.2+0.01 x 107> RH™!

LBx10~4

| Total variation of LB= 0.8x1073

_2 T T T T
0 10 20 30 40 50 60 70 80

Relative Humidity %

Figure 6.5: LB variation versus relative humidity for a planar ORMOSIL chirowaveguide.

138



Chapter 6. Effect of humidity on sol-gel polymer waveguides 6.3. Static effect

As the relative humidity increases, water diffuses into the films and adsorbs on the pore
walls, which causes the films to expand, resulting in a compressive stress in the waveguide
layer [121]. We have observed such humidity-induced compressive stress in bad quality layers
during our measurements. Figure 6.6 shows optical microscope images of the top surface of a
planar waveguide before and after being placed in a high humidity environment. It can be seen
that planar layers that have microcracks in their structure crack completely under the humidity

induced stress.

Figure 6.6: Optical microscope image of a planar ORMOSIL waveguides a) before and b) after
humidity effect.

Figure 6.5 can be explained as following: The increase in humidity creates a compressive
stress that creates a negative LB. At RH~50%, the humidity-induced compressive stress com-
pensates the residual tensile stress in the waveguide layer, which means that the waveguide
is stress-free and has only a LBgpape. For RH>50%, the humidity-induced compressive stress
begins to compensate LBghape, at RH~65% the waveguide becomes a zero birefringence waveg-
uide. The continued increase in humidity after RH~65% introduces LB again but with a (-)

sign meaning that nry is higher than nrg.
Finally, the LB of the studied planar layers can be assigned to three sources:

(i) A constant LBgpape coming from finite planar shape of the waveguide that does not vary
with humidity.
(i) A constant tensile stress (LBruo = 7.8 & 0.05 x 107%), coming from the tensile stress
induced during deposition of the planar waveguide.
(iii) A variable compressive stress coming from the humidity diffusion into the material pro-

portional to the humidity.

These results demonstrate the relevance of using chirowaveguides in the measurement of
LB. Indeed, it allowed us to obtain absolute value of LB present in the planar waveguide and

quantify the different sources of LB arising in the waveguide.
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6.3.3 Humidity effect on channel waveguides

In this section, we present the results of polarization measurements obtained on the effect of
humidity on three channel waveguides with the same geometry but consisting of material with
positive chirality (CB=+1 x 107°), negative chirality (CB=—1 x 107°), and racemic (CB=0).
The channel waveguides are rib waveguides with the following dimensions: width w = 2.4 +
0.1pm, height=2.140.1pm, and slab thickness d = 0.2 £+ 0.1um.

Eigenmode evolution: Figure 6.7-a shows the evolution of the slow eigenmode as a function
of humidity for an (-)-enantiomer channel waveguide plotted on a Poincaré sphere. For mea-
surements made at RH<35%, the waveguide eigenmode is located on TE axis, which means that
the waveguide behaves as a standard linear birefringent waveguide. Similar to what we observed
in planar waveguides, we also see that the polarization ellipticity y of the waveguide eigenmode
increases with humidity. From RH=40%, the eigenmode of the channel chirowaveguide are
no longer linear but elliptically polarized. The increase in the ellipticity of the eigenmode is
continuous with humidity until it becomes maximum around RH=44%. Further increase in
humidity leads to a decrease in the ellipticity of the eigenmode until humidity values RH>55%
where the eigenmode become linear again but this time the slow eigenmode behaves like TM.
As we discussed for the planar chirowaveguide, this behavior of the eigenmode with humidity
is an indication of the decrease in LB, so that around the humidity value RH~44%, the LB of

the waveguide changes sign, meaning that nty becomes larger than nry.

For the (+)-enantiomer waveguide, the polarization ellipticity of the eigenmode also in-
creases with humidity but in the opposite direction (i.e. towards the North Pole of the Poincaré
sphere), as shown in Figure 6.7-b. This means that the eigenmode changes the polarization
ellipticity from TE to a left-handed circular polarization, while for the (-)-enantiomer, it is
from TE to a right-handed circular polarization. This is expected for two enantiomers because

the effects of two enantiomers on the polarization of light are opposite.

The evolution of the two-enantiomer waveguides eigenmodes as a function of humidity
does not resemble to the planar waveguide where humidity only changed the ellipticity of the
eigenmode (x); in the channel waveguides, as shown in Figures 6.7-a and 6.7-b, both the x
and azimuth (1) of the eigenmode change with the humidity. This unexpected evolution of the
eigenmodes’ azimuth cannot be attributed to the chirality of the materials, as it is also observed
in the racemic waveguides, as shown in Figures 6.7-c. In the racemic waveguide, the humidity
does not change the ellipticity since CB=0, the red arrows representing the slow eigenmode are
always located on the equator of the Poincaré sphere attesting that they are linearly polarized
no matter what humidity is. However, similar to the chiral waveguides, with the increase of

humidity, the slow eigenmodes azimuth 1 of the racemic waveguide increases continuously.
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RH<35%

RH=40%

RH>50%

RH=46%,

6.3. Static effect

Figure 6.7: Channel chirowaveguides eigenmode evolution as a function of humidity plotted

on Poincaré sphere. a) (-)-enantiomer , b) (+)-enantiomer, and c) (+-)-racemic waveguide.

With the exception of chirality, the other waveguides properties are similar with w= 2.4u=+0.1m,

h= 21+ 0.1m, ng=1.618, nb=1.605.
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45° oriented linear birefringence: The evolution of the eigenmodes can not be explained by
only a coupling between chirality and TE/TM oriented LB. Indeed, in this case the eigenmodes
only change x, and in Poincaré sphere the change corresponds to movement of the eigenmode
vector in So=0 plane. The movement out of So=0 plane comes from an additional LB oriented
along the S2 = +1 axis. It is clearly exemplified with the racemic(achiral) case where the
eigenmodes gradually rotate in the equatorial plane from the S1 = +1 to the S2 = +1 axis.
In this case, without chirality, we can also apply the coupling mode theory with the coupling

matrix
LB,, LBiss

(6.2)
LBiss —LB,,

where LB, (145 is the linear birefringence along the xy or £45 axis. This coupling results in a

new linear birefringence (LB’) having main axis that is oriented at an angle v

LB
LB =2,/LB2 +LB3,;, tan2y = LBﬂ” (6.3)

Xy

The evolution of the eigenmode azimuth resulting of the coupling of the two birefringences is
plotted in Fig. 6.8 versus the ratio LB,45/LB,,. The principal axis orientation moves progres-
sively from 0 for LB,, >LB.45 to 45° for LB,, <LB.45. 40° is obtained for LB445 = 6 xXLB,,.
For the chirowaveguides shown in Figure 6.9-a and b, the evolution is thus a combination of
two rotations on the Poincaré sphere: i) the first one coming from the coupling of CB and LB
as expected by Equation 1.83 and ii) the second, coming from the coupling of LB,, and LB, 45

according to Equation 6.3.

45
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o 25f
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Figure 6.8: Calculated LB azimuth for a system mizing LB oriented at 0 and 45°.

LB versus RH in channel: As for the planar waveguides, we measured the eigenmodes and
the rotation angle ¢ for different humidity. Again the absolute value of ¢ is deduced fom the
humidity where the eigenmodes are close to the North/South Pole. Then, from this value the
phase retardation for humidity variation are recalculated. Finally, LB is deduced from ¢(RH).

The LB that we describe here, is the combination of the two LB, one with principal axes at
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x =0, the other at x =45° (LB,, and LB4,5). Figure 6.9-a and b show the variation of the LB
and the LB azimuth as a function of humidity for three samples of different chirality. It can be
seen that at low measured LB values, the azimuth v is ~45°. It means that a low LB that is
oriented at +45° is present in the channels. This LB can only be observed when LB,, <LB445.
We have calculated the magnitude of the additional linear birefringence for the three waveguides
and found that LBiss ~ 1 x 1075 As we discussed in the chapter 5, the presence of LB.s

can be attributed to the small departure from the ideal rectangular symmetrical shape of the
channels [106].
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Figure 6.9: Channel waveguides a) LB variation and b) Figenmodes polarization azimuth vari-
ation as a function of humidity for three waveguides with different chirality (- enantiomer, +
enantiomer, and +/- racemic). Channels size w =24+0.1,h=21+1,1=0.2+0.1um.

Similar to planar waveguides, in the channel waveguides, as shown in Figure 6.9-a, LB

decreases linearly when humidity increases. Again, we can write
LB = LBshape —+ LBRHO — (XRH(%) (64)

We have shown that for the planar waveguide, the calculated LBgpape varies less than 1 x 107°
for a material RI change of 5 x 1073. Therefore, the RH dependent variation («¢RH) can be
attributed to humidity induced stress. The tensile stress LBryo and the humidity dependent
compressive stress factor « for the channel waveguides are listed in Table 6.1. LBgrpe and
« are both approximately one order of magnitude lower in rib channels compared to planar
waveguide. This shows that stress is released in the channel compare to non-structured planar

layers as already reported [122]. Moreover, during the fabrication of the channel waveguides,
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Table 6.1: Humidity LB parameters for channel waveguides of different chirality.

channel type | LBghape(x1075) | LBruo (x107°) | a(x1079)
- -17 11+0.4 —2.4+0.1

+ -17 7.7+04 —2+0.1

+/- 17 9.2:40.4 —2+0.1

we did not observe any crack formation, whereas in the planar waveguides, cracks were always

present. This also verifies the reduction of stress effects in micro-structured waveguides. Indeed,

cracks in a waveguide layer are an indication of residual stresses.
Humidity effect on different size channel waveguides

We also studied the effect of humidity on ORMOSIL channel waveguides of different sizes
on the same sample. Figure 6.10-a shows LB and eigenmodes azimuth variation with humidity
for four different width w channel waveguides on the same sample having same channel height
h = 214 0.1gm and rib thickness d = 0.2 £ 0.1ym. It can be seen that the three width
3.3,3 and 2.4um present the same RH behavior that is a linear variation of LB and an azimuth
increase when LB~ 0. The fit parameters of the linear dependence (Equation 6.4) are listed in
Table 6.2. The residual tensile stress at RH=0 (LBgrpyo), is at least three times lower than the

one measured on planar waveguide. However, LBryo increases with the rib width indicating a
reduction in the residual stress with thinner structures.
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Figure 6.10: Channel wavequides a) LB variation and b) Eigenmodes polarization azimuth

variation as a function of humidity for four waveguides with different width w but same height
h=2.1%0.1um, and rib thickness d = 0.2 = 0.1um.
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Table 6.2: Channel waveguide of different width.

channel width w[pm] | LBghape(x1075) | LBruo(x107°) | a [RH™](x1079)
3.3 +0.8 241+0.4 -3.1 £0.1
3 -3.1 21.5+0.4 -3.2 £0.1
2.7 -8.9 17.5+0.4 -3.2 £0.1
2.4 -17 114+0.4 -2.4 £0.1

For the channel waveguide with width w = 2.7um, unexpectedly, the waveguide has a
very low LB at RH=19%, and it increases with humidity up to RH=36% with a ratio of
(a ~ 3.1 x 107°RH™ ). After RH=36%, LB starts to decrease with the same a value. This
unexpected behaviour is seen for four channel waveguides with width w = 2.7um meaning this
is not an artifact. To date, we have no explanation for this humidity-dependent behavior of

some channel waveguides.

6.4 Dynamic birefringence measurement

Although the Mach-Zehnder measurements gave us a general idea of the dynamic effect
of humidity on ORMOSIL waveguides, the measurements could only be performed on planar
waveguides. To measure the dynamic effect of humidity on the channel waveguides, we used our

Stokes polarimetry which has the ability to measure SOP of light instantaneously (see 4.3.7).
The dynamic effect of humidity on the ORMOSIL channel waveguides is characterized by

launching left-handed circular polarization (LHCP) into the channels and measuring SOP of
the output light. Figure 6.11-a shows the evolution of the output light SOP as the sample
background humidity changes from dry air (RH=11%) to humid air (RH=75%) and then the
cycle is reversed (from humid to dry air) for a channel waveguide of w = 4.2 + 0.1um. When
RH=11%, the channel waveguide modifies the LHCP input into a particular output SOP. With
the change of humidity, the output SOP modifies continuously as a result of change in LB in
the waveguide. The evolution of the output SOP with humidity is confined in S; = 0 plane, it
means that the output SOP trajectory is a circular rotation about the S; = £1 axis indicating
that the waveguide eigenmodes are always TE/TM whatever the humidity. In other words,
humidity changes LB of the waveguide but for the tested humidity range the eigenmodes stay
TE/TM because of the high intrinsic LB of the waveguide. In each cycle of increasing and
decreasing humidity, the output SOP rotates twice about the TE/TM axis but always remains
in the S; = 0 plane.

The dynamic effect of humidity on channel waveguides which havel low intrinsic LB is much
complicated as shown in Figure 6.11-b for a 2.740.1um width channel waveguide. The fact

that the trajectory is not confined to a single plane shows that the output SOP comes from a
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Figure 6.11: Poincaré sphere representation of the dynamic phase change for a left-hand cir-
cularly polarized input in an ORMOSIL channel waveguide as a function of humidity, from
dry air (RH=11%) to humid air (RH=75%) and vice versa. Channel size properties are
h =21+0.1um, rib slab thickness = 0.2+£0.1um, and a) w = 4.2+0.1um. b) w = 2.7£0.1um.

double movement: rotation about the eigenmodes axis and evolution of the eigenmodes’ axis
with humidity. Therefore, the effect of humidity on the LB leads to a modification of both the
phase difference and the waveguide eigenmodes location in the Poincaré sphere as measured
in the statics experiments. In addition, we can see that the trajectory when the background
air changes from dry to humid is not the same as when the humid air changes to dry. The
difference in trajectories is an indication of hysteresis in the waveguide which can be related to

the difference in diffusion of water into and out of the waveguides.

From the results, we extracted the magnitude of LB variation (ALB) as a function of
humidity. We assumed that the movement of the output SOP is mainly coming from the ¢
variation which is not completely exact for the double axis+¢ movement in the case of the
small channel width. Results are shown in Figure 6.12 together with the dynamic response of
the DHT11 humidity sensor. We can see that the LB in both channel waveguides changes and
becomes stable as fast as the DHT11 humidity sensor. As we have seen in the Poincaré sphere

representation, the effect of humidity on the channel waveguides is reversible.

The results presented in this section are preliminary results and work is ongoing to under-
stand them. What we have deduced from these results so far, is that the effect of humidity on

waveguides is very complicated.
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Figure 6.12: Dynamic evolution of channel chirowavequides LB as a function of humidity from

dry air with (RH=11%) to humid air (RH=75%) and back cycle.

6.5 Conclusion

In this chapter, we have discussed in detail the humidity effect on planar and channel
ORMOSIL waveguides.

The effect of humidity in planar waveguides was studied using the Mach-Zehnder interferom-
eter and polarimetry measurements. Using the Mach-Zehnder interferometer, we observed that
in a planar layer waveguide, the overall effective refractive indices ntg and nry of the waveg-
uides decreases by ~ —5 x 1072 if the relative humidity changes from RH=11% to RH=75%
at a temperature of 244+4°C. The theoretical calculation has shown that this variation can be
attributed to material refractive index change about —5 x 1072 between dry and wet environ-
ment. This change corresponds to water diffusion into the ORMOSIL which is known to be a
porous material. The use of PEG which is very hydrophilic can also increase the affinity of our

material with water [118].
LB (nTg — nrMm) evolution versus the humidity put into evidence four sources of LB:

1. The shape birefringence, independent of the humidity.

2. A tensile birefringence LBgryo induced during waveguide fabrication (sol-gel film contrac-
tion and substrate/ORMOSIL thermal expansion coefficient differences), independent of
the humidity, its eigenmodes axis oriented as TE/TM axis. This birefringence is lower for
the channel (LBgrgo~ 2 x 107*) compared to the planar waveguides (LBgrgo~ 8 x 107%).

3. A compressive birefringence, increasing with the humidity coming from the material
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swelling. Its eigenmodes axis oriented as TE/TM axis but its magnitude is opposite
to the tensile birefringence. This birefringence is also much smaller for the channels.

4. A very small birefringence (~ 1 x 107°%) in which its eigenmodes axis oriented at 4-45°
with respect to the TE/TM axis. It was only observed in rib waveguides when the shape,
tensile and compressive birefringences compensate each others. This LB comes from a

deviation of the shape from the ideal rectangular symmetric shape of the channels.

In the last section of the chapter, we have presented some preliminary results on the dynamic
effect of humidity on channel waveguides. We have observed complicate trajectories of the
output SOP in the Poincaré sphere. From the results we could deduce that the humidity effect

response time on the channel is in seconds which is as fast DHT11 electronic humidity sensor.
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General Conclusion and Perspectives

Summary and accomplishments

IN this manuscript, we reported on the realization of integrated photonic waveguides hav-
ing eigenmodes polarization other than the well known TE/TM polarization modes. The
work consisted of theoretical study, design, fabrication and optical characterization of channel

chirowaveguides.

The theoretical study of light propagation in optical waveguides was the first step of this
work. We used the intuitive coupling mode theory to describe light polarization properties
in chirowaveguides. The coupled mode theory enabled us to describe chirowaveguides by a
simple coupling matrix from which we deduced the equation for the polarization ellipticity of
the chirowaveguides eigenmodes. The results of the coupled mode theory have shown that chi-
rowaveguides are not linear or circular birefringent systems, but elliptical birefringent systems
with elliptically polarized eigenmodes whose ellipticity is proportional to the ratio between
the circular and linear birefringence (CB/LB). Based on this description of chirowaveguides,
for a given CB (~ 1 x 107°) related to the chiral material, we used numerical simulations to
design channel waveguides with LB<CB to obtain chirowaveguides with elliptically polarized
eigenmodes. The numerical simulations showed that rib, ridge, and diffuse channel chirowaveg-
uides can be fabricated with polarization eigenmodes varying from linear to quasi-circular, by
varying the opto-geometrical parameters of the waveguides, such as channel width, height, and
refractive index. A small refractive index difference between the guiding layer and the buffer
layer has proven to be a very important parameter for obtaining low LB channel waveguides

with a better fabrication tolerance.

In the fabrication part of this work, two previously developed chiral materials were used
to fabricate channel waveguides. The two chiral materials were pure chiral organic films de-
posited by the pulsed laser deposition (PLD) technique and organically modified silica films
(ORMOSIL) prepared by the sol-gel method and deposited by dip coating. Then, for the
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fabrication of waveguides from these materials, we examined three different microfabrication
methods, one for the pure chiral organic material and two methods for the ORMOSIL mate-
rial. By fabricating SU-8 photoresist micropatterns on silicon wafers and depositing the PLD
material on the patterns, we were able to fabricate channel waveguides made of a pure chiral
material. However, the difficulties of cleavage in order to couple light into the waveguides as
well as the degradation of the quality of the material with time prevented us to study the PLD

waveguides.

For the ORMOSIL material, we investigated two lithography methods to fabricate the
channels; reactive ion etching (RIE) and imprint lithography. The RIE method did not give
us good results in terms of channel waveguides fabrication because of two limitations: i) the
fabricated waveguides were rough, and ii) the majority of the ORMOSIL layers were cracking
during the process. However, PDMS-based imprint lithography allowed us to fabricate high-
quality rib channel waveguides. By fabricating silicon master molds with designed topological
patterns, then replicating the PDMS molds and imprinting them on ORMOSIL gel layers, we
were able to fabricate channel waveguides of different geometries. Our research on different
microfabrication methods for waveguide fabrication resulted in a simple, fast, and cost-effective
method that is the result of the synergistic combination of sol-gel process and PDMS-based
imprint lithography.

In the optical characterization part, we first developed an optical setup to characterize the
optical quality (guiding and optical losses) of the chirowaveguides. For this, we have developed
an end-fire coupler for coupling and collecting light that allows light to be guided in any
waveguide structure if the waveguides have flat, clean facets. Using the end-fire coupler, we
were able to identify the shape, size, and order of modes in optical waveguides by comparing the
intensity distribution of experimentally measured with theoretically calculated guided modes.
Our method of waveguide loss measurement was based on the measurement of the intensity of
the light scattered by the waveguide surface. It could only be used if the source of the scattered

light in the waveguides is homogeneous and also with the limit of detection of 1 dB/cm.

To measure the polarization properties of optical waveguides, we have developed laser Stokes
polarimetry setups. The polarization preparation part of the polarimeter can be used to obtain
light with any polarization state from an unknown polarization state with an accuracy of
+0.02° in controlling the phase of the input light beam. For the polarization measurement, we
developed two optical systems. The first one was composed of a rotating quarter-wave plate,
a linear polarizer and a CCD camera which can be used to measure the Stokes parameters
with an accuracy of +3% in 1 minute and also to identify the polarization mapping of a
light beam. The second polarization measurement consisted of non-polarizing beam splitters,

Wollaston polarizing beam splitters, and photodetectors that can be used to instantly measure
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the normalized Stokes parameters with £6% accuracy. Using the laser Stokes polarimeter, we
were able to measure phase retardation and eigenmodes axis of the birefringent systems with an
accuracy of +1%. We have also developed a Mach-Zehnder interferometer that could be used
to measure the in-plane and out-of-plane refractive index variation in planar optical waveguides

with a detection limit of ~ 5 x 107.

Our research efforts to theoretically study chirowaveguides, experimentally find adapted
channel fabrication method, and build characterization setups have resulted in the achievement
of chirowaveguides with elliptically polarized eigenmodes, including waveguides with conven-
tional TE/TM eigenmodes to quasi-circular polarized eigenmodes. These waveguides were
obtained by using sol-gel process and the imprint technique to make channel chirowaveguides
with different sizes and consequently modulate ellipticity of the eigenmodes from linear to
quasi-circular. We have theoretically shown that the chirowaveguides can be used for chiral
sensing by measuring optical rotation induced by a chiral solution in contact with surface of

the waveguides.

As the sol-gel derived ORMOSIL waveguides that we fabricated were sensitive to ambient
humidity, we studied the dynamic and static effects of humidity on the waveguides. Taking ad-
vantage of our experimental characterization facilities (Mach-Zehnder interferometer and laser
polarimetry), we were able to accurately measure the effect of humidity on the refractive indices
and polarization properties of the waveguides. By studying planar and channel waveguides, we
have quantified different sources of birefringence in these two types of waveguides. The sources
of LB in planar waveguides are identified to be i) a constant shape linear birefringence ii) a
constant tensile residual stress induced during deposition of the waveguide layers iii) a humidity
dependent compressive stress induced by adsorption of water molecules into material pores. In
the channel waveguides, in addition to these three sources, a constant low LB ~ 1 x 107¢ was
measured that was shown to have eigenmodes with principal axis located at £45° relative to
TE/TM axis.

Future perspectives

In the scope of the thesis, various research questions and ideas were raised but not addressed

due to time constraints. Three future works are briefly described hereafter.

6.5.1 Chiral sensing using chirowaveguides

In chapter 5, we have theoretically shown that the channel chirowaveguides developed dur-
ing this thesis have the potential to be used for chiral sensing. Therefore, the closest future

perspective is to use the waveguide in an experimental study to detect chiral molecules in
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solutions.

As the polarization behaviour of the channel chirowaveguides with quasi-circular eigenmodes
is similar to bulk chiral medium, when a linearly polarized light propagates in the waveguides
it undergoes an optical rotation (OR) that depends on the light wavelength (), waveguide
propagation length (1), and circular birefringence (CB) of the waveguide

OR:;z.CB (6.5)

where CB is defined by the interaction of the guided light and chirality of the waveguide.

In Figure 6.13, we schematized the experimental setup for using the chirowaveguides for
sensing chiral solutions. It consists in bringing the chirowaveguides in contact with the chiral
solutions to be sensed. As it is shown in the figure the waveguides are prepared by fixing four
thin glass slides to the four sides of the waveguides samples such that the ensemble can be used
as a solution container. The thin glass slides are connected to the input and output faces of the
waveguides to avoid noise signal that can come from interaction of light with the chiral solution
outside the waveguide. When the solution is added to the sample, as the small evanescent
tail of the guided mode field is outside the waveguide, it interacts with the chiral solution and
induces additional AOR to output light as indicated in the figure. It is therefore sufficient to
develop an instrumental strategy to extract the AOR coming from the chirality of the solution

from the OR induced by the chirality of the waveguide.

Left(right) elliptiticall
polarized mode chiral solution

* 3@

Figure 6.13: Optical experimental to use chirowavequide for chiral sensing.
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One limitation of the waveguides we developed in this study is that the evanescent part of
guided light is found to be only 0.1%. However, it is possible for chiral molecules of the solution
to diffuse into the material pores to enhance the AOR signal. In the case if AOR signal is very

small and can not be measured, two solutions can be performed to enhance the signal

(i) Design of optical waveguides having high evanescent field using numerical simulations.

(ii) Design of spiral channel waveguides to obtain long propagation length.

6.5.2 Controlling LB of the waveguides by thermo-optics effects

In chapter 6, we have shown that the LB of the waveguides can be controlled by controlling back-
ground humidity. However, humidity is not an efficient parameter to control for experimental
applications. Furthermore, if the waveguides are used for sensing application in water (or any
solution) then the humidity parameter can not be used anymore. Another method to control
LB in polymer layers on silicon substrates is using thermo-optics effects [123]. In Figure 6.14,
we have schematized the experimental setup for LB control by thermo-optics effects. It consists
of fixing the waveguides on a thermal heater panel from which temperature of the waveguides
can be controlled. As the waveguides are made of ORMOSIL layers on silicon substrate and
the thermal expansion coefficients of these two materials are different, a temperature-dependent
stress will be induced if the waveguides are heated, i.e. thermal stress. Therefore, the thermal
stress induced LB can be used to compensated intrinsic linear birefringence of the waveguides

and obtain very low LB waveguides.

Thermo-optics effect study is already used to control LB in benzocyclobutene polymer
channel waveguides and showed to be efficient to obtain low LB channel waveguides by changing
the temperature of the waveguides between 20-90°C [122, 124].

Silicon substrate .

eating panel

Figure 6.14: Experimental setup to control LB in the chirowaveguides by thermo-optics effects.
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6.5.3 Buried channel waveguides TE-TM mode convertors

Although the main objective of this thesis was to realize chirowaveguides with circularly polar-
ized eigenmodes for sensing applications, the chirowaveguides can be used for other applications.
One important application is using the chirowaveguides as polarization mode converters such
as TE-TM mode converters. Muto et al. have experimentally demonstrated that TE-TM mode
converters can be obtained by using planar chirowaveguides made of chiral polymers [29]. The
working principle of a chirowaveguide TE-TM mode converter is simple, it is based on optical
rotation of chiral materials. In other words, if the chirowaveguides with circularly polarized
eigenmodes are obtained they can be used to rotate plane of polarization of TE mode by 90° and

obtain TM mode or vise versa.

As TE/TM mode converters does not need cover free waveguides, the chirowaveguides can
be buried by simply depositing an ORMOSIL layer with same refractive as the buffer that is
smaller than the guiding refractive index. For TE/TM mode converters, such buried waveguides

have two advantages over our current chirowaveguides:

(i) Since the waveguides are covered with a layer, the TE/TM mode converter devices made
of this buried waveguides are more robust and protected from undesired surrounding

condition effect such as humidity effect.

(ii) Numerical simulation results show that the fabrication tolerance in controlling size of
waveguides is much better for buried waveguides compared to waveguides that have air
as cover layer. Figure 6.15 shows the change of LB in buried and air cover rib waveguides
as a function of rib waveguides width w if the remaining opto-geometric parameters are
similar and constant (i.e. rib height h = 2.1um, rib slab thickness d = 0.2um, n.=1,
ny=1.625, and n,=1.61). It is seen that tolerance in waveguides width (Aw) to fabricate
a rib waveguide with LB< 1 x 107° is Aw ~ 150nm for air cover waveguides while it
highly increase to Aw ~ 980nm in the buried waveguide. Such high fabrication tolerance
is due to the fact that the electromagnetic structure is more symmetric in the buried

waveguide.
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Figure 6.15: Computed shape birefringence LBspape (NTEO0-MTMO0) fOr buried and air cover rib

waveguides as function of w but constant d = 0.2 pm h=2.1 pm, n.=1, ng=1.625, and ny=1.61.
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Appendix

After using the setup to measure a known SOP of a beam, we found that the setup is not
measuring the exact value of Stokes parameters. In an ideal case, the non polarizing beam
splitters (NBS-1 and NBS-2) should not affect the state of polarization (SOP)of the light neither
in the transmission nor in reflection. We found the effect of each beam splitters (non-polarizing
and polarizing) by measuring the SOP before and after (transmission or reflection) and from
that we calculated Mueller matrices related to each beam splitter. The input polarized beam
(S0,51,52, and S3) interacts with each beam splitter and the output beam is characterized by
a new set of Stokes parameters Sj, S}, S5, S5. The linear relationship between input Stokes

parameters and output Stokes parameters gives rise to a 4x4 matrix that is called Mueller

matrix [39]:
So Moo ™Mo1 Moz Mo3| |So
S% _ |0 Man Mg Mag S (A1)
S5 Moy Mo Moy Mag| |S2
Sy mzo M3 Mza Maz| |S3
The Mueller matrix for the double transmitted light beam (M1) is give by:
A 1. 0.043  0.021 0.007| |So
Sl 1002 0975 —0.02 0.004| |S; (A2)
S —0.01 0.034 0945 0.305| |S2 .
S 0.011 —-0.015 —0.3 0.958| |53
The Mueller matrix for the transmitted then reflected light beam (M2) is give by:
Sh 1. 0.116 —0.012 0.003 | [So
Syl 10091 0972 0.07 0.013 | |5, (A.3)
Sy 0.017 0.056 —0.963 0.028 | |5, '

A —0.005 0.012 0.016 —0.988| |S3
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The Mueller matrix for the first reflected light beam (M3) is give by:

S5 1. —0.058 —0.018 0.005 | |.So
Si _ —-0.079 0977  0.069 —0.01]| |5 (A4)
S 0.012  0.057 —0.89 0.4 S
S 0. 0.014 0404 —0.907| |55

A.1 Measurement of Muller matrix of an optical ele-

ment

Because Mueller matrix elements are practically measurable quantities, they can be prac-
tically determined from known polarization states of light. We can quantitatively determine
the Mueller matrix of a medium by measuring the Stokes parameters of an input light and the
corresponding Stokes parameters of the output. Here we use the six basic states of polarization
of Stokes parameters (<>, 1, /,"\, O, and ) as input polarization states which will simplify

the calculations

Soutput =M - Sinput

myp My maz magl| |1 my1 + Mi2
. Mgy Moy Mag Moyl |1 Mo + Mao
for input <« Soutput = =
ms; Mgz Mms3 maq| |0 mas1 + M3
My Mag Mug Mag| |0 M4y + My (A.5)
mip mag miz maal| | 1 mMip — M2
. Ma1 Moz M2z Mog -1 Mao1 — Ma2
for input J: Soutput = =
m31 M3z M33 M34 0 m31 — T3z
_m41 Myo  1N4y3 m44_ i 0 myy — Myg
myr miz Mg magl| |1 my1 + M3
. Mg1 Moy Mag Moyl |0 Moy + Ma3
for input Soutput = =
ms; Mgz M3z Mag| |1 msy + Mas
M1 Mag Mgz Myg| |0 My + M3
- Tr (A.6)
mi; Miyz2 M1z Mig 1 mip — Mas
. Ma1 Mgz 123 Mag 0 Ma1 — a3
for input N\ Soutput = =
ms3i M3y M3z M| |—1 ms31 — Mms3s3
_m41 Myo 1143 m44_ i 0 My — Mys
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for input O:

for input O:

S output —

S output —

myy

My2

mi3
mas3
ma33

my3

mis3
ma3
ms3s

M43

mig
Moy
ma3q

Myyg

mig
Moy
msyq

v

o o ~

mi1 + My
Mao1 + Moy
mg1 + M3y

My1 + Myy

1 mi1 — Mig
0 mo1 — Moy
0 mMs3p — M34

-1 My — Mg

By measuring the output light and using equation A.5, we can calculate the first and sec-

ond columns. The third and fourth columns can be calculated from equations A.6 and A.7

respectively.
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