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Abstract

Bloch surface waves (BSWs) are surface electromagnetic modes that propagate at the interface
between a multilayer substrate and a homogeneous external medium. The optical field of the
surface mode is confined near the surface of the multilayer. This vertical confinement as well as
the low absorption inherent to the dielectric materials make the BSWs an interesting candidate for
the development of 2D optical systems and sensors. Such a periodic multilayer structure is
introduced as a platform on which many optical functions can therefore be created.

In this thesis, two-dimensional optical components based on the Bloch wave platform are
studied, in particular: a disk resonator, a Bessel-like beam generator and a waveguide grating as a
Bragg mirror engraved in a waveguide. The optical properties of the components such as the
resonance inside the disc, the "quasi non-diffracting” behavior and the reflection properties are
presented. The 2D optical components are designed from a commercial FDTD program (CST
Microwave studio). They are then characterized by a near-field scanning microscope with multi-
heterodyne detection (MH-SNOM). Thanks to the MH-SNOM, it is possible to map the field
distribution locally at the surface of the structures with a resolution lower than the wavelength.
Simultaneous measurement of amplitude and phase allows a detailed reconstruction of the complex
amplitude of the electric field.

In a first part, the influence of a device layer of material with a high refractive index (TiO.) is
studied. The impact of the thickness of the TiO2 layer on the propagation properties of the BSWs
is presented. It is demonstrated that by adapting the thickness of the device layer, the BSW
dispersion curve position can be moved within the photonic band gap and consequently the BSW
mode propagation properties can be adapted. The propagation properties of the BSWs include, for
example, the propagation length and the effective refractive index. Thanks to the low losses and
the design of our multilayer platform, propagation lengths in the range of millimeter are obtained.

In a second part, 2D optical components fabricated in a 60 nm (4/25) device layer of TiO: are
presented, and initially, disk resonators. The latter are key elements in integrated optics systems.
For a disk with a radius of 100 um, an experimental quality factor of the order of 10° is obtained.
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Abstract

A 2D Bessel-like beam generator is also studied. An isosceles triangle is used to generate such
a beams. The main expected property of Bessel-type beams is their "quasi non-diffracting" nature.
The optical properties of non-diffracting beams are measured in the near-field for different
base/height ratios of the isosceles triangle. It is demonstrated that the beam propagates without

significant spreading for considerable propagation distance, approximately 50 um.

Finally, the gratings engraved in a waveguide are studied. It is demonstrated that they perform
as a Bragg mirror at wavelength, A=1550 nm. Thanks to the MH-SNOM, the interference fringes
between the incident wave and the reflected wave are measured. The experimental reflectivity is
obtained from the contrast of the interference fringes. The presented waveguide grating can be used

as a Bragg reflector at telecom wavelengths for 2D optics systems.

Key words: Micro and nanostructures, Bloch surface waves (BSWs), near-field scanning
microscope (SNOM), 2D optics, photonics, optics, near-field characterization, multilayer

structures, surface electromagnetic waves.
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Résumé

Les ondes de surface de Bloch (BSWs) sont des modes électromagnétiques de surface qui se
propagent a l'interface entre un substrat & couches multiples et un milieu externe homogene. Le
champ optique du mode de surface est confiné prés de la surface de du multicouche. Ce
confinement vertical ainsi que la faible absorption inhérente aux matériaux diélectriques font des
BSW un candidat intéressant pour le développement de systémes optiques et de détecteurs 2D. Une
telle structure multicouche périodique peut constituer une plateforme sur laquelle de nombreuses
fonctions optiques peuvent donc étre crées.

Dans cette thése, des composants optiques a 2 dimensions basés sur la plate-forme a ondes de
Bloch sont étudiés, en particulier : un résonateur a disque, un générateur de faisceau de type Bessel
et un réseau de type comme un miroir de Bragg positionné sur un guide d’one. Les propriétés
optiques des composants telles que la résonance a l'intérieur du disque, le comportement "quasi
non diffractant" et les propriétés de réflexion sont présentées. Les composants optiques 2D sont
congus a partir d’un programme FDTD commercial (CST Microwave studio). Ils sont ensuite
caractérisé€s grace a un microscope a balayage en champ proche a détection multi-hétérodyne (MH-
SNOM). Grace au MH-SNOM, il est possible de dresser une carte de la distribution du champ local
a la surface des structures et ce, avec une résolution inférieure a la longueur d'onde. La mesure
simultanée de l'amplitude et de la phase permet une reconstruction détaillée de 1’amplitude
complexe du champ électrique.

Dans une premicre partie, 1’influence d’une couche superficielle de matériau de haut indice
de réfraction (Ti0O2) est étudiée. L'impact d’un changement d’épaisseur de la couche de TiO> sur
les propriétés de propagation des BSWs est établie. Il est démontré qu'en adaptant I'épaisseur de la
couche superficielle, la position de courbe de dispersion BSW peut étre déplacée dans la bande
interdite photonique et qu’en conséquence, les propriétés de propagation de mode BSW peuvent
étre adaptées. Les propriétés de propagation des BSWs incluent par exemple la longueur de
propagation et l'index de réfraction efficace. Grace aux faibles pertes et au design de notre plate-
forme multicouche, des longueurs de propagation de I’ordre du millimétre sont obtenues.



Résumé

Dans une seconde partie, des composants optiques 2D fabriqués dans une couche superficielle
de 60 nm (4/25) de TiO; sont présentés et pour commencer, des résonateurs a disque. Ces derniers
sont des éléments clés dans les systémes d'optique intégrés. Pour un disque de rayon 100 um, un
facteur de qualité expérimental de I'ordre de 10° est obtenu.

Un générateur de faisceau 2D de type Bessel est également étudié. Cet élément consiste en un
triangle isocele. La propriété principale attendue des faisceaux de type Bessel est leur nature « quasi
non-diffractant ». Les propriétés optiques de faisceaux non-diffractant sont mesurées en champ
proche pour différents rapports base/hauteur du triangle isocele. Il est démontré que le rayon se
propage sans dispersion significative sur des distances au-dela de 50 um.

Enfin, des réseaux inscrits sur un guide d’onde sont étudiés. Leur propriété a former un miroir
de Bragg autour de 1550 nm est démontrée. Grace au MH-SNOM, les franges d’interférences entre
I’onde incidente et I’onde réfléchie sont mesurées. La réflectivité expérimentale est obtenue a partir
du contraste des franges d'interférences. Le réseau ici présenté peut étre utilisé comme un réflecteur
de Bragg aux longueurs d'onde de télécommunications pour des systémes optiques 2D.

Mots clé : Micro et nanostructures, ondes de surface de Bloch (BSWs), microscope a balayage en
champ proche (SNOM), optique 2D, photonique, optique, caractérisation en champ proche,
structures multicouches, ondes électromagnétiques de surface.
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CHAPTER 1

Introduction

The motivation behind this thesis is a dielectric multilayer platform which sustains Bloch surface
waves at the interface with external medium. This platform consists of a periodic stack of dielectric
material which are easily available in semiconductor industry and coating technology. The platform
is well known in sensing. However, we exploit it in the field of two-dimensional optics. The optical
components can be produced on the top of this platform using standard patterning techniques such
as e-beam writing or optical lithography. The surface waves interact with optical components. To
observe this interaction we use scanning near-field microscopy. This is the most efficient tool to
directly access the surface mode spatial distribution since a Bloch surface mode is bounded close
to the surface of the multilayer platform and decays evanescently in the external medium which is

air in our case.

In this chapter, we mainly emphasize the advantage and motivation of Bloch surface waves
(BSWs) in comparison to other known surface waves to highlight BSWs as a more suitable
candidate for two-dimensional (2D) optics. We begin with a brief introduction of Bloch surface
waves followed by the advantages of BSWs based 2D optics. Later, we present the state of art of
surface plasmons based 2D optics and scanning probe near-field optical microscopy. The
fundamental feature and functioning of multi-heterodyne scanning near field optical microscope is
presented. The thesis outline and contribution notification are presented at the end of this chapter.

1.1 Bloch Surface Waves

In 1978, Bloch Surface Waves on the surface of periodic dielectric multilayers were first time
experimentally studied by Yeh, Yarif and Cho [1]. The Bloch surface waves are surface
electromagnetic modes, which can be coupled at the interface of truncated dielectric periodic

12



CHAPTER 1 Introduction

multilayers and external medium at particular illumination condition. The electromagnetic field in

the layered media has a form [1]

E(z,y,t) = Ex(z)exp(iKz)exp(i(By — wt)) (1.1)

Where, z axis is a normal to the air interface and E (z) is a periodic function of z with period

equal to the period of multilayers, as shown in Fig.1.1. K and f are propagation vectors in z and y

directions, respectively.

A BSW Field Profile

Fig.1.1. The schematic of BSW field distribution in transverse direction. The image shows exponentially

decay inside air and multilayers.

At a given frequency, there are regions of § for which K is complex,

K =m(n/A) £ iK; (1.2)

Where m is a positive integer and A is a period of the multilayers. If the periodic medium is
finite, the solutions (Eq.1.1) with exponentially decaying field variation exist in side the forbidden
band gap. The electric field amplitude is interpreted as an exponential decay in the homogeneous

13



CHAPTER 1 Introduction

medium (external medium) and as a standing wave with an exponentially decaying envelope
exp(—K;z) in the periodic medium. Hence, the electric field is confined close to the interface of
the multilayer. This vertical confinement makes BSWs a perfect candidate for the design of in-
plane/two-dimensional (2D) integrated optics systems and sensors. The primary benefit of this in-
plane approach leads to a relaxed fabrication of arbitrary shapes in comparison to standard three-
dimensional (3D) integrated photonics structures. 2D optical elements can be produced and used
in few other ways. One is absolutely elucidated by the use of wave guiding media wherein the light
is confined and propagated inside a sandwiched structure. However, in case of slab waveguides,
the light is almost completely buried in the inner layers of the waveguide. So it is almost impossible
to carry out its direct spatial mapping. Besides waveguides, another way for 2D optics is
represented by surface plasmon politrons (SPPs) on smooth planar or structured metallic films [2],
[3]. Surface Plasmons are electromagnetic waves excited on the proper metallic — dielectric
interface, which have maximum electric field at the interface (on the top of metallic film) and are
evanescent away from it. Surface Plasmons are studied extensively in past years and they have
strong background in 2 D optics. In the next section, the literature about surface plasmons based
2D elements have been presented. However, because of high absorption losses of metals, SPPs 2D
components limit their performance in terms of propagation losses.

The dielectric multilayer based BSWs have several advantages in comparison to that metallic
layer based SPPs which make BSWs as a possible alternative to SPPs and a potential candidate for
2D optics. Some of them are following:

v' For a particular wavelength range, dielectric material can be chosen with very low intrinsic
losses. Hence, propagation length of BSWs are longer than SPPs. The propagation lengths
of SPPs are limited by absorption in metal. Low losses corresponds to narrow reflection dip
for sensing applications, which might increase the sensitivity in sensing application [4], [5].

v Multilayers are wavelength scalable and may be designed to sustain BSWs at a relatively
broad range of wavelength from IR to near-UV, provide dielectric materials are transparent
to desired wavelength range [4] .

v Multilayers are compatible for both TE and TM polarization based on initial design, while
SPPs can be excited only with TM polarization. It has been stated in recent work that both
TE and TM polarized BSWs can be excited simultaneously with superimposing locations
in the dispersion band diagram in a particular multilayer design [6]. On the other hand SPPs
can only be excited for TM polarization.
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v" The position of the surface mode within the forbidden band gap can be engineered as well
by tailoring the top layer of the multilayer. BSW modes, located close to the center of the
band gap are shown to be more localized, leading to significantly higher surface
electromagnetic fields than modes located near the band edge [7]. Because it allows the
segregation between the volume and the surface contributions from a sample. This is very
appealing ability for sensing applications [§].

v" The fabrication of a multilayer is fully compatible with the actual fabrication technologies
of integrated photonic structures.

Considering the above mentioned advantages, in this work we present BSWs based
multilayers as a platform for 2D optics. The main advantage of the platform concept is that the
fabrication of thin film multilayers enables the wafer scale fabrication using standered plasma
enhanced chemical vapor deposition (PECVD) technique. And further, the topmost layer can be
structured to pattern 2D micro-optical components using patterning techniques such as e-beam
writing and photolithography. To observe the interaction of surface waves with 2D structures on
the top of multilayer platform and to characterize optical components we utilize Multi-heterodyne
Scanning near-field optical microscopy (MH-SNOM), which is explained in section 1.4 of this
chapter.

1.2. Surface Plasmons Politrons (SPPs) - State of art

As discussed before, Surface plasmons polaritons are bounded states between metallic and
dielectric interface. SPPs have been studied extensively in the domain of 2D optics. In this section
we present the literature survey of 2D optics on surface plasmon polaritons. Different optical
components have been presented and discussed in brief.

1.2.1 2D Bragg mirror

Jean-Claude Weeber et al. have studied first the 2D surface plasmonics Bragg mirror theoretically
and experimentally [9] .The microgratings were engraved into subwavelength range wide metal
ridge surface plasmon waveguides. A focused ion beam has been used to engrave microgratings
into a 2.5 um wide gold waveguide. They used photon scanning tunneling microscopy to observe
near-field distributions of the field around these structures. He has shown experimentally that finite
length periodic arrangement of narrow slits can reflect a surface plasmon mode propagating along
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a surface plasmon waveguide. It has been also demonstrated experimentally that the reflection
efficiency of the micrograting is found to depend upon the, period of the grating, number of slits,
and the illumination wavelength. They found the optimum reflection efficiency for a period of the
micrograting equal to half the incident wavelength in vacuum. The reflection coefficient is deduced
from the contrast of the interference fringes generated because of the interference of incident and
back reflected light. The reported measured contrast at the Bragg wavelength is around 0.26 and
the calculated reflection coefficient from the computed standing wave is equal to 25%. Therefore,
they have demonstrated experimentally that microgratings engraved in a surface plasmon
waveguide can perform as a Bragg mirror for properly designed microgratings. However, they
discussed that the reelection efficiency of the mirror saturates for rather lower number of 10 slits.
This is because of the dramatic damping of propagating surface plasmons through the
microgratings. The metal absorption losses limit the reflection efficiency of the presented 2D
plasmonic Bragg mirror. Bragg reflectors have been further studied by other groups [10], [11].

1.2.2 Non-diffracting plasmonic beams

Jiao Lin et al. have studied (theoretically and experimentally) a new kind of plasmonic surface
wave, cosine-gauss beam, which propagates in a straight line (does not diffract) and remains tightly
confined to the surface until up to 80 um [12]. These beams have been named as Localized long
range non-diffracting surface plasmons. To map the two-dimensional SPP field distribution, they
used a near-field scanning optical microscope working in the aperture mode which collects the in-
plane field components. They have shown that the generation of these kind of waves is very
straightforward and controllable in terms of transverse confinement and directionality. These
beams can be generated by fabricating a plasmon launcher consisting of overlapping/non-
overlapping metallic gratings. The constructive interference of two tilted plane waves propagating
in phase along the symmetry axis results in a straight propagation of these non-diffracting beams.
The results shows that the beam maintains its focus until a propagation distance of 80 um. This
was one of the techniques to overcome the propagation losses of surface plasmons and achieve
long range propagating plasmonic waves (80 um) to be served as an optical interconnect in
integrated optics. Because of their unique properties, these highly localized and non- diffracting
beams find potential application in optical tweezing and optical interconnects. Later, Cesar E.
Garcia-Ortiz and et al. has studied experimentally the generation of diffraction-free plasmonic
beams utilizing SPP excitation by metal ridges at normal illumination [13]. The results shows
transverse confinement of the order of one wavelength. The self-healing properties of the
diffraction-free plasmonic beams, when beam encounter an obstacle along the propagation axis,
have been demonstrate experimentally.

16



CHAPTER 1 Introduction

1.2.3 Plasmonic resonators

The resonator based on surface plasmon-resonance have been studied rigorously in the past for
sensing applications for the optical detection of small chemical and biological entities. Sergey .
Bozhevolnyi et al. have studied the low propagation loss channel plasmon subwavelength
waveguide ring resonators [14]. Keeping the problem of achieving sufficiently low propagation
loss for practical applications with strong confinement, they opted for the approach to investigate
subwavelength waveguide components based on channel plasmon polaritons. The channel plasmon
polaritons are electromagnetic waves that are bound to V-shaped grooves milled in a metal film
and propagate along the bottom of grooves. These modes are expected to exhibit relatively low
propagation loss and subwavelength confinement. In their paper, they have experimentally realized
ring resonators based on this approach with subwavelength V-shaped grooved waveguides. For the
ring of 5 pm radius, the measured quality factor is approximately 38 at telecommunication
wavelengths.

Efforts are put on the improvement of the quality factor of the structure which is one of the
main measures of the efficiency of ring/disk resonators. In the same direction, the ring resonators
with hybrid waveguide consisting of a dielectric nanowire on a silver layer have been studied [15].
The advantage of surface plasmon based resonators is the strong confinement of the electric field
which provides a footprint in the range of micrometer. However, because of the high absorption
losses of metals, plasmon based resonator sensors suffer from very low quality factors, which limits
the sensitivity of the device.

1.2.4 Plasmonic waveguides

For SPP based photonics devices, there are two types of fundamental waveguide structures: the
insulator-metal-insulator (IMI) waveguide and the metal-insulator-metal (MIM) waveguide [16].
The IMI waveguide provide low losses and longer propagation lengths, however they suffer from
poor ability to confine light into subwavelength scale which is not good for chip level integration.
On the other hand a MIM waveguide has shown the ability of subwavelength manipulation and
having acceptable propagation lengths, therefore seeking more attention towards implementation
of future integrated systems. In the recent years, different kinds of plasmonic waveguide structures
have been emerged. For example, coupled nanowires [17], metallic strips and nanowires [2] [18],
metal-insulator-metal (MIM) waveguides [19], metallic grooves[20], dielectric-loaded plasmonic
waveguides[21], as well as hybrid plasmonic waveguides [22]. Because of the best trade-off
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between the propagation loss and the field confinement, hybrid plasmonic waveguides have drawn
substantial research interest.

1.2.5 Plasmonic Lens

Zhaowei Liu et al. have investigated plasmonic lens theoretically and experimentally. They have
shown that circular and elliptical structures milled in a metal film can behave as a lens [23]. The
surface plasmons are launched with circular or elliptical slits. The propagating plasmons interfere
and concentrate the electromagnetic field at the focal point. Another group studied focusing of
surface plasmons with the arc shaped hole array fabricated into 50 nm thick Ag film [24]. It has
been shown that SPP can be focused into an intense spot with subwavelength width. Further they
have also shown the coupling of focused spots into metal strip waveguides. The combination of
lens and the waveguide may serve as a basic element of 2D nano-photonics circuits. The near-field
observation has been performed with the aid of near-field scanning optical microscopy.

1.2.6 Plasmonic Interferometer

A Mach—Zehnder interferometer employing surface plasmon polaritons was first studied
theoretically by Zhanghua Han et al. The interferometer is designed by combining two identical
optical directional coupler in MIM waveguide geometry [25]. The control of output power by
changing the length of coupling region has been studied numerically. Later, Sergey 1. Bozhevolnyi
et al. have presented experimental demonstration of plasmonics Mach—Zehnder interferometer
[14]. The presented design takes the advantage of low bending losses because of subwavelength
confinement provided by V-grooved waveguide geometry, which has been discussed in the
plasmonic resonator section. However, the output transmission remains limited to lower values
because of metal damping.

We have summarized the intensive studies done on basic elements of plasmonic based 2D
optical systems. They provide potential advantage of having a foot print of optical components in
the range of micrometers. However metal absorption has unfavorably affected the performance of
the 2D components in terms of propagation losses.
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1.3. Tamm plasmonic surface states

There are other known surface waves, named Tamm plasmons (TP) [26] [27]. They are named in
the analogy with the electronic states at a crystal surface proposed by Tamm. TP electromagnetic
modes are confined at the boundary between a homogeneous medium with negative dielectric
constant (normal metal below the plasma frequency) and a dielectric multilayers (Bragg Mirror).
Similar to the BSWs, the confinement inside multilayers is achieved because of the photonic stop
band of the Bragg mirror whereas confinement inside the metal is provided by its negative dielectric
constant. They may exist for both TE and TM polarizations states same as BSWs.
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Fig.1.2. The dispersion curve of Tamm plasmons at the interface between a semi-infinite Bragg reflector
(GaAs/AlAs layers) and a semi-infinite gold layer for the TE and TM polarization states represented by solid
line and dashed line respectively [26].

The BSWs and SPPs can only be excited when wave vector matching condition is fulfilled
which necessitates the use of prim or diffraction grating coupling. The approach of using a separate
excitation system might not be convenient in a specific experimental or device applications. The
TP modes takes advantage here because they can be excited with normal incident. As their
dispersion curve lies within the light line and they can have a zero in-plane wave vector, therefore
they can be produced by direct optical excitation (normal incidence), see Fig.1.2, [26]. The TP
modes are characterized by a parabolic dispersion, as shown in Fig.1.2. This feature makes TPs an
example of slow propagating photonics states which can be utilized for engineering optical slow

light devices.
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1.4. Beyond diffraction limit — Near-field imaging technique

We observe the magnified image of the object in conventional microscopy. The magnification is
performed using a lens or a system of lenses. When the incident light interacts with the
object/structure, it generates propagating and non-propagating field components in the vicinity of
the sample. The non-propagating components carries the highly detailed features remains very
close to the interface (near-field) of the structure, while propagating components reaches the
imaging lens (far-field) and construct the image. The conventional microscopy imposes the Abbe’s
far-field diffraction limit which defines that the structures with lateral dimension larger than duin=
A/2nsin@ can be imaged with accuracy, chapter 1% [28], where A is the wavelength of the
illuminating light, n is the refractive index of the medium in which the sample is placed and 0 is
the aperture semi-angle of the imaging system. The resolution limit is only slightly smaller than
the wavelength of illumination light. Therefore, for the subwavelength resolution the imaging
system should be able to capture the evanescent field containing high spatial frequencies and
present in the immediate vicinity of structure only.

Scanning near-field optical microscopy (SNOM) is a near-field optical imaging technique
with a resolution beyond diffraction limit. It was born in 80’s. There was a continuous development
in the capabilities and performance of technique in later 30 years since it was invented. The
capabilities of studying the optical phenomenon at nanoscale and characterizing photonics devices
based on nanostructures have made SNOM an invaluable near-field imaging tool. In the subsequent
section the overview of development of SNOM has been provided.

1.4.1 Scanning near-field optical microscopy

After the invention of Scanning Tunneling Microscope (STM) [29] and Atomic Force Microscope
(AFM) imaging [30] techniques in early of 1980’s, first Scanning Near-field Optical Microscope
(SNOM) at a visible wavelength has been realized by D. Pohl from the IBM Ruschlikon Research
Laboratory in 1984. He has shown image recordings with a resolution of /20 [31] which is beyond
the Abbe’s far field diffraction limit. The SNOM uses AFM techniques, where nano-metric
distance between probe and sample surface is controlled by inter-atomic forces, to position the
probe close to the surface of the sample in order to detect the optical near-field.

SNOM probes can be operated in collection mode or in illumination mode as a subwavelength
sensor or subwavelength emitter, respectively, or as both (in collection/illumination mode) [32],
[33]. In our case the tip of the probe is used in collection mode. It collects the evanescent field
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when the sample is illuminated in total internal reflection. The probe is very important part of
SNOM. Indeed, the resolution and the quality of optical images are strongly depending on the type
of the probe. There are different types of probes that exist. The types are defined by the method of
probe production/fabrication. The tapered optical fiber is the simplest one. It provides an aperture
size around 100 nm.

Furthermore, a coating of thin metal layer can be deposited on the probe in order to better
define a small aperture. The metal coating provides the advantage of significantly suppressing
unwanted background signals by reflecting spurious scattered light.

The SNOM is an important tool for many research domains in optics. The development of
SNOM has made it possible to find the applications in different domains, which include biomedical
field, surface chemistry, imaging surface at atomic level to study single molecule, sensing and 2D
integrated optics. Nowadays, as SNOM opens up new ways to study different research fields, there
is growing interest in investigating nanostructures, photonics devices, microsystems and
characterizing 2D optical components on metallic or dielectric layers. To study the nanostructures
thoroughly, for example to investigate the novel optical phenomenon appeared when light interacts
with these elements, the amplitude, phase and polarization of the interacting light should be
observed. These observations are not possible with conventional SNOM as it provides information
only about field intensity. Phase contains very important information about refractive index,
effective wavelength and direction of light propagation. Therefore, it can be said that with a
conventional SNOM, the complete information of the specimen under study cannot be obtained.
The phase measurement is one of the major concerns of interferometry.

The interferometry can be divided into two categories- quasi heterodyne interferometry and
heterodyne interferometry [34]. Both of them are based on phase shifting techniques. In quasi
heterodyne interferometry, the phase shift between two arms of interferometer is introduced in
steps, using at least three different values. This techniques is good for moderate phase resolution
(M/100). The image of two-dimensional interference pattern can be recorded and phase can be
deduced at any point of the image. However, in heterodyne interferometry the step wise translation
of phase shift is replaced with continuously increasing phase shift. This technique leads the phase
resolutions up to A/1000 [35].

Further, heterodyne SNOM has been developed where amplitude and the phase of the light
can be obtained simultaneously [36]-[38]. The images recoded with a heterodyne SNOM provide
better understanding of the optical phenomenon.
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1.4.2 Multi-heterodyne Scanning near-field optical microscopy (MH-
SNOM)

In this section, we present the building blocks of MH-SNOM and its working principle in the
consecutive sub sections.

1.4.2.1 MH-SNOM Setup

All the near-field experimental results presented in this thesis are obtained with the aid of the
presented MH-SNOM. This near-field imaging tool was built in our lab (EPFL-OPT). The setup of
MH-SNOM consists of following five building blocks. Each of them is described briefly in this

section.
a) Optical interferometer

In this section, we describe the prominent part of MH-SNOM, the optical interferometer as shown
in Fig.1.4. This is an all fibered setup. The yellow and blue fiber paths represent single mode fiber
(SMF) and polarization maintaining fiber (PMF), respectively. The entire optical system is
enclosed with plexiglass boxes to protect from air currents and lied on the vibration isolated table.
This table has a pneumatic legs filled with compressed air. In addition, all the optics except SNOM
head is covered with 6 cm thick polyurethane foam pads. The SNOM head will be described in this
section later. This protection is to attenuate the acoustic vibrations and to slow down the thermal
energy transfer.

The laser source used in the experiments is an external cavity tunable laser from Agilent
technology (Model 81682A4). The wavelength range of the tunable laser is 1460 nm to 1580 nm
which can be produced with an accuracy of 10 pm. The output power of the laser can be stabilized
at a particular desired value. The range of output power depends on the range of wavelengths. For
1460 —1480 nm: the output power is greater than ImW, for 1480 — 1520 nm: the output power is
greater than 2.8 mW, for 1520 — 1580 nm: the output power is greater than 5.6 mW. The coherence
length of the laser inside fiber medium is 640 m. The laser is mode hope free for the full range of
wavelengths and output is linearly polarized in PMF.

The four different acousto-optic modulators (AOMs) are used to shift the object and reference
channels to different frequencies. The AOMs (IntraAction, Model FCM- 401E5C) independently
generate frequencies f7, f2, f3 and f4, as shown in Fig.1.4. When these four frequencies from
reference and object channels are combined to each other, they produce six beat frequencies among
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which two are generated as a consequence of self-beating of object and reference channels. These
two signals can be used to check the orthogonality of the beams.

Finally, the field at the sample is collected by a fiber probe (in collection mode). This
commercialized probe (Lovalite, Model E50-SMF28-AL70-200) has an aperture diameter of 200
nm. The probe is coated with 70 nm thick aluminum layer to well define the aperture and also to
reflect back the undesired scattered light. These are the only probes used in this work. The field
collected by the probe is mixed with the reference signal and then superimposition of these four
signals is sent to the detector. The detection system includes detector (aboptic, Model DG100),
splitter and lock-in amplifiers (Stanford Research, Models SR530 and SR830).

The detection system consists of InGaAs photodiode (Fermionics, Model FD100-FC). The
pass band (-3 dB) of the detector is 7.5 MHz which is well above the beat frequencies (<100 KHz)
[39].

b) Data acquisition

Data acquisition includes the simultaneous data collection from significant number of signals from
lock-in amplifier and other devices (piezo sensors and SNOM electronics). The Z motion of the
probe is controlled by a commercial SNOM (shear-force feedback) software which is driven by
one computer. However, a separate independent computer is used for X and Y motion control of
probe and data acquisition. The probe motion is described in the next section. The data acquisition
and X and Y probe motion control is performed by purpose-build software. This software has been
developed in LabVIEW programming language. The flow chart explaining working principle of
the software can be found in detail somewhere else [39].

¢) Probe motion

The three dimensional probe motion is controlled by an XYZ piezo stage (Physik Instrumente,
Model P-517.3CL). The movement range of X-Y and Z piezo stages are L.y =100 um and L, =20
um respectively. The repeatability of the travel range of X-Y and Z stages are £5 nm and £1 nm
respectively. The piezo actuator works on the principle of producing mechanical expansion or
compression with the application of electric voltage. The piezo driven voltage and the movement
of the actuator follows the relation: for the X, Y actuators, 1V = 10 um and for the Z actuator, 1V
=2 um. The X-Y and Z motion of the piezo state is driven by two independent computers as
described in the previous section.
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In the Z motion control, the feedback system is governed by the resonance frequency of the
probe sensor (tuning fork + probe). The commercial system (APE Research) that drives the Z
motion finds the resonance frequency of the sensor. Further the preamplifier determines the electric
field amplitude of the probe sensor oscillations. The fraction of the peak oscillation amplitude
(typically 95%) is set as a reference point for PID (Proportional Integral Derivative) feedback
controller system.

When probe approaches to the surface of sample, the resonance frequency of the probe is
deviated from the natural frequency due to interaction with inter-atomic forces. This leads to drop
down the resonance amplitude. The interaction range of the probe and sample surface is 1 - 100 nm
depending on the type of probe and specific experimental conditions for implementation, chapter
7% [40]. Further, the feedback system works on the Z piezo in order to maintain the sensor
oscillation at the reference point. This way the probe maintains a constant distance from the sample
surface and follow the topography of the surface structure. The piezo actuators provide the fine
movement of the probe. However, for the course movement of the probe DC XYZ stepper motors
have been installed which are driven by commercial SNOM system.

d) SNOM head

The SNOM head is a housing for the piezo stage. The piezo stage only provides nano metric
movement to the SNOM probe. To approach the sample some additional mechanism is needed
which can bring the sample and probe close enough to be in the range of nano metric movement of
piezo stage. For this arrangement the illumination system and the sample are placed on the lab jack,
as shown in Fig.1.3. Further, the piezo stage is fixed on the motorized stage (DC stepper motor)
which provides course movement of probe in X, Y and Z direction. The motorized stages are
hanged on a thick aluminum plate which is supported by three pillars, see Fig.1.3. The advantage
of the lab jack is that it can support experimental set up which requires heavy and cumbersome
apparatus. The probe sensor (tuning fork + probe) is built on yellow circuit board which is
connected to pre -amplifier. A manual translational stage is fixed to yellow circuit board which is
attached to the piezo stage.

Finally, to approach the sample to the probe takes few steps. In the first step, we lift the lab
jack up until the sample is sufficiently close to the probe. Then, the coarse approach is carried out
by employing translation stage holding the probe sensor. In the final step, the fine approach is
realized by performing iterative trials of the Z motorized stage and vertical piezo stage.
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Fig.1.3. Picture of the SNOM head demonstrating Piezo and motorized stages for the probe motion, tuning

fork, lab jack and supporting mechanism.

1.4.2.2 MH-SNOM Working Principle

In the present work, Multi heterodyne SNOM (MH-SNOM) is used to observe and measure the
interaction effects of Bloch surface waves (BSWs) and 2D structures. This is an upgraded version
of the classical heterodyne SNOM. Unlike heterodyne interferometer, object and reference beams
are further divided into two orthogonally polarized object and reference beams, respectively. First,
the laser beam is sent to a polarization controller before passing through a polarization beam splitter
(PBS). The purpose of the polarization controller is to adjust the ratio of object and reference power
at the output of the polarization beam splitter (PBS). Each of these beams are splitted again using
50/50 beam splitter (BS). The frequency in each of the four channels is then shifted to a different
frequency. These frequencies are generated by Acousto-optic modulators (AOMs). Two object
beams are recombined by the mean of a PMF (polarization-maintaining fiber) while the reference
beams are recombined into SMF (Single mode fiber) with PBS. The state of polarization of
illumination beam (TE or TM) can be controlled by rotating PMF. As the orthogonality and
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linearity of the reference beams are well preserved up to the detector, they provide a basis (X, y)
for the projection of the object beams in the detection plane. Two object and two reference beams
are then recombined into SMF with a beam splitter of splitting ratio 99/1 (99% of object signal is
coupled with 1% of reference signal because the signal collected by SNOM probe is very weak).
The superposition of four different frequencies (two object beams, two reference beams) on the
detector generate six different beat frequencies. These different beat frequencies can be detected
with the help of lock-in amplifiers. Each of them is locked to the corresponding beat frequency.
Among these six beat frequencies two beat frequencies are produced due to self-beating of
reference-reference and object-object beams. These two beat frequencies can be used to check the
orthogonality of the beams. The Schematic of MH-SNOM is shown in Fig.1.4.
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Fig.1.4. Schematic diagram of Multi-heterodyne SNOM (MH-SNOM) with four channels where object and
reference arms are further divided into two orthogonally polarized object and reference beams. (AOM:
Acoustic Optic Modulator, SMF': Single Mode Fiber, PMF': Polarization Maintaining Fiber, BS: Beam
Splitter, PBS: Polarizing Beam Splitter).

MH-SNOM provides the flexibility to be used in different configurations for different
applications. For example, if only one of the object (e.g. 01) and reference arms (e.g. r1) is
implemented. In this case, two beams are combined and the projection can be detected by one lock-
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in amplifier. This configuration can be simply referred as a heterodyne SNOM. The amplitude and
phase of the one of the components of the object field can be obtained. However, if another
reference arm (e.g. 12) is added, the projection of object beam on the two orthogonal reference basis
can be detected. Hence, the amplitude and phase difference of the two components of the object
field are obtained. Therefore, we retrieve the state of polarization of object field. This step is not
direct. A SNOM simultaneously measures the amplitude and phase of two arbitrary orthogonal
components of near fields. And then using a numerical approach, based on priori information about
the field distribution, the field at the sample surface (Ex-Ey components) can be retrieved. This
configuration is addressed as Multi-heterodyne SNOM. Most of the work in this thesis has been
performed using this configuration. Further, if another arm (e.g. 02) is added in the object channel,
the simultaneous field response of the TE and TM state of polarization of the illumination beam
can be obtained on the surface of the sample (see Fig.1.4).

In summary, conventional SNOM provides the intensity information while amplitude and
phase can be obtained simultaneously using heterodyne SNOM. Moreover, MH-SNOM provided
advantages as compared to simple heterodyne-SNOM. First, in MH-SNOM, the object signal is
measured integrally because the basis (reference arm) is orthogonal. If the object signal does not
interfere with a particular reference then the heterodyne signal will be maximum in the other
reference. Second advantage in comparison to heterodyne SNOM is that: MH-SNOM enables the
polarization resolved measurements. Third advantage lies in the simultaneous detection of the
sample response to two orthogonal state of polarization (TE/TM) of the illumination beam. This
feature can be used in particular applications when the sample has a specific response to one of the
polarizations, then the other polarization can be used as a reference. This feature can find
applications in florescence or to selectively excite different modes in waveguides [41].

1.5 Contribution notification

The transfer matrix code is written by Dr. Elsie Barakat of the OPT laboratory. The design concept
of the 2D Bessel beam generator is proposed by Dr. Myun-Sik Kim of the OPT laboratory.

The fabrication of the multilayers is done in collaboration with the OPT laboratory members.
Furthermore, we collaborate with Prof. Matthieu Roussey from the University of Eastern Finland
for the fabrication of 2D optical components.
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The thesis is structured to emphasize upon mainly my contribution.

v' Different materials to be used as a device layer for optical components are studied. And the
key optical properties of BSWs are investigated for different thicknesses of the device layer.

v Various optical components are studied and designed. To design the optical components
simulations using CST microwave studio (Finite-difference time-domain (FDTD) method)
are conducted. The near-field measurements of the optical components with the aid of MH-
SNOM, experimental investigations and data analysis are performed.

v Experimental measurements involve dealing with the challenges of operating complex MH-
SNOM.

Remark: During the relocation of the OPT laboratory, myself with Dr. Elsie Barakat were
responsible for the transfer of the MH-SNOM to the new lab location. It involved dissembling of
the complex system which consists of different optical, electronic and mechanical components and
assembling the complete set-up with the proficiency to be able to perform near-field experiments
again. This transferring process took around 6 months of the time period of my PhD duration.

1.6 Thesis outline

This thesis is composed of seven chapters. A brief summary of each chapter is given below.

In Chapter 2, the brief review of the study done in the BSW domain is presented. The
chapter includes literature survey of BSW based devices for 2D optics and sensing studied by
different research groups around the world. This chapter provides the knowledge and understanding
of different aspects which have been investigated in BSW domain and how BSW can be exploited
to design novel planer/integrated devices in future.

In Chapter 3, the design concept of the multilayer platform is studied. Further, the effect
of different thicknesses of the device layer is demonstrated on BSWs properties, such as
propagation length and effective refractive index. The results are compared in the near-field, far-
field and in theory. The experimental and simulation results show a good agreement with each
other. The concept of using the device layer of a specific thickness in order to design an application
oriented multilayer platform is presented.
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In Chapter 4, the first experimental demonstration of the BSW based resonator is presented.
The chapter includes the fabrication technology and design concept of a disk resonator. Disk
resonators of different radiuses are presented. The resonance state is demonstrated with near-field
measurement at the through port and the periphery of the disk. The measurements results are also
supported with simulations. Hence the chapter provides the good understanding of optical
properties of BSW resonance.

In Chapter 5, we study 2D Bessel-like beam on Bloch surface wave platform. Such a beams
are generated using a simple planer isosceles triangle (2D axicon). We present the different designs
of 2D axicon where the height of the axicon varied from 20 pm to 30 um with a step of Sum. The
purpose of studying different designs is to compare the optical performance of 2D Bessel-like
beams, in particular propagation distance and full width half maximum. The results obtained from
the experiments are in good agreement with the simulation results. We show that the beam
propagates without significant spreading for considerable propagation distance. These beams can
be used as a low loss (coupling) optical interconnects between on-chip components and optical
tweezers.

In Chapter 6, we characterize the optical properties of gratings engraved in a single mode
waveguide fabricated on top of a dielectric multilayer platform. The design concept of the
waveguide grating, CST simulation results and near-field measurement results are presented. The
near-field measurement results show that waveguide grating can be used as a 2D Bragg mitror for
wavelength inside the photonics band gap.

In Chapter 7, we present the brief summary of this work along with the conclusion.
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CHAPTER 2

Review on BSW

The BSWs have been studied extensively for sensing applications after twenty years of their
invention in 1970. However, the work in the domain of 2D optics as a platform for different systems
has recently been started — a few years back in our lab, the Optics & photonics technology
laboratory at EPFL. The growing interest in BSWs has led many research groups around the world
to study the field in order to explore the further possibilities and applications. In this chapter, we
present a brief review on the research in BSWs domain performed by different groups. Mainly, the
literature on BSWs based 2D devices and BSWs sensing is discussed in this chapter.

2.1. 2D polymeric gratings [42]

T. Sfez et al. have studied the behavior of 2D polymeric gratings on the top of a multilayer platform.
The multilayer is composed of ten periods of alternating high index and low index layers of silicon
nitride, where the refractive index of the layers is tuned by controlling the concentration of
ammonia in the PECVD process. The dispersion diagram of the multilayer with the grating has
been calculated and a band gap produced by the gratings has been observed. When the BSW is
excited (TE polarized light) at the points corresponding to the band edge in the dispersion diagram,
a standing surface wave (elongated distribution as compared to the TM-polarized field) - defined
by two counter-propagating modes having almost identical amplitudes - is observed, as shown in
Fig.2.1. However, away from the bandgap, either the 0 or the —1 diffraction order of the grating
can be used to selectively couple the two counter-propagating surface waves. MH-SNOM has been
used for near-field mapping and the prism coupler is exploited for the BSW coupling.
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Fig.2.1. Near-field distribution of surface waves over the gratings, obtained from a MH-SNOM,
simultaneously for TE and TM polarized incident beam at the band edge of the grating.

2.2. Polymer ridges- BSW based waveguide sensor [43]

E. Descrovi et al. have demonstrated a wavelength-selective coupling of BSWs inside and outside
the ridge. For BSW coupling a conventional prism-based configuration has been used. They have
demonstrated the selective coupling of BSW guiding in an ultrathin 30 nm thick teflon ridge. The
wavelength selectivity has been performed by keeping the illumination angle constant but varying
the wavelength according to the dispersion diagram. As shown in Fig.2.2 (a, b), SNOM mappings
are shown for two different wavelengths corresponding to the coupling inside and outside of the
waveguide, respectively. The waveguide configuration provides a micrometric lateral confinement
while preserving the surface mode features. This is an advantage for sensing applications. They
claimed that: as light could be selectively coupled in specific regions defined by nanometric ridges
such a results can open interesting opportunities in surface wave based sensing applications.
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Fig.2.2.The measured SNOM near-field images showing wavelength-selective guided BSW coupling (a)
inside and (b) outside the Teflon ridge, respectively. The topography of a 30 nm thick Teflon ridge is shown
in the inset.

2.3. Refraction of BSWs/Ultrathin ridge waveguides [41], [44]

T. Sfez et al. have demonstrated that a thin dielectric structure deposited on the multilayer deflects
the BSW propagation according to Snell’s law. The Polymeric ridges were then deposited on top
of the multilayer. The polymer was used as a positive photoresist. The width and height of the ridge
are 10 pm and 110 nm, respectively. The MH-SNOM has been used for near-field mapping and
the prism coupler is exploited for BSW coupling.

The experiments were divided into two parts. In the first part, the BSWs were excited in the
coated multilayer and by decreasing the angle of illumination of the BSWs. The transmission
through the ridge waveguide and the total internal reflection of the BSWs have been demonstrated
(see Fig.2.3). On the other hand in the second set of the experiments, the BSWs were excited in the
bare multilayer. The deflection of the BSWs from the ridge obeying Snell’s law has been
demonstrated. They have proven that a thin dielectric structure deposited on the multilayer deflects
the BSWs propagation according to Snell’s law. It is reported that the mechanism responsible for
the transmission of a BSW through a thin dielectric ridge is an energy transfer from the BSW mode
of the bare multilayer to the BSW mode of the coated multilayer. They have proven that the
reflection and refraction can be used for the conception of thin optical dielectric structures
involving BSWs.
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Fig.2.3. Simultaneously measured topography of (a) TM and (b) TE-polarized states of the near-field on the
ridge. (c) The TE-light transmitted through the ridge at lower incident angles. (d) The incident angle exceeds
the critical angle and the TE-polarized field is trapped in the ridge.

By the same group, further study has been carried out to investigate the modes that can exist
in an ultrathin (A/10) ridge waveguide and how they can be excited selectivity. The width and
height of the ridge waveguide are 4.5 um and 140 nm, respectively. It has been reported that BSW
waveguide sustains three modes which can be excited selectively by tuning the wavelength and
choosing the excitation polarization, as shown in Fig.2.4. Interestingly, the dispersion relations of
the modes have been measured and it has been shown that they lie, as expected, between the
dispersion curves of the bare and coated multilayer with photoresist. Furthermore, they have
presented the numerical method to retrieve the field components of the modes at the sample surface.
Thanks to MH-SNOM which has the capability to detect simultaneously the amplitude and phase
of two arbitrary orthogonal components of the near-field. The measured transverse and longitudinal
components of each of the modes were shown to have a good agreement with the simulation results.
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Fig.2.4 Near-field amplitude distribution over the waveguide under (a) TE- and (b) TM-polarized
illumination, respectively. Wavelength scan in x direction at the marked white arrows in (a, b) for (c) TE

and (d) TM polarization, respectively.

2.4. 2D Plano convex Lens [45]

L. Yu et al. have performed first fundamental investigation of 2D plano convex lens appended with
a waveguide. The multilayer platform was consisted of six periodic stack of silicon oxide and
silicon nitride. The presence of a polymer layer on the top of multilayer platform modified the local
effective refractive index, enabled a direct manipulation of the BSW. Here, by adding a photoresist
layer, a refractive index contrast An between photoresist layer and platform was introduced. An
plays an important role in defining the optical properties of 2D components. The lens was patterned
into a 100 nm thick layer of photoresist. The fabrication was done by UV lithography. The total
internal reflection configuration (Kretschmann) was used to couple BSWs on the sample surface.
The lens was positioned 100 pm away from the coupling spot. When the BSW illuminates the lens,
it focuses the surface wave in a confined spot. To observe the near-field interaction of the BSW
with the lens, MH-SNOM has been used. The simulated near-field distribution using CST
microwave studio (FDTD method) and measurements results are shown in Fig.2.5. It has been
reported that near-field measurement results are in agreement with rigorous calculations. The
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measured resolution d was 4.36 um and it is in good agreement with the theoretical prediction. It
has been shown that optical properties of the lens can be modified by changing the refractive index
contrast. The focusing property of a 2D lens plays an important role in the surface wave field
enhancement. It has been shown that the near field intensity is enhanced by 500 times at the focal
spot position for TE polarization in comparison with TM as a reference. The possibility to generate
a localized spot with highly confined field on the surface for one polarization comparing with the
other could be of special interest for sensing applications based on fluorescence or Raman
spectroscopy.

z (um)
Feld intensity (a.u.)
w

Fig.2.5. Measured MH-SNOM and simulated images of the near-field distribution showing surface wave

propagating through a 2D plano convex lens. The cross section of the focus spot is also shown in the side.

2.5. 2D Prism and Gratings [46]

The focusing of BSWs has been shown in the preceding section. In this section reflection and
diffraction, studied by L. Yu et al., of the BSWs using a prism is presented. The 2D prism was
fabricated in 100 nm thick photoresist. The fabrication, BSW coupling and characterization
techniques were the same as described in above section.

Two experimental observations have been made to investigate total internal reflection and
diffraction. In the first one, the 2D right angled isosceles triangle (100 pm) was illuminated with a
BSWs and total internal reflection was verified by studying the near-field amplitude-phase of the
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reflected field on the hypotenuse, see Fig.2.6 (a). In the second one, diffracted field arose when the
surface beam struck the edge of a right-angle bend at an oblique angle as shown in Fig.2.6 (b).
Different diffraction orders of a 2D grating have been observed in near—field and analyzed, by
varying the incident angle from 45 deg. to 32 deg. For a grating with period 4 um, one more
diffraction order was introduced as expected from the theoretical calculations (see Fig.2.6 (c)). On
the other hand keeping the incident angle the same but changing the grating period to 6 pm, the
effect of the grating period has been verified in the interference pattern.

12 pm

New
pattern
160 um

100 um

Fig.2.6 (a, b, c¢). Schematic and measured field amplitudes of 2D prism and grating demonstrating total
internal reflection and different diffraction orders. The inset shows fine step scans of amplitude and phase

at marked squares.

2.6. 2D waveguide grating coupler [47]

The optical waveguide coupler was composed of a parallel array of waveguides. When these
waveguides were placed close enough to each other, the light from one waveguide to the other
coupled evanescently and exchange of power took place. The optical couplers are of significant
interest for optical power division and optical switches in integrated optics and thin film devices.
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The optical couplers were patterned into a thin layer of photoresist same as the other devices
discussed before.

Two different geometry of couplers have been studied experimentally and theoretically by L.
Yu et al. In the first case, the fundamental mode was excited by coupling the BSWs to the left most
waveguide as shown in Fig.2.7 (a, b). The total power transfer occurred at a total propagation
distance of ~ 250 pm. In the second case Fig.2.7 (c, d), the second mode was excited. In both sets
of experiments, the coupling and energy exchanging process was carefully observed through
measurements of near-field amplitude and phase. The measurement results have shown good
agreement with the simulation results. The simulations were performed with CST microwave
studio using FDTD method. To study the mode propagation and confirm the nature of excited
modes, 2D Fourier transform was performed. Besides, by studying theoretically the impacts of the
index contrast, gap separation, and waveguide width on the coupling coefficient have been
discussed.
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Fig.2.7. Near-field images of mode coupling in two different geometry of waveguide couplers in (a, b) and

(c, d) respectively. The right side of each figure is the simulated field image from CST, FDTD method in

comparison to the SNOM measurement images.
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2.7. BSW based sensors — A proof of principle [48]

E. Descrovi et al. have studied and proposed the multilayer platform sustaining BSW as a sensor
for surface sensing. It has been reported that Bloch surface wave sensors are strongly sensitive to
surface modifications. They have claimed the Bloch surface wave sensors are more sensitive than
surface plasmon and waveguide based sensors. The principle for a BSWs sensor has been proven
by showing the direct real-time monitoring of the interactions of organic vapors with the
multilayers. Finally, higher sensitivity of the surface wave based detection scheme has been
presented as compared to a waveguide modes perturbations method.
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Fig.2.8. Real-time sensing measurement of ethanol vapor by collecting the reflected light from the p-Si
multilayer, for the surface mode (top) and guided mode (bottom) selectively excited at different incident

angles.

The multilayers presented in this work consist of twenty-five periodic stacks of porous silicon.
The BSWs coupling and measurements have been performed with Otto coupling configuration.
The study provides deep understanding of coupling mechanism. For example, by adjusting the gap
between prism and sample the guided or surface modes can be excited selectively. The results are
very well presented with the evidence of demonstrating the surface wave based sensing with several
improved features than guided mode-based, as shown in Fig.2.8. For example, the resonance dip is
much narrower in BSW sensing as compared to the guided mode, the shift of the resonance
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wavelength is larger for surface waves, and a shorter delay from the initial vapor in-flow time for
surface wave sensing.

Furthermore, some other groups have studied BSWs extensively for sensing applications.
Some of these are: experimental sensitivity determination of BSW sensors [49], comparison of
Bloch surface wave and surface plasmon polariton based sensors [50], sensitivity improvement of
optical biosensors by means of Bloch surface waves [5], diffraction-based biosensors [51],
detection of protein aggregation with a BSW based sensor [52] and enhanced surface Raman
scattering in the presence of multilayer dielectric structures [53], [54].

2.8. Fluorescence emission enhancement by BSW platform
[53]

I. V. Soboleva et al. have investigated another fascinating property of BSWs, named field-
enhancement. They have reported that the fluorescence emission of Rhodamine 6G (R6G) dye is
significantly increased by exploiting the local field enhancement on the surface of multilayer
platform sustaining BSWs.
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Fig.2.9. The measured fluorescence spectra of R6G dye on the multilayer surface. The solid line and dotted
line correspond to TE and TM polarization states of the incident light, respectively.
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The multilayers were made up of periodic layers of amorphous silicon nitride. The refractive
index of the layers were tuned by changing the content of ammonia in SiH4+NH3 plasma. The
BSWs were simply excited with a BK7-glass prism in the Kretschmann configuration. The far-
field fluorescence microscopy has been used to collect the intensity spatial distribution of the

surface waves.

Figure 2.9 shows the estimated enhanced fluorescence spectra. The experiment were done for
two orthogonal polarization states, TE and TM. The solid line represents a spectrum measured
when the BSW is excited with TE polarized laser beam, while the dotted line corresponds to the
reference spectrum with TM polarization excitation. The spectrum was measured in the center
region of the BSW distribution. The TM polarization ensures the absence of BSW coupling. It can
be observed (Fig.2.9) that fluorescent enhancement is about six times higher in magnitude for BSW
coupling. The authors state that the divergence of the illumination beam plays a crucial role in the
field enhancement effect. Hence, the fluorescent enhancement can be further increased by using
collimated beams.

2.9. Bloch surface waves based bioprobes - Lab-on-fiber
technology [56]

M. Scaravilli et al. have investigated theoretically the excitation of Bloch surface waves on the tip
of single-mode optical fibers. The authors claim that this study paves the way for a high-resolution
label-free optical biosensing using miniaturized high-performance surface-wave fiber-optic
devices, and it provides an important step ahead towards the “lab-on-fiber” technology. The low
loss dielectric materials have the advantage of much narrower resonances which lead to larger
overall figures of merit than the metallic counterpart for sensing applications. However, reduced
confinement capability of the BSW evanescent tail, yields a lower sensitivity than SPPs.

The multilayers considered in this work were consisted of silicon monoxide (SiO) and silica
(Si03) as high and low contrast materials. As in a single-mode optical fiber the fundamental mode
propagates along the core axis (leads to normal incidence at the fiber tip), to couple the BSW's on
fiber tip grating-coupling-based scheme has been studied. The calculations have been performed
using rigorous coupled-wave approach (RCWA). The zeroth-order of the reflected light for a TE-
polarized incident plane-wave has been examined to calculate the reflectance spectrum. The
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resonance arose due to superimposition BSW resonance and the resonance due to interaction
between the zeroth-order reflected mode and the multilayers.

They study two configurations of gratings on multilayer. In the first one, multilayers are
placed on the top of gratings. Considering fabrication-related non idealities, they discussed that
corrugated shapes of the gratings can partially propagate and may perturb the subsequently
deposited multilayer. Therefore, they numerically simulated a structure in which all layers possess
a periodic pattern the same as the diffraction grating with a fraction of the height of the original
gratings, in order to estimate the effect of corrugation. They found that the linewidth (Q —factor) of
the resonance increases (decreases) up to 23 times in comparison to the ideal case. These results
led them to study another configuration in which the diffraction gratings are designed on the top of
the multilayer which has been proven more reliable considering effects of the fabrication process.

A well-defined study to show the effect of grating parameters on BSW properties resonance
has been presented. The grating period has been chosen to define a particular coupling wavelength.
The height, duty-cycle and number of periods can be selected to optimize the characteristics of the
resonance in sense of linewidth and the visibility of resonance amplitude in the spectral range. It
has been shown that there is a trade-off between visibility and linewidth of the resonance if the
grating height and duty-cycle is varied. By decreasing the height/duty-cycle the spectral selectivity
gets enhanced (linewidth decreases) but the resonance amplitude decreases. Similar conclusion has
been drawn for changing the number of periods of the multilayer. By increasing the number of
periods, the reflectivity of the dielectric mirror was increased and 100% of the power coupled back
with the zeroth-order reflected mode which provides the optimum characteristics of the resonant
lineshape. Basically, the number of periods did not affect the linewidth of the resonance, but the
resonance amplitude increased significantly. Instead of the increasing number of periods, the higher
refractive index contrast dielectric materials can be used for the multilayers to enhance its
efficiency as a dielectric mirror.

They have also investigated the sensing performance of a BSW tip. The bulk sensitivity has
been defined as the shift of the BSW resonance wavelength with respect to variations of refractive
index of external medium. The longer field exponential tail of the surface wave in the external
medium provides stronger interaction with the environment (higher field enhancement) and hence
higher sensitivity. The length of the exponential tail varies inversely to the difference between the
coupling angle and the critical angle. Based on this theory, they proposed a new design where the
excitation angle has been chosen very close to the critical angle. Therefore, the calculated
enhancement factor was obtained 35% higher in comparison to previous design and the evaluated
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sensitivity in linear regime was found to be higher over a factor of four. The new design has been
proven to be more robust against material losses in multilayer. The numerically calculated
sensitivities are in line with those of plasmonic bioprobes. However, BSW based bioprobes always
add the key advantage of offering much narrower spectral resonances. This study provides deep
understanding of the design rules for label-free bioprobes based on BSWs, integrated on optical-
fiber tips.

2.10. On-chip phase-shifted Bragg grating for spatial
differentiation of Bloch surface wave beams [57]

Another planar structure to manipulate the properties of BSWs has been studied. L. L. Doskolovich
et al. have studied theoretically phase-shifted Bragg gratings (PSBG) for spatial differentiation of
BSW beams. The spatial differentiation and integration of optical beams is an import operation of
analog signal processing. As BSWs are considered as prospective information carrier in integrated
circuits, this device can be exploited as an integrated information processing system with BSW

pulses and beams carrying information.

The conventional PSBG consists of two symmetric Bragg gratings separated by a defect layer.
To design analogous on-chip PSBG, the ridges of the grating were made in the top most layer of
BSW multilayers. Further, the lengths of the ridges and the grooves between them was kept the
same as the layer thicknesses of the conventional PSBG. As the effective refractive index of the
BSW is defined by the thickness of the topmost layer of the multilayers, the values of the heights
of the ridges were chosen to match the BSW effective refractive indices with corresponding
refractive indices of the conventional PSBG layers. At particular thickness of the defect layer, the
reflection of PSBG vanished for a specific wavelength and incident angle. Because of the presence
of a zero in the reflection spectrum, PSBG can be used as spatial and spectral filters and for the
different transformations of optical beams.

They have compared the results of on-chip PSBG with free space conventional PSBG using
the rigorous coupled-wave analysis method. It has been shown that the reflection spectrum of on-
chip PSBG and of free space conventional PSBG is in good agreement with each other. However,
the position of the minimum of the reflection coefficient of BSW PSBG was found to be slightly
shifted from conventional PSBG.
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Further, the effect of the number of periods of the grating and the width of the incident BSW
on the characteristics of the resonance spectrum has been demonstrated. It has been said that a
trade-off can be achieved between the differentiation quality and the maximum amplitude of the
reflected light. For example, increasing the number of layers led to increased maximum amplitude,
but decreased differentiation quality. On the other hand, as the width of the incident BSWs
increased the maximum amplitude decreased. However, the behavior of the differentiation quality
was a bit complex. It was increased or decreased depending upon the number of grating periods.

Figure 2.10 (a) shows the incident Gaussian BSW beam (dotted black curve) and the
corresponding reflected beam (solid blue curve). The exact derivative of the incident beam profile
is also presented in the red dashed curve. Figure 2.10 (b) represents the simulation image of the
field distributed over PSBG on the top of the multilayers. The incident BSW and its corresponding
differentiated BSW can be seen clearly. They reported that the beam shape of the reflected light is
almost retained upon propagation. This study can be applied to design a BSW based integrated
system for optical information processing.
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Fig.2.10 (a) The incident beam profile (dotted black curve), the absolute value of the reflected beam (solid
blue curve) and the absolute value of the exact derivative of the incident beam profile (red dashed curve).
(b) The field distribution of the incident and reflected light (differentiated) over PSBG is shown with white
dashed lines.
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2.11. Bloch-like surface waves in quasi-crystals and aperiodic
dielectric multilayers [S8]

Until now, we have studied the existence of Bloch surface waves in periodic multilayers. Recently,
V. Koju et al. have numerically studied the presence of BSWs in quasi-crystals and aperiodic
dielectric multilayers. In their work, this kind of surface modes are addressed as Bloch-like surface
waves (BLSWs). The Bloch-like surface waves have been excited in Fibonacci quasi-crystals
(FQC) and Thue-Morse aperiodic dielectric multilayer (TMADM) using the prism coupling
configuration.

They have reported two advantages of using this kind of structures over conventional periodic
multilayers. First — the field enhancement at the surface due to BLSWs (FCQ/TMADM) was
significantly improved compared to the one produced by BSWs (periodic multilayer). This
improved field enhancement is good for designing efficient optical slow light devices and
enhancing surface detection based techniques, for example surface-enhanced Raman spectroscopy,
fluorescence-based detection and biosensing based on enhanced diffraction. Second — the
penetration depths of the exponentially decaying tail of BLSWs were increased in external medium
which leads to stronger interaction of the surface mode with the outer environment and hence
higher sensitivity. This feature combining with high field enhancement can be utilized to design
sensitivity enhanced biosensors.

The quasi crystal (FQC) was designed with 34 layers of TiO2 and SiO; for around visible
wavelength spectrum. The considered FQC pattern was
ABAABABAABAABABAABABAABAABABAABAAB where A and B were high and low
index layers. This sequence is aperiodic. It can be rearranged in periodic subgroups, for example
XYXYXZ, where X= ABAABA, Y = BAABAAB, and Z = AB. Therefore, the complete sequence
can be treated as periodic layers of X and Y with Z as a defect layer. This structure exhibited two
BLSW modes. The maximum obtained field enhancement (FE) and penetration depth (PD) were ~
1500x and 533 nm respectively.

Another structure TMADM was designed with 32 layers of TiO; and SiO: for the same
wavelength range. The TMADM pattern was
ABBABAABBAABABBABAABABBAABBABAAB. If the sequence was rearranged in
subgroups, only near-periodic patterns can be achieved. The discussed TMADM design has shown
four BLSW modes. The maximum achieved FE and PD were ~ 2450x and 960 nm respectively.
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For the sake of comparison the results for periodic dielectric multilayers (PDMs) were also
presented. The PDM was consisted of 32 periodic layers of TiO2 and SiO,. The maximum obtained
values of FE and PD were ~ 600x and 55 nm, respectively.

In summary, FCQ and TMADM structures have demonstrated several advantages over
conventional periodic multilayer structures. These include, the field enhancement at the surface
folds many times, the penetration depth inside the air is significantly increased and the field energy
density is strongly confined at the surface because the field density decays rapidly inside the
structure. Among all three designs, TMADM has shown maximally improved FE and PD. It should
be noted that PDM has exhibited only one BSW mode for the same range of working wavelengths.
Unlike, BSW modes the field profile of BLSW modes neither decayed exponentially inside
multilayers nor strictly varied with periodicity. These structures possess the flexibility in the design
of the optical device with enhanced optical properties.

2.12. Theoretical study of Bloch surface waves ring resonators
[59]

M. Menotti et al. have studied theoretically Bloch surface based ring resonators at visible
wavelengths. They considered the multilayers consisting of 10 periods TiO2 and SiO». The ring
resonator was designed in polymethyl-methacrylate (PMMA) ridges on the top of multilayer. In
order to reduce the computation time and memory, they have adapted an approach to reduce the
dimensionality of the problem. They have opted effective index approach which is executed by
decomposing the 3D problem into two independent 1D and 2D problems. The first problem dealt
with the vertical field confinement (because of surface state) in an effective multilayer, on the other
hand the second problem solved the resonant modes by simulating an effective 2D system using an
FDTD method.

The quality factor (Q) of the resonance mode was defined by the two independent loss
mechanisms. One defines leakage of surface mode through the substrate because of finite number
of periods in the multilayer (Q.), while the other deals with the bending losses due to ring radius
(Qu). The total quality factor (Q) has been has been calculated adding Q. and Qy in parallel. They
have demonstrated the dependence of the quality factors on Q.1 and Qj on the multilayer parameters,
such as number of periods and ring radius, respectively, as shown in Fig.2.11. It should be noted
that scattering losses at the interface between layers due to surface roughness and fabrication
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imperfection are neglected in the calculations. The results have shown that a Q factor ~ 107 can be
achieved with a footprint of ~250 pm?. The authors claim that even allowing scattering losses, the
Q factor would still remain upto ~ 10, This study provides the limiting parameters of the Q factor
and the understanding of the design of BSW based ring resonators for sensing and integrated optics
applications.
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Fig.2.11. In plane and perpendicular quality factors as a function of ring radius and number of periods of
multilayer calculated using the effective index method and FDTD simulations.

2.13. Slow light Effect — Bloch Surface Waves [60]

Recently, it has been demonstrated that in a specific configuration Bloch surface waves can be used
to slow down the light for the applications where slow light effect is exploited to make optical
buffers and enhanced surface detection based techniques. V. Koju et al. have studied theoretically
the slow light effect in BSWs using double prism tunneling configuration. They have reported that
this method is simple and practical compared to other techniques studied in past. The set up was
consisted of two prisms separated by an air gap. TiO2 — SiO, multilayers structure was deposited
on the face of one of the prism and the second prism placed on the top of multilayers maintaining
an air gap in between. The second prism allowed the evanescent field of BSW in the air to couple
into radiative mode of the prism and transmit through it. This process was governed by the
frustrated total internal reflection. The light was stored temporarily on the surface as a BSW before
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being transmitted through the second prism. This process provides the time delay to the transmitted
light (see Fig.2.12). And the strength of the coupling from surface mode (BSW) to radiated mode
(transmitted light) was defined be the air gap. They have considered a Gaussian temporal pulse

profile as incident beam (through prism) in simulations.
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Fig.2.12. The delay of 4.209 ps shown between incident and transmitted pulses, at the top and bottom,

respectively.

The group index (time delay) and the transmittance have been studied for different air gap
spacing and different number of multilayer periods. It was observed that at smaller air-gap
thickness, the group index is low while transmittance is high. Gradually, an optimum value of the
air gap was achieved and a desired group delay with acceptable transmittance was obtained.
Furthermore, increasing the air-gap thickness did not increase the group index, however it started
decreasing because increasing the air-gap thickness decreases the transmittance significantly. The
similar behavior has been shown when varying the number of periods of multilayers. The results
reported that light can be slow down by a factor of up to 400 using BSW based double prism
coupling configuration. The slow down factor can further be increased by choosing the material of
multilayer with high refractive index contrast. As an illustration, a time delay of 4.209 ps (ng ~
350) with the optimum air gap thickness of 1600 nm has been shown in Fig.2.12.
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2.14. Grating coupler for Bloch surface waves [61]

The intercrossed gratings have been used as a highly miniaturized BSW launcher and beam splitter
for on-chip integrated systems. T. Kovalevich et al. have demonstrated experimentally the coupling
of BSW through in-plane grating coupler. Further, the direction of BSW propagation can be tuned
by changing the polarization of the incident light. The illumination had normal incidence. The wave
vector matching condition to couple BSWs was attained by the grating vector. The groove size in
the grating has been optimized to have a maximum of BSW coupling using RCWA simulations.
The designed gratings were fabricated with focused ion beam milling.

Fig.2.13. Schematic showing BSW coupling at the intercrossed grating for two orthogonal polarizations.

The polarization of incident beam was rotated using a half wave plate. The light with the
polarization direction (E-field) parallel to the grating direction (perpendicular the period of the
grating) passed through the grating while light with perpendicular polarization was blocked (see
Fig.2.13). In this way, by designing two grating crossing each other perpendicularly the direction
of the BSW propagation can be tuned in two perpendicular directions with a control on power
division in both directions. The reported theoretical coupling efficiency of the presented in-plane
BSW coupler is 18%.

15. Tunable Bloch surface waves - lithium niobate thin films
[62]

The Bloch surface wave integrated system can be improved by adding tunable components. Lately,
Tatiana Kovalevich et al. have reported that it is possible to obtain active tunability in BSW
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sustaining systems. The optical properties of BSWs may be controlled by the effective index
change of the top most layer of the multilayers. They have used thin film of lithium niobate
(LiNbOs3) as a high index material top layer. The electro- and thermo-optical properties of LiNbO3
can be used to design novel tunable and active planar optical components for BSW based 2D
integrated optics. The refractive index of a thin film of LiNbOj; can be changed using the electro or
thermos optical properties of the film. The other way to approach the same problem is to rotate the
sample such that BSW couples along either ordinary or the extraordinary axis of LiNbO3. Both
axes offer different refractive indexes, n, and ne for ordinary refractive index and extraordinary
axes, respectively. They have demonstrated different BSW coupling angles corresponding to
ordinary or the extraordinary axes, owing to anisotropic property of the multilayer + LiNbO3
system.
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Propagation Properties of Bloch Surface Waves

In this chapter, we study experimentally the propagation properties of Bloch surface waves at the
interface of a dielectric multilayer platform. We use thin layers (~4/25) of titanium dioxide as a
device layer of high index material. The refractive index of the surface mode has been studied
theoretically and experimentally. We exploit multi-heterodyne scanning near-field optical
microscopy and far-field characterization in our study. The longest propagation length is achieved
when the multilayer is designed to have the dispersion curve positioned close to the middle of the
photonics band gap. This study paves a way to realize efficient and compact two-dimensional
components and systems.

The propagation length Lgsw and effective refractive index ney are the key parameters of
BSWs, which determine the losses associated with the multilayer platform and the optical
properties of the surface modes and optical components, respectively. We study Lgsw and neg for
different thicknesses of device layer. The purpose is to be able to determine the thickness of the 2D
optical components (based on the results obtained) which are patterned into device layer.

The decay of the amplitude of the surface mode along the propagation direction results from
absorption in the material, surface scattering and leakage into the multilayer because of prism
coupling. However, due to the low absorption of dielectric materials (constituent material) and to
the low roughness of the multilayer surface, absorption and scattering do not have a significant
contribution to the losses [63], [64] . Hence, the BSW is mainly decaying by the leakage into the
prism. The decay coefficient of the surface mode due to leakage losses into the multilayer
(neglecting the absorption and surface scattering losses) decreases exponentially as the number of
periods of the multilayer increases [1].

For a particular design of multilayer, the thin high refractive index layer on top of the BSW
platform tends to increase n.; and hence the electromagnetic field confinement. The position of
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the surface mode inside the bandgap can be altered by tuning the thickness of this layer. This
provides a better control of the optical properties of the surface mode, such as high propagation
length and tight confinement to the surface. Furthermore, the thickness of this layer plays a key
role in determining the BSW frequency (propagation vector), which can thus be tuned within the
photonic band gap. The concept of using a thin layer enables the fabrication of customized 2D
photonic elements at the surface of a standard multilayer. The main advantage is the ease of
fabrication of 2 D structures compared to 3D and the standard fabrication techniques used for the
platform [44]-[47], [65].

In addition to the design of the multilayer, optical properties of BSW depend strongly on the
coupling configuration. In our case, we are using a prism coupling system to couple a Gaussian
beam with a given divergence in order to create a coupling zone on the surface of the multilayer.
Based on Ulrich’s paper [66], one can estimate the coupling efficiency; this latter depends on the
beam waist of the illuminated spot. For the prism coupling configuration, Ulrich defines the ratio
propagation length /beam waist as a coupling parameter which is controlled, among other means,
by changing the number of periods in the multilayer design. It has been reported that for very weak
coupling, when coupling parameter >> 1, less energy is coupled to the surface of the multilayer.
On the other hand it decays slowly due to low leakage. Therefore the coupled surface mode has
longer propagation length. Coupling can be improved by using a collimated beam of incidence.

3.1 Constituent material and multilayer platform design
concept

The multilayer platform consists of a dielectric stack, equivalent to a Bragg mirror, with
periodically alternating high and low refractive index materials. The periodic structure consists of
six periods of silicon dioxide (SiO2) and silicon nitride (SiNx) having a refractive index of 1.45 and
1.79 at 2=1550 nm, respectively. The periodicity of the multilayer is terminated by a 50 nm-thick
terminating layer (top layer) of SiNx. The thickness of the top layer determines the field profile of
the BSW mode inside the multilayer [67] . The thicknesses of the SiO» and SiNy layers are 472 nm
and 283 nm, respectively. The complete structure (Bragg mirror + top layer), called Bare Multilayer
(BML), is deposited on a glass wafer as shown in Fig.3.1. We exploit the BML as a platform for
integrated optics which enables the wafer scale production and hence the low cost fabrication
technology (see Ref. [45] ). The BML exhibits a photonic band gap at telecom wavelengths and a
BSW can be excited with TE and/or TM polarization. In the present work the multilayers are
designed for TE polarization at the wavelength around 1550 nm.
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Fig.3.1. Schematic of BSW platform consists of periodic stack of dielectric multilayers (silicon dioxide and

silicon nitride) deposited on a glass wafer.

As already mentioned, a topmost layer of a high refractive index material, which will be
addressed as a device layer hereafter, can be deposited on top of the BML. It can serve as an
efficient device layer to shape micro/nano-photonic structures for further integrated optics
applications. We use titanium dioxide (TiO2) as a device layer of high refractive index material. It
has a refractive index of 2.23 at the wavelength of 1550 nm. The material is transparent in the
visible and near-IR regions of light [64]. High refractive index provides strong in-plane
confinement of the light and enables the development of compact and low loss complex shaped
integrated 2D photonic devices. Here we study the effect of different layer thicknesses of TiO2
deposited on the BML on the BSW characteristics.

To design a multilayers, one should know thickness of the alternative layers of given refractive
indexes and their number of periods. In this section we will discuss the reason of choosing particular
thicknesses and number of layers. The thicknesses should be chosen to acquire maximum
transmission (coupling strength) per length at a given indices, wavelength and incident angle. The
condition for maximum transmission, which makes it possible to minimize the overall thickness of
multilayer platform, is derived somewhere else using impedance approach [68]. Very interestingly
it can be seen that the commonly held opinion that quarter wavelength thickness of the layers
provide maximum transmission per length is not correct. In particular, for the larger incident angle
(grazing incidence), the quarter wavelength thicknesses are not optimal thicknesses. Figure 3.2
shows the transmission coefficient diagram as a function of thicknesses of SiNx and SiO». It is
calculated for refractive indexes n; = 1.79 and n> = 1.45 of SiNy and SiO», at wavelength ~ 1550
nm and at 58.26 deg. incident angle (BSW coupling angle for device layer of 60 nm TiOz). The
point marked with diamond represents the thicknesses of the alternating layers used in this work.
It can be noticed that the chosen thicknesses fall inside the maximum transmission region.
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To demonstrate the effect of choosing quarter wavelength thickness on the BSW coupling
strength, we plot the reflectance of multilayers with respect to incident angle for two different
thicknesses of alternating layer. For example, quarter wavelength thicknesses are chosen for the
largest angle used in experiments presented in this work. The one dimensional periodic multilayer
stack can be dimensioned as a quarter-wavelength [69].

dy = A 3.1

1™ 4nycos6, -1
A

d, = ——— 3.2

2 4n,cos06, (3-2)

Where n,/d; and n2/d> are refractive index/thicknesses of SiNx and SiO; respectively, 6; and
0> are incident angle inside SiNx and SiO> layers respectively and 4 is an operating wavelength. At
incident angle (inside prism) 0 = 58.26 deg., n; = 1.79 and n> =1.45 and 1 = 1550 nm, the obtained
d; and d> are 308 nm and 562 nm.
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Fig.3.2. The diagram of band gap extinction of multilayers as a function of layer thicknesses.

We calculate the reflectance plot for 6 periods of SiOz and SiNx for the optimally chosen
thicknesses (Si02 =472 nm and SiNx = 283 nm) than quarter wavelength thickness (Si02— 562 nm
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and SiNx — 308 nm), as shown in Fig.3.3. The stronger coupling (deeper reflection dip) can be
observed for the optimally chosen thicknesses of alternating layers.

1
0.8
= Optimized
9 thicknesses
=
a7
g 061 Quarterwave
= thicknesses
~
0.4
0.2
50 55 60 65

Incident angle (deg.)

Fig.3.3. Reflectance curve of multilayer platform as a function of incident angle for two different thicknesses
of alternative layers. The blue curve represents optimally chosen thicknesses while red curve corresponds

to quarter wavelength thickness.

The particular number of layers have been chosen to achieve optimum BSW excitation
condition and low leakage losses. On one hand, decreasing the number of layers increases the
coupling strength but on the other hand it increases the leakage losses and vice versa. We have

optimized our design with six periods of SiO> and SiNx.

Please note that in practice, material absorption is too low to be measured accurately from
ellipsometry. However, the depth of the BSW resonance depends on the material absorption losses.
For an ideal multilayer platform, all the light coupled to BSW under resonant conditions will couple
back to the prism. On the other hand losses also cause the broadening in resonance width.
Therefore, for the design purpose minimum losses are required in order to find a balance between
observing the resonance and width of resonance. From literature, the estimated value of imaginary
part of both layers is approximately 10 [70]. However, in calculations, we adjust the imaginary
part of the refractive indexes of SiOz and SiNx to observe the resonance dip clearly.

The BML platform is fabricated using Plasma-Enhanced Chemical Vapor Deposition
(PECVD, Plasmalab 80+ by Oxford Instruments), while Atomic Layer Deposition (ALD, TFS
200 by Beneq) is used for TiO». This device layer has to be only a few tens of nanometers thick
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and ALD is an ideal method to deposit a homogenous coating all over the surface of the BML. The
accuracy in thickness, the conformality of the film, and the quality of the material possible with
ALD technique is ideal for nanophotonic structures [71] . As previously demonstrated, the last
layer has a crucial importance in the confinement and propagation length of the BSW [67] , making
the precision of the deposition of this last layer a key point of the fabrication process. TiO> has
been deposited using titanium tetrachloride and water as precursors at a process temperature of
120°C. At this temperature, the deposited material is amorphous reducing risks of intrinsic
scattering and thus reducing losses .The deposition rate is 0.07 nm/cycle, which explains the high
accuracy of the layer thickness.

The dispersion diagram of the semi-infinite multilayer is plotted in Fig.3.4. It shows the
radiative (black) zones and non-radiative zones for propagation within the multilayer. The surface
modes exist within the white zones that correspond to the photonic bandgap of the dispersion
diagram. This means that the BSW cannot radiate in air and have frustrated radiation into
multilayer. The dispersion band diagram of the underlying multilayer is calculated with the transfer
matrix method [72] .

Device layer of TiO2
of varing thicknesses

14

Dispersion band

. N
Top Layer — diagram T 1460 nm-1580 nm
283 nm — .
— e &
472 nm —s No
31

TiO, i
B . 0 Ny 00 Bare Multilayer|
- SiN, — = 30 nm TiO,
==« « 60 nm TiO.
B s, 2

O 1 2 3 4 5 6 7 8 98 10
B (um")
Fig.3.4. Dispersion band diagram of the underlying multilayer with semi-infinite stacks for TE polarization.

The white zones represent the photonic bandgap of periodic multilayer. Inside photonic bandgap, the
dispersion lines of different colors correspond to different thicknesses of TiO:.

The p axis is the propagation constant f = (27/4) nsinf of the incident light which is parallel
to multilayers and the w axis represents the angular frequency w=2rco/A, where A is the wavelength
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of incident light in vacuum, 7 is the refractive index of the prism, @ is the incident angle and ¢y is
the speed of light. The chosen parameters of the platform are such that the dispersion relation of
the surface mode lies in the photonics band gap. The propagation properties of the surface mode
on the platform can be altered by changing the thickness of the top layer or the device layer. Their
thicknesses define the location of the dispersion line in the band gap. It is revealed in the dispersion
diagram, Fig.3.4 that by increasing the thickness of the device layers, the BSW dispersion line
moves towards the right side edge of the band gap which means higher propagation constant at a
fixed wavelength.

One can see in Figure 3.4 that the dispersion relation of the BML and the 60 nm device layer
appear near the upper and lower edge of the bandgap, respectively, whereas the dispersion relation
of the 30 nm layer of TiO> lies in the middle of the bandgap. For the Bloch surface modes that
occur near the center of the bandgap, the attenuation by the periodic multilayer stack is stronger
and the mode is tightly confined to the surface (see Fig.3.5 (b)). For the modes close to the edges,
the attenuation is relatively weaker and the evanescent field penetrates much further into the
multilayer [7], [67]. Therefore, the PBG based platform can be designed based on the application
behind. Strong field enhancement is needed for sensing and nonlinear applications while modes
with longer propagation length are required for integrated optics.

Figure 3.5 (a) shows the relation of the BSW dispersion line in the photonic bandgap for
different thicknesses of top layer (red curve) and device layer (blue curve). It should be noted that
the calculations with the device layer has been performed with fixed thickness of top layer (50 nm).
One can see that by increasing either the device or the top layer thickness, the corresponding
propagation constant of the BSW mode increases. Since the device layer has a higher refractive
index, the propagation constant of BSW changes remarkably with the thickness. The imaginary
part of the BSW wave vector (Imag (K)), which is in the direction perpendicular to the multilayer
interface, controls the exponential damping of the electric field inside the multilayer [59]. In Fig.3.5
(b), we plot (in red) the absolute value of the product of the period of multilayer and Imag (K) with
respect to the effective index (nsinf). One can see that the values are higher in the middle of the
bandgap which refers to the fact that attenuation by the PBG material is stronger. Consequently the
evanescent field cannot penetrate deeper into the multilayer. The blue stars refer to the values of
the (Imag (K)) for different thicknesses of the TiO: layers. In green, we show the reflectivity
spectrum of a platform with a device layer of 60 nm-thick TiO> with respect to nsinf. The dip
position in the reflectivity spectrum depends on the chosen parameters. Therefore, the device layer
and the top layer thicknesses can be tuned in order to modify the effective index of BSW depending
on the targeted application.
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Fig.3.5 (a). Evolution of the propagation constant of the BSW mode with respect to the top layer thickness
(red) and the device layer thickness (blue). (b) Reflection spectrum (green line) of 60 nm device layer TiO;
and position in the photonic bandgap (greyed surface). The red spectrum shows the product of the period
of multilayer and the absolute values of the imaginary part of the BSW wave vector (in the multilayer) which
is perpendicular to the direction of BSW propagation. The values are lower at the edges of the bandgap.
Blue stars correspond to the values of the imaginary part of the BSW wave vector for 60 nm, 30 nm, 15 nm

and 0 nm thicknesses of device layer of TiO: in the direction toward decreasing nsin scale respectively.

3.2 Experimental set up for Bloch surface wave excitation and
characterization methods

For the experiments done in this thesis, a total internal reflection (TIR) configuration is used for
BSW coupling. The TIR configuration is needed for BSW excitation since its wave vector lies
beyond the light line. Thus, it is not possible to couple the surface wave directly in air. A schematic
of the total internal reflection configuration is shown in Fig.3.6. A BK7-glass prism is used for the
coupling (n = 1.501). The laser beam incidents at the prism at an angle 8 which is higher than
critical angle. At a particular angle and wavelength, the incident light is coupled to BSW which
can be seen as a reflection dip of the angular reflectance plot in the far-field (FF). The incident
angle 6 is chosen so that the parallel component of the wave vector of the incident light matches
the following condition, = Ksind where, K=2zn /A is the wave vector of the incident beam, 7 is
the refractive index of the prism, 4 is the wavelength of the incident light in vacuum and f is the
propagation constant of the surface mode. The laser source is an external cavity diode laser
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(Agilent, Model 81682A) tunable for wavelengths ranging from 1460 nm to 1580 nm. We use a
focused Gaussian beam to couple light onto the surface of the multilayer. An incident beam
illuminates the prism at an incident angle & at a specific wavelength. In our case, the horizontal
spot diameter in the coupling zone is around 30 um. The surface wave propagates in the x-y plane
as shown in Fig.3.6.

SNOM Probe

Device Layer

Reflected
Light

CCD Camera
Focusing Lens

Fig.3.6. BSW coupling is performed with total internal configuration using a BK7-glass prism. The SNOM
probe collects the evanescent field on top of the 2D structures. On the other side of prism, there is a CCD
camera to collect the light reflected in the far-field.

Since a BSW is an evanescent mode, the near-field (NF) is collected by a MH-SNOM with a
subwavelength aperture probe (in collection mode) appended to a single mode fiber. The working
principle of MH-SNOM has been described in ‘Introduction’ chapter.

A schematic of the far-field experimental setup is shown in Fig.3.7. A collimated and TE-
polarized beam is used to illuminate the sample through the input slant facet of a glass prism. The
angular divergence of the collimated incident beam is measured (from the spot size) to be ¢ =
0.0024 rad. The sample is contacted with the prism flat facet using a proper index matching liquid.
On the other side of the prism, the reflected light is collected by a Germanium photodiode detector.
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The sample and the detector are placed on a rotational stage, which is driven by a stepper motor
controller. The rotational stage is being used to rotate the sample with respect to the incident beam.
The angle ‘@’ is measured between the normal to the multilayer planar interface and the direction
of the incident beam at the prism. The angular reflectance profiles at a fixed wavelength are
obtained by scanning a range of angles (6).

. Diaphragm
Focusing lens Sample
Photodiode | m | CO"'matOF

) ) Polarizer

Motorized rotational

stage [ e
Stepper Motor DAQ System NIR Tunable Laser
Controller E

1460nm -1580 nm

Fig. 3.7. Schematic of the far-field experimental set up in total internal reflection configuration used for far-
field characterization of BSWs.

To design and study 2D optical components on the top of multilayer platform, we use
commercial CST Microwave studio simulations based on the FDTD method. As 3D numerical
simulation using FDTD method can be extremely time consuming on a medium sized server, the
effective index approach is implemented to decompose the 3D model into two independent 1D and
2D models. Considering the fact that in the 2D devices, under investigation in this thesis, the
vertical confinement dominates the lateral confinement of the surface mode, the properties of the
surface mode are mainly determined by the vertical structure of the multilayer. Therefore, we opt
for the vertical effective index approach to define the 1D model as an effective multilayer due to
vertical confinement of surface mode. Further, 2D components are modeled considering the
effective indices of BML and BML + device layer as an indices of background and the components,
respectively. The simulations are performed with open boundary conditions and in-plane TE
polarization state. The open boundary conditions define the finite expansion of the structure by

61



CHAPTER 3 Propagation Properties of Bloch Surface Waves

using a perfectly matched layer boundary. The simulations are adapted for mesh (hexahedral) size
of /10 wavelength.

3.3 Impact of device layer on Bloch surface waves propagation
properties

3.3.1 Propagation length analysis

As described in the constituent material section, the presented multilayer design supports TE
polarization. In Figure 3.8 (a, b), the near-field image of BSW coupling for TE and TM polarization
demonstrate this fact. The BSW propagation is only supported by TE polarization while TM-
polarized field appears as an elongated Airy pattern of the focused illumination spot. The Airy field
distribution is aroused because of the diffraction at the focuser entrance pupil. The illumination
spot appeares elongated because of the projection of the incident beam onto the multilayer surface.
For TE polarization BSW propagates far from the coupling region in y direction. The shift in
positive y direction of the maximum field amplitude of TE and TM polarizations can be noticed in
Fig.3.8 (c). The Goos-Hanchen effect, which induces a spatial displacement of the focused light
beam totally reflected from the interface of dielectric surface, is the reason behind aforementioned
shift [73]. We visualize, in Fig.3.8 (c), the Goos-Hanchen shift which is enhanced by the coupling
of BSWs for TE polarization [73]. For a particular coupling parameter, the positive shift can be
estimated according to reference [66]. In our case, the coupling parameter propagation length /beam
waist is % ~ %zo ~ 90. Based on the Ulrich’s prediction at the given coupling factor, the
positive shift in peak of field distribution is approximately y,, = 1.9 * wy = 28.5 um [66]. The
calculated shift is very close to the one observed experimentally which is 30 um (see Fig.3.8 (c)).
The measurements for deducing L3¥E are presented in the below paragraph. The calculated

LBML ~ 1350

coupling parameter is very high ( -~ 90) the estimated coupling efficiency is

Wo

approximately 5 % according to [66].
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Fig.3.8. Near field MH-SNOM images of BSW propagation (a). When excited with TE polarization (b).
When excited with TM polarization (c). The cross section of measured electric field amplitude for TE and

TM polarizations as a function of propagation distance at coupling area.

As a BSW propagates along the surface, it loses energy to the multilayer system. Thus, the
propagation length is an important property of a BSW. It is the distance where the amplitude of the

_y
propagating field drops down exponentially (exp( / LBsw)) to I/e of its maximum value. As

described in the introduction, the main source of mode loss is the leakage into the multilayer
because of the presence of the prism. The multilayer design is optimized for low losses by
appropriately choosing the thicknesses and number of periods. The propagation lengths for the
BML and BML with different thicknesses of the device layer (TiO2) are estimated by measuring
the near-fields.

A near-field image of BSW propagation at wavelength 1558 nm is shown in Fig.3.9 (a). The
image represents the field amplitude distribution of BSW propagation, where the evanescent field
is collected by a MH-SNOM probe. The amplitude distribution map is analysed to deduce the BSW
beam divergence and propagation length in x and y direction, respectively, as shown in Fig.3.9 (a).
Lpgsw 1s obtained by exponentially fitting the decrease of the field amplitude of the surface wave
along the propagation direction where the region with maximum field amplitude represents the
coupling zone, as demonstrated in Fig.3.9 (b). For 30 nm thickness of TiO,, we achieve a
propagation length of around LY, = 3.24 £0.13 millimeters in the near-field, which is nearly 40
times longer than the recently obtained “Long-Range SPPs” studied by J. Lin et al. [12] and 5 times
longer than the one studied by L. Yu et al. [45]. We have calculated an error margin using a standard
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absolute error analysis method. Mainly, the divergence of the BSW and the surface quality
influence the propagation length. Hence, error calculations include the divergence of the BSW,
surface non-uniformity and also the reproducibility of the results. To determine the divergence of
the propagating BSW, the full width half maximum (FWHM) of the measured beam profile (in x
direction, Fig.3.9 (a)) is calculated at equidistant positions along the direction of propagation for
one millimeter. For BML, the measured value of the divergence angle in the near-field is
approximately 0.27 deg. Note that the perfect conformal coating provided by ALD insures a
homogeneity of the layer thickness all over the sample even in tiny apertures. A small reduction of
the surface roughness can also be observed for thicker layer [64] .

In the similar manner as explained above, the propagation lengths of the BSW, without a
device layer (BML) and for other thicknesses of TiO» are also measured at 4 = 1558 nm. Different
thicknesses of the TiO; layer are deposited on different BML samples with the same multilayer
platform design. The measured propagation lengths for the BML, with 15 nm of TiO2, 30 nm of
TiO2 and 60 nm of TiOz are 1.35+0.09, 2.77+0.15, 3.24+0.13 and 2.53+0.14 millimeters,
respectively. The corresponding propagation losses in dB/mm (8.68/ Lasw) are 6.42, 3.13, 2.68 and
3.43 dB/mm for the BML, with 15 nm of TiO2, 30 nm of TiO> and 60 nm of TiO», respectively.
The propagation lengths with error margins are plotted against different thicknesses of TiO> in
Fig.3.9 (c). The rigorous calculations to deduce the Lgsy have been performed by M. Menotti et al.
[59]. It has been explained that Lpswyis directly related to the Imag (K) and the number of periods
of the multilayer. In the present design of the multilayers the value of Imag (K), which controls the
damping of the electric field in the multilayer, is maximum at the middle of the PBG (Referring to
Fig.3.5 (b)). This implies, the evanescent field cannot penetrate deeper into the multilayer close to
the middle of the band gap. Therefore Lgsw is longest in the middle of the PBG, since the leakage
is the dominating propagation loss mechanism. For example, referring to the propagation length
plot and the dispersion band diagram [Figs.3.4 and 3.9 (c) inset], the propagation length for a 30
nm-thick TiO; layer is the longest compared to other thicknesses and the dispersion line lies at the
middle of the bandgap.

64



CHAPTER 3 Propagation Properties of Bloch Surface Waves

@ - 3 8 8 &8 g 8 3 g
o (=] (=] (=] (=] (=] (=] (=] (=]
S
y (um)
(b)
0.25
Field amplitude cross T Measured.D ata
0.2 section Exponential fit
=
o
S
o 0.15
<
£
g‘ 0.1 | Exponential fit
<
= WWWMMW
) T
i, 0.05} ¥y
a e LBS\V
0 ‘ ‘ s
0 100 200 300 400 500 600 700 800 900
y (pm)
()
3.5
g 2
£ ¢
=
225, * ¢
<
5
) g
= 2
% [-=9
& 15
& Near Field
1 O'sw(XIBEHZ) e ‘ Far Field
0 10 20 30 40 50 60 70
TiO, Thickness (nm)

Fig.3.9 (a). MH-SNOM image demonstrating BSW propagation in the near-field. (b) Exponential fit of the
field amplitude along the direction of propagation to measure the propagation length. (c) Near-field
measurement of propagation lengths with the error margin for BML (0 nm TiO;), 15 nm of TiO:, 30 nm of
TiO; and 60 nm of TiO: thicknesses.
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The propagation length of prism-coupled waveguide modes can also be deduced from the
bandwidth of reflectance anomalies, as described by Ulrich in [66]. The reflectance spectrum as a
function of the incident angle 8 is measured using a far-field set up as explained under the methods
section (see Fig.3.7). Notwithstanding, measured reflectance dips broaden significantly due to the
angular divergence of the illuminating beam. In fact, for the given coupling system, the reflectance
anomaly is a result of the convolution of the multilayer waveguide transfer function and the angular
spectrum of the incident beam. In the far-field characterization method, we use a Gaussian beam
whose measured angular divergence is about ¢ = 0.0024 rad. The corresponding beam waist is
around wy = A/¢r =206 um. We remove the effect of the finite size of the beam width and estimate
the FWHM of the reflectance curve, which is around o= 2x 10™*. As an example, we show here the
propagation length of the BSW mode for the device layer of 15 nm TiO». The estimated value in
the far-field for prism-film coupling systems is following [66] :

LEE =4/, 5= 2.5 millimeters (33)
Which is very close to the near-field propagation length of 15 nm of TiO; (~ 2.7 millimeters).

As shown in Fig.3.6, the CCD IR camera is used to collect the reflected light in the far-field.
The m-line pattern can be observed in a prism coupling arrangement [74]. These m-lines intersects
the focused spot produced by total internally reflected incident light and generate the specific fringe
pattern, as shown in Fig.3.10.

Fig.3.10. M-line pattern observed in far-field image of the reflected light captured in CCD camera in TIR

coupling set up.
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With increasing coupling strength these lines become first brighter and then broader [74] .
The fringe pattern can also be understood as an interaction of total internally reflected incident
beam and leaky propagating surface wave [75]. The reflected beam is a divergent Gaussian beam
while the leaky surface wave is more flat. The intersection of two wave-fronts having different
curvatures produce the interference pattern. More the waist difference of these two interfering
beams, larger would be the difference in wave-front curvatures of these beams after propagating
some distance and hence more pronounced fringes pattern.

3.3.2 Analysis of evanescent field in external medium

As discussed in chapter 1, the BSW decays exponentially in the external medium. The strong
evanescent field content indicates the strong interaction with the external medium and hence
enhanced sensitivity [56]. Here, the sensitivity is defined as the shift in the resonance wavelength
of BSW with respect to the variation in refractive index of the external medium. The length of the
exponential tail depends on the difference between the coupling angle 8 and the critical angle Oc,
the smaller the difference the longer the field tail, according to following formula [8].

A

Lep = 21/ (np sin 0)2—(n,)2 (34

Where, np and n,, are the refractive indices of prism and external medium (which is air in our
case) respectively, and 6 is the incident angle for BSW coupling for different thicknesses of TiO»
and A is a wavelength of incident light. n, can be reformulated as : n, = np sin 6.

We calculate the penetration depths, Lpp, of the evanescent field in the air for BML, 15 nm
layer of TiO2, 30 nm layer of TiO> and 60 nm layer of TiO,. The calculated values are 436.8 nm,
398.13nm, 363.6 nm and 312.8 nm for BML, 15 nm, 30 nm and 60 nm of TiO» respectively at A =
1558 nm. It can be inferred that the sensitivity to the external medium would be more for BML
than the multilayer with device layer of TiO2 60 nm. The field profile of the surface mode as a
function of multilayer platform thickness for different thicknesses of TiO: layer is presented in
Fig.3.11. The field profile has been calculated using CST simulations (FDTD method). It can be
noticed in the zoomed image that evanescent tail decays fastest for 60 nm layer of TiO2. As the
coupling angle of TiO2> 60 nm is largest, the field profile showing short penetration depth is in
accordance with theory.
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Fig.3.11. The Simulated field- profile of the BSW as a function of multilayer platform thickness for different
thicknesses of TiO: layer. The simulation are performed using CST microwave studio.

It is known that the amplitude of the electric field on the multilayer interface depends on the
vertical confinement of BSWs. The vertical confinement can be increased by tailoring the device
layer thickness properly. The tighter confinement results in an electromagnetic field enhancement
[76]. We measure the field enhancement associated to BSW coupling. It can be measured in
different ways. In general, TM polarization can be used as a reference to measure the field
enhancement when BSW is excited for TE polarization. This may not be the correct method to
measure the absolute value of field enhancement as TM polarization may have a particular response
to the multilayers. However, for the relative comparison study of the field enhancement for BML
and BML with device layer, TM polarization can be used as a reference. Therefore, we measure
the field enhancement of TE polarized light with respect to TM polarization. For BML, the field
amplitude on the surface is enhanced nearly 4 times more than the field for TM polarization (see
Fig.3.8). However, for 60 nm thickness of TiO» layer the field enhanced 3 times.

3.3.3 Effective refractive index analysis

An effective refractive index ney is introduced by the propagation constant of surface waves. When
the multilayer is coated with ultra-thin films, the effective refractive index shifts to a higher value
creating a contrast between the BML and the coated multilayer. The refractive index contrast (4n)
mainly affects the capability to manipulate the BSW. The refractive index contrast, produced by
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optical elements on the top of the multilayer, plays a key role in determining the optical properties
of the surface photonic devices and hence their efficiency in the manipulation of the BSW. High
An provides strong lateral confinement of the light inside the waveguide structures and enables the
development of compact and low loss integrated 2D photonic devices. Here, we measure 4n of the
propagating BSW for different thicknesses of TiO: in near-field and far-field at A = 1558 nm. To
perform this measurement in the near-field, a high resolution map of the phase is acquired using
the MH-SNOM. From a phase cross sectional profile, shown in Fig.3.12, one can calculate the

effective refractive index contrast using simple transformations in the Fourier domain:

Aeff—f = 4,
A2
Mefr =7 =5 - A*fs (3.5)

An = nrjp, — np,

where f; is the spatial frequency, § is the period of the phase diagram, nrio2 and n, are the
effective refractive indices with and without the TiO> layer (BML platform), respectively.
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Fig.3.12 (a). Near-field MH-SNOM image of BSW propagation. (b) High resolution (400 points in 20um
scan length) map of phase along the direction of BSW propagation. (c) Cross section of BSW phase along
the propagation direction.
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The spatial frequency (fs ) can be deduced by performing Fourier transformation of high

resolution 2D data [39]. The accuracy in the values of fg depend on the scan length L as, Af; = % =

1
20pm
which is significantly higher than the 100 nm thick layer of photoresist [45].

= 40.05um™1. In the near-field, a An of 0.15 has been obtained for a 60 nm thick TiO> layer

The values of ner; (BML) and ney2 (BML + 60 nm TiO2 layer) used in the thesis are 1.14 and
1.26, respectively.

In addition, ney has also been measured in the far-field. The far-field set up has been discussed
under the methods section (see Fig.3.7). Figure 3.13 (a) shows a typical reflectance spectrum as a
function of the prism incident angle 8. The red curve corresponds to the bare multilayer where there
is no device layer. The yellow and green curves correspond to the 15 nm and 60 nm-thick TiO>
device layers, respectively. The result plots only a small angular range in the vicinity of the
reflectivity dip. The dips correspond to the Bloch surface modes propagating at the multilayer-air
interface. By adding the device layer, the surface mode is moved to the middle and to the lower

edge of the bandgap thus to larger parallel wave vectors expressed with a high incident angle.

a
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Fig.3.13 (a). Reflection as a function of the incident angle for different TiO: layer thicknesses, measured in
the far-field.

The effective refractive index, ney=nsind , can be deduced from the dip of the reflectance for
the different TiO2 layer thicknesses . A maximum effective refractive index contrast An = 0.16
+0.01 is obtained for 60 nm thickness of TiO. The error margin is introduced from the calibration
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of the incident angle 6. The resolution of the stepper motor is 0.0025 deg/step. The calculated error
n nefris, Aneyy =nA6coso.

Using matrix transfer method, the far-field reflectance spectrum of the multilayer platform
with different set of TiO thicknesses is calculated at A = 1558 nm, as shown in Fig.3.13 (b). The
ney and An are deduced from the reflection dips for different thicknesses of TiO2, using similar

method as explained in far-field measurement section.

——BML
——TiO2 15nm
S 0.6 —— TiO2 30 nm
£ —— TiO2 50nm
= —— TiO2 60nm
Q"é 04 TiO2 80nm
— TiO2 100nm
0.2 |
0 ! 1
45 50 55 60 65 70

Incident angle (deg.)

Fig.3.13 (b). The reflection spectrum calculated using matrix transfer method for different thicknesses of
TiO; on the top of multilayers platform. The TiO; layer thickness is varying from 0 — 100 nm.

We plot the theoretical (matrix transfer method), the near-field and the far-field measurement
results of 4n as a function of the TiO» thicknesses in Fig.3.13 (c). The experimental and theoretical
results show a good agreement with each other. The simulation results show that a 4n close to 0.2
can be achieved for 100 nm of TiO; thickness.
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Fig.3.13 (c) The effective refractive index contrast of a BSW for different thicknesses of TiO: layer (from 15
nm to 100 nm) in near-field (NF), theory and far-field (FF).

3.4 Conclusion

The propagation lengths of Bloch surface waves at the interface of a multilayer platform are studied
experimentally. The objective of the study is to have more insight to design BSW based 2D optical
integrated systems. Different device layer thicknesses of a high refractive index material, in our
case TiO2, are investigated. Another important property of BSW, for example the effective
refractive index, is studied and presented. These properties are measured in the near-field and far-
field. The near-field characterization is done with the aid of a multi-heterodyne scanning near field
optical microscope and the far- field by measuring the incident angle at resonance. We measure the
influence of the thickness and refractive index of the device layer on the propagation properties of
BSWs. A longer propagation length (3.24 millimeters) is achieved near to the middle of the
photonic band gap where theory suggests the stronger attenuation. However, this is not the limit,
higher values (in the order of centimeters) might be achieved using grating couplers. Most
importantly, by tailoring the thickness of the device layer a surface mode can be shaped according
to the application, for example integrated optics or sensing. High refractive index is preferred for
low loss and compact photonic devices. We achieve a 4n close to 0.15 for 60 nm of TiO. The
theoretical results demonstrate that we can reach a 4n close to 0.2 for 100 nm thickness of TiO».
The experimental results show a good agreement with the theoretical results. In addition to the
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valuable increase of the propagation length of the BSW, we also demonstrate that a device layer
allows fine tuning of the BSW frequency, which can thus be positioned at any place within the
photonic band gap. These novel features make the BSW based multilayer platform more efficient
for further integrated photonics applications. Considering the strong interest in BSWs, we believe
that the presented results can provide a better perception to design application oriented devices.

Most of the results of this chapter are published in Paper [2] of journal publications in the list
of appendices.
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CHAPTER 4

Bloch Surface Waves based 2D disk resonator

This chapter presents the first experimental investigation of a two-dimensional disk resonator on a
dielectric multilayer platform sustaining Bloch surface waves. The disk resonator is patterned into
a few tens of nanometer thin (~4/25) titanium dioxide layer deposited on the top of the platform.
We characterize the disk resonator by multi-heterodyne scanning near field optical microscopy.
The low loss characteristics of Bloch surface waves allowed us to reach a measured quality factor
in an order of three for a disk radius of 100 um.

Dielectric micro-ring and disk resonators are the part of the key building blocks of nowadays
integrated optical systems. They have been extensively studied theoretically [77], [78] and
demonstrated later experimentally[ 79] . These structures can indeed be used as channel-drop filters,
all-optical logic gates, optical frequency division multiplexers and light sources [80], [81].
Moreover, resonators also find application in sensing [82].

The resonator based surface plasmon-resonance (SPR) sensors, which use surface plasmon
waves to probe the interactions between molecules and sensor surfaces, have been studied
rigorously in the past for optical detection of small chemical and biological entities. These include
the low propagation loss channel plasmon subwavelength waveguide ring resonators [14],
nanoscale rectangular resonators utilizing zero sharp bend loss, Metal-Insulator-Metal (MIM)
waveguides [83], and plasmonic ring resonator with array of silver nanorods as waveguides [84].
Efforts are put on the improvement of the quality factor of the structure which is one of the main
measures of the efficiency of the ring/disk resonators. For example, dielectric-loaded plasmonic
waveguide-ring resonators have been introduced where dielectric stripes deposited on a smooth
metal film are used as waveguides[85]. A high-Q plasmonic cavity composed of a silica core where
light is trapped inside the thick disk has been realized [86]. Finally, ring resonators with hybrid
waveguide consisting of a dielectric nanowire on a silver layer have been studied[15]. The
advantage of SPR is the strong confinement of the electric field. However, because of the high
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absorption losses of metals, SPR sensors suffer from very low quality factors, which limits the
sensitivity of the device.

In this study we utilize this low loss dielectric platform as a foundation for the design of BSW
based resonators. The resonator devices based on the surface waves take advantage of the light
confinement on the surface and hence achieve high sensitivity for the surface environment. One
advantage of our BSW based resonator is the possibility of a high Oy factor, in comparison to
plasmonic based resonators exhibiting Qp factors on the order of 10% [15], [84], [85], [87]. This is
mainly due to the low loss characteristic of BSW.

4.1 Fundamental concept of optical resonator

An optical resonator is basically a closed loop waveguide which acts as a cavity to localize the
energy at certain wavelengths for a considerably long time compared to the photon time period.
The localization of the light can be distributed in two different categories: spatial and temporal

localization.

The spatial localization of the light is represented by field distribution of the resonator mode,
localized at the perimeter of the cavity. A smaller mode volume can be obtained with high refractive
index contrast between the resonator and its surrounding media.

The temporal localization of energy in a resonator is defined by photon lifetime (z¢) inside the
cavity. Photon life time can be also related to the quality factor (Qo), which will be discussed later.
The photon life time is limited inside the cavity. The limiting factors to have long photon life time
are: first, resonator geometry which can not completely confine the propagating mode. The mode
inside the cavity propagates following total internal reflection (TIR) mechanism at the sidewall of
the cavity. Because of the finite curvature of the sidewall of the resonator, TIR is not perfect and
as a result of which there is always some energy leaking outside the cavity through sidewalls.
Second, leakage losses related to BSW propagation in our case, where BSW coupled back to prism
while propagating on the surface of multilayer. Third, fabrication imperfections which causes
scattering losses. The prominent point in designing a resonator is to minimize the losses, maximize
the photon life time and increase the Oy factor.

The spectral linewidth of the resonance spectrum for the resonator corresponds to temporal
localization of energy. In other words, narrower spectral linewidth (Aw) means larger Oy factor and
hence a longer temporal localization of energy as [88]
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L 2 4.1)
Qo To '

Aw =

The constructive interference or resonance in the cavity occurs at a specific wavelength and
at the following condition:

27R * Ngpp = MA, 4.2)

Where 4 is the resonance wavelength, n.¢s is the effective index of the mode propagating

inside the cavity, and m is the azimuthal mode number. This state is called On-resonance condition.

4.1.1 Quality factor (Q factor)

The quality factor is a figure of merit of resonator. It is defined as

Stored energy

= W 4.3

QO 0 Power lost (4.3)
wOTO

Qo=— (4.4)

The derivation of the equations can be found elsewhere [8§].

4.1.2 Free-Spectral Range (FSR)

The resonance wavelength/frequency spacing for two consecutive m numbers is called free-spectral
range (FSR) of the resonator. It is defined as follows [88]:

Ay _ g

Ng 2R € Troundtrip

FSR =

(4.5)

Where ng is a group index and Tyoynatrip 1S total time of round trip, and c is a speed of light

in vacuum.
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4.1.3 Finesse

The ratio of the FSR and the spectral linewidth of the resonance of the resonator is defined as
Finesse [88].

FSR

Finesse = —
AL

(4.6)

Where A2 is spectral linewidth of the resonance.

4.1.4 Waveguide coupling regimes

In our case, we use waveguide coupling configuration with a disk. The waveguide is placed enough
closed to the disk that light from the waveguide evanescently coupled disk. Similar to intrinsic
quality factor @y, we can define a quality factor for the waveguide-resonator coupling as Q. =

@o Te / o [88]. The total quality factor Q can be expressed as

= —+ — 4.
T3 (4.7)

Q. depends on the coupling coefficient between waveguide and the disk. Based on the

coupling coefficient and hence the ratio of QO/ 0 different coupling regimes can be defined.
Cc

4.1.4.1 Critical coupling regime

When Qy = Q. , the magnitude of the transmission spectrum approaches to zero at resonance. The
resonance condition is called critical coupling.

4.1.4.2 Under-critical coupling regime

In under-critical coupling regime, Qy < Q.. In this regime, the magnitude of transmission is non-
zero at resonance and the spectral linewidth of the transmission becomes narrower than the case of
critical coupling regime.
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4.1.4.3 Over- critical coupling regime

The over-critical coupling regime is characterized with Q, > Q.. Similar to under-coupling regime,
here the magnitude of transmission is non-zero at resonance, however the spectral linewidth of the
transmission gets broader than the case of critical coupling regime.

4.2 Simulation Results

We perform CST simulations using an FDTD method to calculate the resonance spectrum of the
disk resonator. The simulations exploit effective index approach to design 2D system. The
resonator has been designed with material with ney 2 =1.26 (effective index of BML+ device layer)
embedded in a surrounding medium with n.s 1=1.14 (effective index of BML).

Device layer

- neit2]

BML neff 1

Fig.4.1. Schematic of disk resonator in two waveguide geometry. R is the radius disk, w is waveguide width

and g is gap spacing between waveguide and disk. The resonator is fabricated in a device layer of TiO..

The disk resonator studied in this article consists of a disk having a radius R coupled to two
straight bus waveguides of width w. The distance separating the disk and the waveguides is defined
as the gap g (see Fig.4.1). The value of the measured effective refractive index for 60 nm of device
layer of TiO; layer is An (nef 2 — ney 1) approximately 0.12, which is sufficient to guide the BSW
inside the disk of radius 100 um without significant bending loss.
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The simulations are performed for disk radiuses of R =40 um and 100 pm. For a disk radius
R=40 pm, waveguide width w= 2 pm and a gap of g = 500 nm, the calculated Qy factor from the
transmission spectrum is approximately 2x10°. Further, the transmission spectrum for the disk R =
100 um, waveguide width w= 2 pm and g = 500 nm is calculated (see Fig.4.2). The transmission
at the through port has been calculated for the wavelength range of 1540 nm — 1580 nm.

A

_ 1o 4
= —=2x10 4.8
Qo= -, (4.8)
FSR = 3.0nm (4.9)
0.8}
NN
0.6
£ 05
£ 04
g
= 0.3
0.2
0.1
0 |
1540 1550 1560 1570 1580
Wavelength (nm)

Fig.4.2. The calculated transmission spectrum at through port of disk radius R = 100 um and gap g = 500
nm resonator using FDTD method, CST simulations.

The resonance-splitting effect (in Fig. 4.2) is the result of coupling between degenerated
modes of the resonator [88]. The coupling between degenerated modes is originated due to
segmental structure of the periphery of the disk in simulation design. The simulated field amplitude
distribution over the complete disk at On/Off-resonance condition (49 = 1554.1 nm/ Ap = 1556 nm)
is shown in Fig.4.3 (a, b). The calculated FSR and Qy factor for the disk of radius 100 um and a
gap of g =500 nm is following:
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Fig.4.3. The CST simulation images of field amplitude distribution over the disk of radius R =100 waveguide
and g = 500 nm, (a) at On-resonance, Ag = 1554.1 nm (b) at Off- resonance 19 = 1556 nm.

It should be noted that in simulations scattering losses, fabrication imperfections and leakage
losses are neglected. In experimental condition, which allows all types of losses, the quality factor
might be degraded strongly. To study the effect of gap spacing on the performance of the disk
resonator, the simulation with gap spacing of 1 um has been performed. We observed that the
extinction ratio dropped significantly for 1 pm gap spacing. The results can be found in appendix
Fig.1. As a result of simulations, a disk radius R =40 um and 100 um, a bus waveguide width w =
2 um, and a gap g = 500 nm are considered for experimental investigation.

4.3 Design concept

A 2D micro-disk resonator is patterned into 60 nm thick device layer of TiO.. The thickness of the
device layer is chosen to compromise between refractive index contrast and propagation length
with the present configuration and material. Note that the value of the refractive index contrast is
not a limitation. The platform and the resonator are constitute of dielectric materials with low
absorption in the near-infrared wavelength range. However, BSW may leak out of the multilayer
because of the presence of prism [66], which is the predominant cause of the damping of the
resonating surface mode.

A disk resonator is introduced because it has less losses compared with a ring resonator. As
in disk resonators light interacts only with one sidewall (in comparison with ring resonators), the
travelling mode suffers less scattering losses from the sidewall roughness. As a result we expect
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that the quality factor of a disk resonator should be higher than its ring resonator counterpart. In
optical resonators with high refractive index contrast between cavity and ambient (like silicon
photonics) resonators with smaller bending radius and high quality factors can be realized [89].
In these case, ring resonators has the advantage of restraining higher-order radial modes, because
electromagnetic field propagating inside the cavity is circumscribed by two sidewalls of the ring
and higher-order radial modes are pushed to interact severely with the inner sidewall of the ring
and forcibly radiate [88].

Since in BSW based optical resonators the refractive index contrast is much lower than silicon
photonics, the radius of the resonator needs to be much larger. For the same reason, higher-order
radial modes are strongly radiative and lossy. As a result, it is expected that a disk resonator,
patterned into TiO> layer, with a radius of 100 pm does not severely suffer from higher-order radial
modes. The experimental results, which will be presented, in the near field characterization section
verify this fact.

4.4 Fabrication technique

The disk resonator studied in this article is fabricated on the top of dielectric multilayer platform
into a 60 nm thick TiO> device layer. The scanning electron microscope (SEM) image of the
fabricated resonator is shown in Fig.4.4. To realize the final etching of the disk resonator pattern,
a chromium (Cr) mask has been used. The Cr layer was evaporated (LAB18 by Kurt. J. Lesker)
and a resist (HSQ) layer was spun on the deposited multilayer. The structures were patterned to the
resist by electron beam (EBL, Vistec EBPG 5000+ ES HR). After that, development of the resist
was done in a solution of AZ 351:H>0 (1:3) developer. The mask was created by etching the Cr
layer by Inductively Coupled Plasma Reactive lon Etching process (ICP-RIE, PlasmaLab 100 by
Oxford). The ICP-RIE process involved chlorine (Cl2) and oxygen (O:) as process gases. Finally,
the thin TiO; layer was etched by ICP-RIE process (Plasmalab 80 by Oxford) with sulfur
hexafluoride (SFe) and argon (Ar) as etching gases. The remaining Cr was finally removed by wet
etching.
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Fig.4.4. SEM image of disk resonator of 2 um waveguide width and 100 um disk radius, with a zoom on
500 nm gap spacing.

4.5 Near Field characterization

The incident beam illuminates the multilayers through prism at an oblique incident angle which is
higher than critical angle, 58.26 deg. At this chosen angle, the incident beam is coupled to the BSW
for 60 nm thick of TiO; layer. Further, the generated BSW itself coupled to the first waveguide
(input port). We keep the BSW coupling zone around 100 um away from the coupling area between
the waveguide and the disk (see Fig.4.5). This allows the incident light to propagates some distance
in order to arise as a BSW mode, therefore to increase signal to noise ratio. The BSW propagates
through the waveguide and couples to the disk at the coupling area, evanescently through the gap.
Constructive interferences occur when the optical path of a round trip of the disk resonator is an
integer multiple of the wavelength (Eq.4.2) and hence light builds up inside the disk. The On-
resonance condition yields a dip in the signal collected at the through port.

The field amplitude distribution over the disk resonator is detected with a MH-SNOM in
collection mode, where the subwavelength aperture probe is connected to a single mode fiber. To
measure the transmission spectrum at the through port, we perform a scan, in wavelength and space,
across the bus waveguide (x-direction) at a distance around 100 um away from the coupling area
along the y-direction, see Fig.4.5.
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Fig.4.5. Schematic of the dielectric multilayers platform with 2D disk resonator designed on the top of it.
The disk resonator has been patterned into 60 nm thick layer of TiO>. BSW coupling zone is shown in red,
which is 100 um away from the gap area. SNOM probe in collection mode is used for near field

characterization of the disk resonator.

The near field SNOM image of the field amplitude distribution over the cross section of the
waveguide for different wavelengths is shown in Fig.4.6 (a). The range of wavelengths spans from
1551 nm to 1561 nm which covers five FSR of the resonating BSW mode. The transmission
spectrum at the periphery of the disk is measured in the same manner as described for through port,
where fringes in x direction presents the azimuthal mode distribution of the resonating wave along
6 pum length of disk periphery , refer to Fig.4.6 (b). Each row represents the field amplitude
distribution of the azimuthal mode at corresponding wavelengths, in the image of periphery scan
(see Fig.4.6 (b)). The slight difference in the positions of maxima in each row, in the
amplitude distribution at the periphery, indicates the effect of different wavelengths on azimuthal
mode number (see Eq. (4.16)).
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Fig.4.6. Near field image of wavelength scan taken by MH-SNOM. (a) At the through port. (b) At the
periphery of the disk. The scanning is performed over 6 um across the waveguide in x direction. (c)
Normalized transmission spectrum at the through port and the periphery of the disk as a function of the
wavelength. The field amplitude is normalized with respect to the amplitude at the input port. The scanned

areas are shown in Fig. 4.4 (dotted rectangular area).
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The transmission spectrum of the through port and the trapped light inside the disk is obtained
by plotting the cross section of the field amplitude at a particular position of the through port and
periphery of the disk with respect to the wavelength, see Fig.4.6 (c). The amplitude is normalized
with the field amplitude measured at the input port. The dips in the field amplitude cross section of
through port and the peaks in the field amplitude cross section of periphery correspond to the On-
resonance condition of the resonator and vice versa for Off-resonance condition. It can be seen that
the dips in the field amplitude at the resonance wavelengths at the through port appears as the peaks
at the same wavelengths at the periphery of the disk in Fig.4.6 (c).

After deducing On- and Off-resonance wavelengths from measured wavelength scan at output
port, we map the field distribution over the complete waveguide and disk area in space (Fig. 4.7).
For the fine positioning of SNOM probe, we use piezo stage which allows the maximum lateral
displacement scan of 100x100 pm. Therefore, the mapping of larger area, 250x250 pm, is
performed by series of several spatially overlapping sub maps stitched together with error margin.
To image the different sub maps, the coarse positioning of the SNOM probe is performed using
motorized stage. Figure 4.7 (a, c), for instance, is composed of nine sub-maps. The near field
distribution over the complete disk at On/Off-resonance condition (49 = 1555.4 nm/ 19 = 1554.5
nm) is shown in Fig.4.7 (a, c). The pixel size is 1 pm?. One can observe the expected response of
a disk resonator: a portion of the field is passing straight to the through port, indicating that it does
not operate at critical coupling and this is the reason of low extinction ratio. However, an important
part of the field is still coupled to the disk and coupled out to the drop port, and no light can be
observed in the add port. In the background one can see a focusing effect of the part of light which
is not coupled to the bus waveguide. This focusing comes from the refractive index change and the
shape induced by the disk, as it has been demonstrated in [45]. We indicate the near field
distribution around the coupling area between the waveguide and the disk for Off-resonance
condition at 49 = 1554.5 nm and compare it with the corresponding scan at On-resonance at 1gp =
1555.4 nm, see Figs.4.7 (b) and (d), respectively. One can see the propagation of the BSW in the
through port at Off-resonance while it is coupled to the disk at On-resonance. However, at On-
resonance BSW mode does not couple critically to the disk. The measured Oy factor which is
deduced from the transmission spectrum of through port is approximately:

Qo= =>=2x10° (4.10)

For a disk radius of 100 um, the calculated Qo factor, when using the finite-difference time-
domain (FDTD) method, is 2x10*. In the experiments, scattering losses due to fabrication
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imperfections and leakage losses because of prism coupling are the main reasons of the degradation
ofthe Oy factor by an order of magnitude. Nevertheless, the Qo factor of our BSW resonator remains
significantly higher than a classical plasmonic based resonator (Qp ~ 122) [84] .

The measured FSR deduced from Fig.4.6 (c)

FSR = 2.0nm (4.11)

The difference in the calculated and measured FSR arises from the BSW group velocity
(group index).

The group index can be calculated from FSR at resonance wavelength 1555.4 nm as
following:

A

ng = FSRA2mR = 1.92 (4.12)

The measured Finesse (from Fig.4.6 (c)) is 2.8 which means light is traveling in the disk for
more than 2 full roundtrips.

Finesse = Z— = 2.8 (4.13)

The quality factor of the resonator can also be described as the number of field oscillations in
the disk before the field amplitude drops down to the factor /e [59], [89].

Losw = Qo * —2— = 2468.9 um (4.14)
eff2
Finesse = —5SW__ 2 (4.15)
ZnR*ng
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It can be seen that the value of Finesse calculated from different methods remains close to
each other. Moreover, the propagation length calculation demonstrate that the calculated Lggy, from
Qo factor of the disk resonator shows a good agreement with the measured propagation length for
60 nm of device layer of TiO», which is approximately 2500 um (see chapter 3). It should be noted
that Lggy, can be estimated more accurately from the intrinsic quality factor, however we measure
total quality factor. As our resonator operates in under-critical coupling regime, it is not possible
to deduce intrinsic quality factor from the measured quality factor. Nevertheless, the coupling out
losses from the disk to waveguide are significantly low, due to large gap spacing, to consider total

quality factor in the calculations of Lz, estimation.

From the azimuthal mode distribution of the resonating wave along 6 um length of disk
periphery (see Fig.4.6 (b)), nes 2 inside the disk can be calculated at resonance wavelength 1557
nm as following:

Length of disk periphery * neffz = azimuthal mode * /10 (4.16)

Neff, = 1.29 (4.17)

The calculated value of ngsf, is very close to the measured one, which is 1.26 for 60 nm

device layer of TiO> (see chapter 3).

The disk resonator with radius 40 pm has been also studied in near-field. The transmission
spectrum at the through port and field distribution over the complete waveguide and disk area in
space, mapped by SNOM is shown in the appendix Fig.2 (a, b). However quality factor Oy drops
down to the order of hundreds in comparison to the calculated Qp factor in simulations (~ 2 x10%).
This might be because of scattering losses due to fabrication imperfections and leakage losses into
the multilayer because of prism coupling.
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Fig.4.7. SNOM images of field amplitude distribution (a) over the complete structure of disk resonator at
On-resonance at L9 = 1555.4 nm, (b) Near the waveguide and disk coupling area at On-resonance, (c) over
the complete structure of disk resonator at Off-resonance at Lo = 1554.5 nm, (d) Near the waveguide and
disk coupling area at Off-resonance.
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4.6 Conclusion

For the first time a 2D disk resonator is demonstrated experimentally on BSW dielectric multilayer
platform. A thin layer (~4/25) of TiO; is used as a high refractive index device layer on the top of
a dielectric periodic stack to form the 2D disk resonator. Considering the evanescent character of
BSW, to observe the near field interaction of the BSW with the resonator, we map the field
amplitude distribution images with a MH-SNOM. The results show that higher quality factor BSW
resonators respect to plasmonic resonators are achievable, principally because of the low loss
dielectric multilayer platform in comparison to SPP based devices. For a disk radius of 100 pm,
the measured Qp factor is 2x10°. The calculated Qp using CST simulations (FDTD method) is
approximately 2x10*. The scattering losses, fabrication imperfections and leakage are the dominant
reasons reason of degradation of experimentally obtained Qo factor. The quality factor can be
further improved using grating coupler. With the present design, we compromise the footprint of
disk resonator in terms of high Oy factors. The resonators with more compact size can be realized
by using higher refractive index materials as a device layer, for example Silicon. Further study is
needed to improve the design to achieve higher extinction ratios and more compact design.

The main results of this chapter are published in Paper [1] of journal publications in the list
of appendices at the end of thesis.
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4.7 Appendix
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Fig. 1. The simulated (FDTD method CST studio) transmission spectrum of a disk radius R = 100 um, a bus
waveguide width w = 2 um, and a gap g = 1.0 um. The drop in the extinction ratio can be observed.
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Fig.2.The near-field measurement of disk resonator of radius 40 um, obtained by SNOM (a). The

transmission spectrum at the through port for the wavelength range of 1540 nm to 1580 nm. (b) The field
distribution over the complete waveguide and disk area in space at wavelength 1550 nm.
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CHAPTER 5

Bloch Surface Waves based 2D Bessel-like beam
generator

In this chapter, we study the generation of 2D Bessel-like quasi-non-diffracting beams. To produce
such a beam, a planer isosceles triangle is fabricated into a thin layer (~4/25) of a titanium dioxide
layer deposited on the top of the multilayer platform. The optical properties of the 2D Bessel-like
beams are investigated in the near-field with the aid of multi-heterodyne scanning near field optical
microscopy. For the better understanding and control of the optical properties, we study different
designs of 2D triangles. Thanks to the low loss characteristics of BSWs, the presented beams can
be used as a low loss (coupling) long optical interconnects between on-chip components and optical
tweezers.

The diffraction is fundamental phenomenon in optics. This affects all classical wave fields
such as sound waves, electromagnetic, and even matter waves. Diffraction induces the expansion
of the transverse dimension of a propagating wave when wave encounters an obstacle. The
characteristic distance beyond which diffractive spreading becomes increasingly noticeable is the
Rayleigh range r%/4, where 7 is a radius of finite area in which field was initially confined before
starting propagating.

The beams whose transverse field profile is invariant along the propagation direction are
called diffraction-free beams. These beams are characterized with well-defined narrow beam
widths, in the order of a wavelength. The Beam remain tight confined while propagating without
being subject to diffractive spreading. The beams also exhibit an ability to reconstruct itself if an
obstacle is placed along the propagation axis. Because it requires infinite energy and an infinite
spatial extent, ideally such a beam cannot be realized experimentally. However, quasi-diffraction-
free beams can be generated in a spatially limited region. In 1987, Durnin et al. have studied for
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the first time diffraction—free mode solutions of Helmholtz equation and realized them
experimentally [90]. These non-spreading mode solutions are called Bessel beams [91], [92]. In his
very first experiment, Durnin has used a circular slit (diameter ¢ and width 4d) placed in the focal
plane of a lens (focal length f and radius R) to generate diffraction-free Bessel beams, as shown
Fig.5.1. Each point of the slit acts as a point source. The lens transforms these point sources into
plane waves. The set of plane waves formed this way superimpose over each other and generate a
quasi-diffraction-free beam with maximum propagation distance Zyax_prop (S€€ Zmax Fig.5.1). The
transverse profile of these beams is the zero-order Bessel function of the first kind.

||

p—a—

7

iy

Fig.5.1. The experimental set-up of Bessel beam generation in free space using circular slit and focusing
lens [90].

The above discussed beams are the solutions to the free space three-dimensional (3D)
Helmholtz equation. The 2D solutions of diffraction-free beams are not straightforward. However,
the numerical studies show that the 2D quasi-diffraction-free beams that resembles the profile of
Bessel function can be generated by tailoring the diffraction [13]. We address these beams as a 2D
Bessel-like beam.

In on chip interconnects coupling spreading of beams in transverse direction is a source of
coupling losses. The 2D Bessel-like beam with a long and tight focus spot can be used efficiently
of this purpose. These beams can also find applications as an optical tweezers and in transportation
and patterning of nano particles [93], [94].
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CHAPTER 5 Bloch Surface Waves based 2D Bessel-like beam generator

5.1 Design concept and fabrication

In 3D, the most practical way to generate nondiffracting Bessel beams is an axicon lens, such as a
conical-shaped prism [95]. For 2D axicon design, we take an advantage of long distance
propagating BSWs. We utilize a simple isosceles triangle as a 2D form of a 3D axicon lens which
allows the generation of Bessel-like beams using simple refraction phenomenon. In theory, the
length of the overlapping diamond region, which is produced due to the interference of the two
refracted beams from the sides of axicon, defines the maximum propagation distance (Zmnax_prop)-

The 2D axicon is fabricated into a 60 nm thick device layer of TiO2 on the top of multilayer
platform. The SEM image of fabricated triangle with 50 pm base and 25 pm height is shown in
Fig.5.2. The structure is patterned with e-beam lithography (EBL). The process and steps of e-beam
patterning have been explained in the fabrication section of chapter 3. The different designs where
the height of the axicon varied from 20 pm to 30 pm with a step of 5 um are fabricated. The purpose
of studying different designs is to compare the performance of an axicon in terms of //e propagation
length and full width at half maximum (FWHM) of the transverse field profile.

25 um

Fig.5.2. SEM image of a 2D axicon (isosceles triangle) with base = 50 um and height = 25 um, fabricated
into 60 nm thick TiO: layer.

We simulate the 2D axicon (isosceles triangle) with base = 50 pm and height = 25 um, which
leads to the axicon base angle (65) equal to 45°. The simulation are performed using CST
microwave studio based on FDTD method. The 2D system has been simulated with the effective
index approach (ney 2 =1.26 and ney 1=1.14). In simulations, the 2D triangle is illuminated with
plane wave. After refraction from the sides of the triangle, the wave fronts interfere and generate a
diamond shape long focus region. Figure 5.3 (a) shows the field distribution of a Bessel-like beam
with long confined focus. The //e propagation distance (Lgesser) is approximately 140 pm, as shown
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in Fig.5.3 (a). The transverse field amplitude profile at the peak amplitude position (z = 93 um)
shows the full width at half maximum (FWHM) of 2.6 um (see in Fig.5.3 (b)).

(@) (b)
300 [ '
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2
200 % n FWHM ~ 2.6 um
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g Ej 0.8
b e
1 Amplitude .ﬁ 0.6
100 - £
section :2 04!
0.5
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0 20 10 0 10 20
20 0-20 x (um)
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Fig.5.3 (a). The simulated field amplitude distribution of Bessel-like beam profile of the 2D axicon of 50 X
25 um (base X height) dimension. (b) The cross section of lateral profile of the axicon plotted as a field

amplitude distribution in x direction.

5.2 Near-field measurement results and discussion

The incident beam illuminates the multilayers through the total internal reflection configuration
(see Fig.5.4) at an oblique incident angle (58.62 deg.) which is higher than the critical angle to
attain the BSW propagation vector for 60 nm of TiO> layer, at wavelength 4 = 1548 nm. To attain
a plane wave approximation we work with the out of focus condition where the beam with a larger
diameter (approximately 100 um) is illuminating the 2D axicon with a base of 50 pm (see Fig.5.5).

The multilayer structure is illuminated with a TE polarized light. The coupled BSW
illuminates the base of the 2D triangle at normal incidence. After refraction from the two sides of
triangle, the two constituent beams interfere constructively in y-direction and giving rise to a
standing wave profile, modulated with a Gaussian envelope, in x-direction (Fig.5.6 (a)). Hence, the
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tituent beams produce a long and confined focus spot which has a 2D

Bessel-like beam profile in transverse direction (x-direction). We investigate three different

dimensions of 2D axicon in
30 um.

near-field for example, base x height = 50 X 20 um, 50 X 25 pm, 50 x

S
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Fig.5.4. Schematic of the dielectric multilayers platform with 2D isosceles triangle fabricated into 60 nm-

thick TiO; layer. The SNOM p

robe, in collection mode, is used to observe the interaction of the BSW with

the grating in near-field on the top.
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Fig.5.5. The transverse field profile of the enlarged (out of focus) illumination spot measured by MH-SNOM.
The amplitude plot is normalized to its maximum.

The near-field amplitude distributions over the Bessel-like beam profile produced by the 2D

axicon is measured using

MH-SNOM. Figure 5.6 (a) demonstrates the near-field amplitude

distributions of the beam profile with dimension of axicon: base of 50 um and height 20 um. Figure
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5.6 (b) and (c) shows FWHM and the //e propagation distance (Lpesser) obtained from the cross
section of the x and y direction field profiles, respectively. The measured propagation distance
Lpesser and FWHM  at the maximum amplitude for the axicon of 50 x 20 pm dimension are
approximately 194 pm and 3.41 pm, respectively.
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Fig.5.6 (a). The field amplitude distribution of the Bessel-like beam profile of the 2D axicon of 50 X 20 um
(base X height) dimension. (b) The cross section of transverse profiles of the beam plotted as a field

amplitude distribution at in x direction. (c) The cross section of the field amplitude distribution in y direction.

Similarly, we measure the near-field amplitude distributions of the Bessel-like beam profile
produced by the 2D axicon of 50 um base and 25 pm height, as shown in Fig.5.7 (a). The FWHM
and //e propagation distance (Lgesser) obtained from the cross section of the x and y direction field
profiles, respectively, are shown in Fig.5.7 (b) and (c). The measured propagation distance Lgesser
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and FWHM at the maximum amplitude for an axicon of 50 X 25 pm dimension are approximately
133 pwm and 2.81 um, respectively. The experimental results are in agreement to the simulation
results. The plane wave approximation in experiments and approximations in effective refractive
index are the important factors to be considered as the reason of differences between simulation
and experimental results.
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Fig.5.7 (a). The field amplitude distribution of Bessel-like beam profile of the 2D axicon of 50 X 25 um (base
X height) dimension. (b) The cross section of transverse profiles of the beam plotted as a field amplitude
distribution at in x direction. (c) The cross section of the field amplitude distribution in y direction.

Further, we also study the field profile produced by a 2D axicon of 50 pm base and 30 pm
height in the near-field as shown in Fig.5.8 (a). The FWHM and //e propagation distance (Lgegser)
obtained from the cross section of the x and y direction field profiles respectively are shown in Fig.
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5.8 (b) and (c). The measured propagation distance Lpesser and FWHM at the maximum amplitude
for axicon of 50 X 30 um dimension are approximately 69 um and 2.10 um, respectively.
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Fig.5.8 (a). The field amplitude distribution of the Bessel-like beam profile of the 2D axicon of 50 X 30 um
(base X height) dimension. (b) The cross section of transverse profiles of the beam plotted as a field

amplitude distribution in x direction. (c) The cross section of the field amplitude distribution in y direction.

Depending on the dimension of the axicon the propagation distance and FWHM of the focused
spot vary. It should be noted that as we are increasing the height of the axicon the propagation
distance decreases however confinement of the focus spot becomes tighter (as width of the focus
spot decreases). We demonstrate that based on desired applications, long focus/tighter

100



CHAPTER 5 Bloch Surface Waves based 2D Bessel-like beam generator

confinement, the design parameters of the axicon can be chosen appropriately. The experimental
results of //e propagation distance (Lgesser) and FWHM are summarized in table 1.

Base | Height /¢ Propagation | pywpniycam width
(um) (um) distance, Lpesser (um)
(pm)
50 20 194 3.41
50 25 133 281
50 30 69 2.10

Table 1. Summary of measured propagation distance and FWHM of the focus spot for 50 um base and
different heights of 20 um, 25 um and 30 um.

x 107-3
250
1 —55um
200 %; FWHM < 3 um ——65um
% 0.8]
— g
E <
= 150 = 06f
> o
S04
100 =
X-Cross g 02
section 2 .
50 &
0
Op 50

Fig.5.9. The cross section of transverse amplitude distribution (x direction) of the axicon (50 X 25um) at
different propagation distances in y direction.
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To obtain the non-diffracted length of the long focused beam precisely, we extract the
transverse field amplitude (x direction) profiles to compare the beam width at different distances
along the propagation direction (y direction). As an example we consider an axicon of 50 pm base
and 25 pm height, as shown in Fig.5.9. It is evident that from z = 55 pum to 105 pum, the beam
propagates without significant divergence (FWHM <3 um). Thanks to low loss characteristics of
BSWs, we obtain significantly longer maximum propagation distance Zax_prop than the SPPs based
2D Cosine-Gauss beam [12].

Zmax_prop

50 um
Incident BSW

Fig.5.10. Schematic of 2D axicon illuminated with BSW. The interference of the two refracted beams from

the sides of the axicon produces the diamond shaped overlapping area, Zuax_prop-

The length of diamond shaped overlapping area, Zuax prop, Which is produced due to the
interference of the two refracted beams from the sides of the axicon can be deduced from Fig.5.7
(a). It is around 140 pm. It can be also calculated theoretically (referring to Fig.5.10). For example,
using Snell’s law the angle of refraction 6, can be calculated from angle of incidence 6;.
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Nerr2 *Sin@i = Nefp2 *Sin@r (5.1)
25+Zmax

% = tan (135 — 6,) (5.2)

Zmax = 198.2 um (5.3)
prop

Where, nefr, (1.26) and ngppq (1.14) are effective refractive indices in BML with device layer
and BML.

The theoretically calculated overlapping distance Zyax prop is approximately 198 pum for the
axicon of 50 x 25 pm dimension. However, the measured overlapping area is around approximately
140 pm, (see Fig.5.7 (a)). The difference could arise due to plan wave approximation which leads
the reduction in the length of effective base length (effectively illuminated base) of axicon.
Considering this fact, if we take half of the effective base length equal to 20 um (see Fig.5.7 (a)),
the calculated overlapping distance Znax prop 1S 153.6 um.

As explained above the dimension of the axicon manipulates the optical properties of the long
focus produced due to interference of two refracting waves. Until now, we kept the base of the
axicon 50 pm. Further, we study the axicon with 10 pm base and 15 pum height. Such an aspect
ratio of the base and height of the triangle leads to the total internal refraction at the sides of the
—1(fer - 114

= = 64.79deg.) ). Therefore, the waves interfere constructively in
Neff2 1.26

axicon (6, = sin
TIR condition [6;(71.56 deg) > 6.(64.79 deg.)] and confine to a subwavelength focused spot as
shown in Fig.5.11 (a). The measured FWHM of the focused spot from the amplitude cross of the
near-field image in x direction is approximately 0.90 um (Fig.5.11 (b)). Figure 5.11 (c¢) and (d)
shows the simulated field pattern of the focused spot and its corresponding amplitude cross section
respectively. The calculated FWHM of the focused spot is 0.82 which is very close to what is

obtained experimentally.
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Fig.5.11 (a). The field amplitude distribution over an axicon of 10 X 15 um (base X height) dimension. (b)
The cross section of the transverse profiles of the focused spot plotted as a field amplitude distribution in x
direction. (c) and (d) The field amplitude distribution calculated with CST simulations and corresponding

cross section.
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5.3 Conclusion

We demonstrate the generation of Bessel-like beams using a 2D axicon on a Bloch surface wave
platform. Such beams are generated using a 2D axicon fabricated into 60 nm thick layer of TiO»
on the top of multilayer platform. The different designs of the 2D axicon with the variation of
height of the axicon are investigated. The purpose of studying different designs is to compare the
optical performance of 2D Bessel-like beams, in particular propagation distance and full width half
maximum. The optical parameter of the 2D Bessel-like beams are also calculated using CST
simulations (FDTD method). The results obtained from experiments are in a good agreement with
the simulation results. The measured near-field amplitude distribution shows the long focus spot
propagating without significant spreading for a considerable propagation distance. Further, we
tabulate the propagation properties of a 2D Bessel-like beam for different designs of the axicon.
The study provides deep understanding of the optical properties of 2D Bessel-like beams which
can be controlled by the design parameters of the 2D axicon with the aim of the desired applications
(long focus/tighter confinement) behind. Thanks to low loss characteristics of BSWs, we obtain
significantly longer propagating focus spots than the SPPs based 2D Cosine-Gauss beams. The 2D
Bessel-like beams find applications as a low loss (coupling) optical interconnects between on-chip
components, optical tweezers and in transportation and patterning of nano particles.

The main results of this chapter are published in conference proceedings [2, 3] in the list of
appendices at the end of thesis.
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CHAPTER 6

Bloch Surface Waves based 2D Bragg Mirror

With the aim of development of BSW based 2D integrated optical systems, several 2D optical
components used to manipulate the BSWs propagation have already been studied theoretically and
experimentally. They include, ridge waveguides, lenses, prisms, diffraction gratings, waveguide
couplers, curved waveguides and disk resonators on top of the multilayer platform. These studies
have demonstrated that BSWs can be focused, diffracted, resonated, and total internally reflected
obeying the 2D propagation laws. Furthermore, the characterization of 2D disk resonators and 2D
Bessle-like beams on the BSW platform have been presented in chapter 4 and 5.

In this chapter, we experimentally demonstrate the optical properties of gratings engraved in
a single mode waveguide fabricated on top of a dielectric multilayer platform. The structure can be
approached as a Bragg mirror for Bloch surface wave based two-dimensional integrated systems.
The gratings are fabricated into a few tens of nanometer thin (~4/25) titanium dioxide layer
deposited on the top of the multilayer platform. The optical properties of the gratings are
characterized in the near-field with the aid of multi-heterodyne scanning near field optical
microscopy. We investigate the surface wave’s interference pattern, produced by incident and
reflected light in front of the gratings. The presented gratings behave as an efficient Bragg mirror
at telecommunication wavelengths.

We study the interaction of BSWs propagating through a single mode 2 um-wide waveguide
along which a grating is patterned. We demonstrate that the presented gratings can be used as a
BSW Bragg mirror in a specific wavelength range. This work provides the understanding of the
fundamental principles of BSW reflection from a dielectric mirror and thus enables a step ahead
towards the development of BSW based 2D integrated optical systems. To the best of our
knowledge this is the first experimental realization and characterization of waveguide grating as a
Bragg mirror based on Bloch Surface Waves. The study of Bragg mirror is an initial step to realize
BSWs based Fabry-Perot resonators.
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6.1 Design concept and fabrication

The grating presented in this study have been structured into a 2 um-wide waveguide, which is
patterned in the 60 nm-thick layer of TiO2 (~4/25) on top of the multilayer platform, as shown in
Fig.6.1. The measured value of effective refractive index of the TiO2 waveguide (n.sr, ) and BML
(nefp1) are approximately 1.20 and 1.14, respectively. According to the Bragg condition
dinespr +donesr, = Ap/2, where Jp is the Bragg wavelength, and by choosing the periodicity
of d; + d, = 664 nm with a fill factor of 50% (the slit width and the gap between the slits are set
to 332 nm), we can obtain a Bragg reflector operating around the telecom wavelength of 1.55 um.

Because of low losses of the constituent dielectric materials, BSW can propagate longer and
penetrate deep into the gratings. This provides the advantage of possibility of improving the
reflectivity of grating by increasing the number of periods of the gratings which is not the case in

Surface plasmonic gratings. The presented gratings are composed of 80 periods.

[‘\SlQM Probe

Fig.6.1. Schematic of the setup of total internal reflection configuration for BSW coupling with dielectric
multilayers deposited on a glass wafer. The 2D grating patterned in the waveguide is fabricated on the top
of multilayers into a 60 nm-thick TiO: layer. The SNOM probe, in collection mode, is used to observe the
interaction of the BSW with the grating in near-field.
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In the similar manner as discussed in previous chapters, a total internal reflection (TIR)
configuration is used to couple BSWs, and MH-SNOM for the characterization of the spatial light
distribution of the 2D waveguide grating.

The 2D waveguide gratings are fabricate into 60 nm thick device layer of TiO; on the top of
multilayer platform. The structure is patterned with e-beam lithography. The process and steps of
e-beam patterning have been explained in fabrication section of chapter 3. The SEM image of
fabricated waveguide grating is shown in Fig.6.2.

-®
o*
et
e
-t
o
ey
.
.
ot
o

Zoom on grating

L
Ly
"ay
e,
L
......
‘u
~
x
e
.
*a

Fig.6.2. SEM image of waveguide grating engraved into 2 um wide TiO: waveguide, with a zoom on grating

area.

6.2 Near-field characterization

At a particular incident angle (larger than the critical angle of 58.26°), the BSW is excited inside
the TiO; waveguide. We keep the illumination spot approximately 50 pm away from the beginning
of the grating. Light propagates in the waveguide and reflects back as it interacts with the gratings.
We observe that the field amplitude appears as a standing wave pattern across the waveguide. The
standing wave is generated because of the interference of the incident and the back reflected light.
The periodicity of the fringes is approximately Agerr/2, With Agerr = Ag/Neffa.
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In order to investigate the wavelength response of the grating, we perform simulations using
CST microwave studio based on the finite difference time domain (FDTD) method. Figure 6.3 (a)
shows the reflection spectrum of the waveguide grating. The simulated field amplitude distributions
over waveguide grating at wavelengths 2 = 1500 nm and 2 = 1550 nm are shown in Fig.6.3 (b) and
(c) respectively.

The wavelength range of our tunable laser does not cover the full spectrum calculated with
the FDTD method. Therefore we demonstrate here the behavior of the waveguide grating for
wavelengths of 1550 nm, inside the Bragg band gap, and 1500 nm which falls outside the Bragg
region. The corresponding wavelengths are represented by red stars in Fig.6.3 (a).
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Fig.6.3 (a) Reflection spectrum of the waveguide gratings calculated using CST simulations, FDTD method.
The red stars represent the wavelength region where we perform near-field measurements. (b)(c) Calculated
field amplitude distribution inside waveguide grating at the wavelength . = 1500 nm and . = 1550 nm,
respectively.

The MH-SNOM images and corresponding amplitude cross section at the wavelength when
waveguide grating reflects the incident light are shown in Fig.6.4.
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Fig.6.4. Near-field images acquired by MH-SNOM inside the photonic band gap at 2 = 1550 nm. (a) Field
amplitude distribution over the waveguide grating. (b) Cross section of the field amplitude in the y-direction,
along the waveguide. (c) High resolution amplitude scan in the area indicated by a black rectangle in (a).
(d) Cross section of the field amplitude in the y-direction of (c). (e) Measured corresponding phase plot,
representing a standing wave generated by the interference of the incident and the back reflected BSW

mode.

111



CHAPTER 6 Bloch Surface Waves based 2D Bragg Mirror

We deduce the reflectivity R from the contrast C of the fringes, which can be defined as [9].

C _ (Amax)z_ (Amin)2
B (Amax)z"' (Amin)2

6.1)

Where Amax and Amin are the field amplitudes at the point of maximum and consecutive
minimum. The reflection coefficient (7) is linked to the contrast by Eq.(6.2) [96].

2
C = 1+’;2 (6.2)

Figure 6.4 (a) shows the near-field amplitude distribution along the waveguide at 4 = 1550
nm. The longitudinal cross section of the surface mode propagating through the waveguide is
displayed in Fig.6.4 (b), where a well pronounced interference pattern can be noticed. We assume
the position of the peak amplitude as the grating input. The peak can be referred as a strong
reflection and scattering from the first grating slit. To measure the fringe contrast, high resolution
scan (20 points/um in y-direction) at around 30 pm before the grating is performed. The high
resolution area is indicated by a black rectangle in Fig.6.4 (a). Figures 6.4 (c) and (d) represent the
amplitude distribution of the interference pattern and its corresponding longitudinal cross section
plot at A= 1550 nm. In Fig.6.4 (d), fringes are oscillating with a periodicity of 0.630 um. In theory,
the periodicity of the interference fringes produced by a standing wave is defined by Aes2. The
calculated value of A¢4/2 is approximately 0.645 um. The value of the measured periodicity of the
fringes is very close to the theoretical value. The phase of the standing wave with a periodicity of
Aeyris shown in Fig.6.4 (e). As expected for a standing wave, one can recognize the classical phase
jumps from —t/2 to +m/2 and vice versa. The contrast of high resolution interference fringes has
been calculated using Eq. (6.1). The average contrast over 13 oscillations is measured to be C =
0.986. It yields a reflection coefficient » = 0.8456 (reflectivity = 71.5 %) at A = 1550 nm (Eq.6.2).
It can be observed in Fig.6.4 (b) that the field amplitude transmitted through the slits vanishes
quickly inside the grating in the Bragg mirror regime. The calculated reflection coefficient from
the measured fringe contrast for 2D plasmonic Bragg mirror remains limited to 0.25, because of
metal absorption [9].

The transmissivity can be deduced from the field amplitude cross section along the waveguide
in Fig.6.4 (a). The estimated transmission coefficient with respect to the point around 30 pm away
from the grating is 0.05 (transmissivity = 0.25%). Considering the law of energy conservation, one
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can estimate that 28 % of the incoming light will be damped by leakage to the substrate and
scattering due to roughness of the side walls of the waveguide.

We perform the fast Fourier Transform (FFT) on the complex field of the high resolution
amplitude scan of Fig.6.4 (c) at 1 = 1550 nm. As expected, the peaks corresponding to two counter-
propagating BSWs are identified, see Fig.6.5. The counter-propagating BSWs have same
wavenumber (f;) with a phase shift of 7 radian. Further, the reflection coefficient can be deduced
from the corresponding amplitude of counter- propagating BSWs. The estimated reflection
coefficient is 0.8525, which is very close to what we have calculated from measured contrast of the
fringes (0.8456).
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0.8
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Fig.6.5. Fourier spectrum computed at on the complex field amplitude of interference fringes (in Fig.6.4
(c)) at . = 1550 nm. The peaks corresponds to wavenumbers of two counter-propagating BSWs.

We perform the measurements at 4 = 1500 nm (outside the photonic band gap of the
waveguide grating) following the same procedure than for A = 1550 nm. The near-field amplitude
distribution along the waveguide is shown in Fig.6.6 (a) and the corresponding cross section in Fig.
6.6 (b). On the high resolution scan, see Figs.6.6 (c) and (d), only very weak interference fringes
can be seen. The value of the measured contrast (averaged over 13 oscillations) is C = 0.187. A
very low contrast fringe pattern can be attributed to a weak back reflection of the incident BSW
and hence a low reflectivity which is evident from the amplitude distribution shown in Fig.6.6 (a).
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Fig.6.6. Near-field images acquired by MH-SNOM outside the photonic band gap at A = 1500 nm. (a) Field
amplitude distribution over the waveguide grating. (b) Cross section of the field amplitude in the y-direction

along the waveguide. (c) High resolution amplitude scan in the area indicated by a black rectangle in (a).

(d) Cross section of the field amplitude in the y-direction of (c). (e) Phase plot showing a propagating plane

wave behavior which indicates very weak reflection at 1500 nm.
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Light propagates through the waveguide with the least effect of presence of grating. The
calculated corresponding value of the reflection coefficient (reflectivity), from the measured
contrast, is approximately 0.94 (0.89 %) at A = 1500 nm. In other way, it can be inferred that most
of the light is transmitting at wavelength of 1500 nm. We perform the phase measurement 30 pm
before the gratings, see Fig.6.6 (¢). We obtain a phase plot signature of a propagative plane wave
without the influence of interference of back reflected light because of a very weak reflection,
proving that the measurement is done outside the photonic band gap. The estimated transmission
coefficient (transmissivity) from the field amplitude plot in Fig.6.6 (b) is 0.72 (52%). The
propagation losses can be deduced following the conservation of energy, which are 48%.

(a) A=1500 nm (b) A=1550nm
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Fig.6.7. The field amplitude distribution over the waveguide grating at (a) A = 1500 nm and (b) A = 1550
nm, measured by MH-SNOM. The black rectangles indicate the areas over which integration has been
performed.

The reflection coefficient 7, of the waveguide grating can also be deduced by integration of
field amplitude distribution at the equidistant area from the grating at A = 1500 nm (at transmission)
and 4 = 1550 nm (at reflection). We perform simple calculation to deduce reflection coefficient,
using Eq.6.3.
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A_1-A

r=(‘ )*100 (6.3)
A1l

The area A I and 4 are indicated with black rectangles (around 35 pm away from the end of

grating) in Fig.6.7 (a, b). The calculated reflection coefficient is approximately 0.68 which is

reasonable considering the higher propagation losses inside the waveguide at wavelength 4 = 1500

nm (at transmission).

6.3 Conclusion

In summary, for the first time a waveguide grating engraved into a Bloch surface wave based
waveguide is realized and experimentally analyzed as a flat Bragg mirror. The gratings are
engraved in a 2 pm-wide waveguide by e-beam lithography. The MH-SNOM is used to map the
near-field amplitude distribution of a BSW propagating along the structure. The waveguide grating
shows the expected Bragg mirror behavior with a measured reflection coefficient of approximately
0.8456 (reflectivity = 71.5 %) inside the photonic band gap at 4 = 1550 nm. We also deduce the
reflectivity using some other methods (FFT and area integration), the value of which lies close to
the one obtained from the contrast of the fringes. We demonstrate the complete transmission
outside the forbidden band at 4 = 1500 nm. The near-field images of the grating show high contrast
interference fringes at 4 = 1550 nm. This standing wave pattern is found to arise from the
interference of two counter-propagating BSWs. It is shown that a very low contrast attributed to a
weak back reflection and hence to a low reflectivity at 2 = 1500 nm. The FDTD simulations and
near-field measurements confirm that waveguide grating works as a Bragg reflector at
telecommunication wavelength. We believe that this study enables a step forward in the direction
of the development of BSWs based 2D integrated optical systems.
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CHAPTER 7

Conclusion and Future Prospects

The main objective of this thesis is to investigate and demonstrate that the dielectric multilayer
sustaining Bloch surface waves can be exploited as a platform for planar optics. To this aim, the
six periods of multilayers, silicon dioxide and silicon nitride, are deposited on a glass wafer using
plasma enhanced chemical vapor deposition technique. To develop the compact and low loss 2D
optical components and systems, we study titanium dioxide as a device layer of high refractive
index material, which has been deposited on the top of multilayer platform. Further, various 2D
optical components including disk resonator, 2D Bessel-like beam generator and waveguide
grating, are patterned into the high refractive index material device layer on the top of multilayer
platform. To structure the optical components, we use electron beam lithography.

To couple the Bloch surface waves into multilayers, total internal configuration is utilized.
The coupling configuration consists of a glass prism to match the propagation vector condition in
order to excite Bloch surface waves. The near-field characterization of 2D optical devices is
performed with the aid of multi-heterodyne scanning near-field microscopy. This is the most
efficient tool to directly access the spatial distribution of the surface mode, because of the
evanescent character of Bloch surface waves.

The device layer of high refractive index material on the top of multilayer manipulates the
propagation properties of Bloch surface wave modes. The propagation length and effective
refractive index are the two prominent propagation properties of Bloch surface waves. They
determine the losses associated with the multilayer platform and the optical properties of the surface
modes and hence the optical components. We study theoretically and experimentally the
propagation properties of Bloch surface waves for different thicknesses of titanium dioxide with
the aim to determine the thickness of the 2D optical components which are patterned into the device
layer.

118



CHAPTER 7 Conclusion and Future Prospects

For this particular design of the multilayer platform, the longest obtained propagation length
is approximately 3.24 millimeter for a 30 nm thick titanium dioxide layer. The dispersion curve is
located near to the middle of the photonic band gap where theory suggests stronger attenuation.
However, this is not the limit, higher values might be achieved using grating couplers. We
demonstrate that by tailoring the thickness of the device layer a surface mode can be shaped
differently according to the application, for example integrated optics or sensing. The effective
refractive index contrast is studied in order to develop low loss and compact photonic devices. We
obtain a refractive index contrast close to 0.15 for 60 nm of titanium dioxide layer. In theory, a
refractive index contrast up to 0.2 can be achieved for 100 nm thickness of titanium dioxide. The
propagation properties of Bloch surface waves are compared in the near-field, far-field and in
theory. The experimental results show a good agreement with the theoretical results. In addition to
the valuable increase of the propagation length of the Bloch surface waves, we also demonstrate
that a device layer allows fine tuning of the BSW resonance frequency, which can thus be
positioned at any place within the photonic band gap. Based on the obtained results, we design and
fabricate the 2D optical components into 60 nm thickness of titanium dioxide.

Dielectric ring/disk resonators are part of the key building blocks of integrated optical
systems. These structures can be used as channel-drop filters, all-optical logic gates, optical
frequency division multiplexers and sensors. We present the very first experimental demonstration
of a Bloch surface waves based 2D disk resonator. The 2D disk resonator is fabricated into a thin
layer (~A/25) of titanium dioxide on the top of a dielectric periodic stack. Thanks to low loss
characteristics of the dielectric multilayer platform, we obtain higher quality factor for Bloch
surface waves based resonators in comparison to plasmonic resonators (more than an order of
magnitude). To measure the quality factor of the resonator, we perform a wavelength scan at the
through port. For a disk radius of 100 pm and gap spacing 0.5 pm, the measured quality factor is
approximately 2x10°. The calculated quality factor, using CST microwave studio simulations
(FDTD method), is approximately 2x10%. In experiments, the scattering losses, fabrication
imperfections and leakage are the dominant reasons of degradation the quality factor.

The spreading of the beam in the transverse direction is a source of coupling losses in on chip
interconnects. For this purpose, we study 2D Bessel-like beams, which possess a long and tight
focus spot. We study theoretically and experimentally a 2D isosceles triangle/axicon to generate
2D Bessel-like quasi-non-diffracting beams, which is fabricated into a thin layer (~4/25) of titanium
dioxide layer deposited on the top of the multilayer platform. We investigate different designs of
2D axicons, where the height of the axicon varied from 20 pum to 30 um with a step of Sum. The
purpose of studying different designs is to compare the optical performance of 2D Bessel-like
beams, in particular propagation distance and full width at half maximum. We calculate the optical
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parameter of the 2D Bessel-like beams using CST simulations based on FDTD method. The results
obtained from experiments are in good agreement with the simulation results. We demonstrate in
near-field that the long focus spot propagates without significant spreading for considerable
propagation distances. The study provides the deep understanding of optical properties of 2D
Bessel-like beams which can be controlled by the design parameters of the 2D axicon with the aim
of desired applications (long focus/tighter confinement) behind. We obtain a significantly longer
propagating focus spot than the SPPs based 2D Cosine-Gauss beams, thanks to the low loss
characteristics of Bloch surface waves. These beams can be used as a low loss (coupling) optical
interconnects between on-chip components and optical tweezers.

Further, we study theoretically and experimentally the gratings engraved into Bloch surface
waves based waveguides and demonstrate in the near-field that the waveguide grating can perform
as 2D Bragg mirror. The fringe pattern produced by interference of incident and back reflected
light is recorded with multi-heterodyne scanning near-field microscopy. The reflectivity is deduced
from the contrast of measured fringes. We have shown that in the photonics band gap, which is
calculated with the FDTD method using CST microwave studio simulations, the waveguide grating
works as a reflector (reflectivity of approximately 71.5 % inside the photonic band gap at 4 = 1550
nm) and outside the band gap it works as a transmitter. Besides, the phase of the standing wave
pattern arises from the interference of two counter-propagating Bloch surface waves is measured,
when the waveguide grating work as a reflector. However, in transmission we obtain the phase of
plane waves, proving the very weak reflection from the waveguide grating. The presented
waveguide gratings can be used as a Bragg mirror for 2D optics at telecommunication wavelengths.
This study could be helpful as an initial step to realize Bloch surface waves based Fabry-Perot

resonators.

To summarize, the main objective of the thesis has been achieved. The propagation properties
of Bloch surface waves have been studied for different thicknesses of titanium dioxide as a high
refractive index material device layer. We achieved significantly improved propagation lengths in
comparison to the one obtained by L. Yu et al. [45] . Further, different 2D optical components have
been fabricated into 60 nm (~4/25) thickness of titanium dioxide on the top of multilayer platform.
These elements include, 2D disk resonator, 2D Bessel-like beam generator and 2D waveguide
grating as a Bragg mirror. This thesis presents the very first theoretical and experimental
demonstration of aforementioned 2D optical components based on BSWs platform. The 2D optical
components have been characterized in the near-field. The significant improvement in the
performance of optical components in comparison to plasmonics based 2D optical devices has been
reported, thanks to low loss characteristics of Bloch surface waves. This work provides the
understanding of the optical properties of Bloch surface waves when it is manipulated by different
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2D structures. The presented results contribute to an advancement in the direction of developing
2D integrated optical systems based on Bloch surface waves.

Hereafter, we discuss the future perspective of this work in terms of improving the design of
the multilayer platform, optimizing the performance of 2D optical components and the contribution
of the work to the evolution of further BSWs based 2D optical components for sensing and
integrated optics applications. As discussed in chapter 3, the leakage into the multilayer because of
prism coupling is the main loss mechanism in our system. We expect that the propagation lengths
can be increased in the range of centimeters using grating couplers. The concept of grating couplers
has already been proven on the BSWs based platform [61]. However, the prism coupling allows to
exploit a single coupling configuration to study different 2D optical component with minimum
complexity in the near-field characterization experiments.

The quality factor of the disk resonators can be improved by reducing the propagation losses
of the system (using grating coupler). Further efforts are ongoing to improve the design of the
resonator, by adjusting the gap spacing, to achieve higher extinction ratios at through port. In
addition, the coupling efficiency of the incident BSW into the input waveguide of the resonator can
be increased using a triangular coupler. This will lead to the enhanced signal to noise ratio inside
the disk. We compromise the footprint of 2D devices with the optical performance. The 2D
components with smaller dimensions can be realized by using higher refractive index materials as
a device layer, e.g., silicon.

With the aim realizing BSWs based detectors, we studied Graphene as a device layer. The
propagation lengths are reduced drastically in comparison to BML. Our preliminary experimental
results show strong absorption of BSW in the presence of a single layer of Graphene. The results
are not included as a part of this thesis. To understand deeply the absorption properties of Graphene
layer on BSWs based platform, future investigations are required. The Graphene layer can also
sever as a foundation to realize BSWs based active/tunable components.

Furthermore, the study of the 2D Bragg mirror, presented in this thesis, provides an insight to
realize BSWs based Fabry-Perot resonators.
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List of abbreviations

AFM Atomic Force Microscope
AOM Acousto-Optic Modulator
ALD Atomic layer deposition

BS Beam splitter

BSWs Bloch surface waves

EBL E-beam lithography

FDTD finite-difference time-domain
FF Far- field

FFT Fast Fourier Transform

FSR Free-Spectral Range

FWHM full width of half maximum
IMI Insulator-Metal-Insulator
MH-SNOM multi-heterodyne scanning near-field optical microscope
MIM Metal-Insulator-Metal

NF Near-field

PBS Polarizing Beam Splitter
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PECVD Plasma enhanced chemical vapor deposition
PMF Polarization Maintaining Fiber

Q-factor Quality factor

RCWA rigorous coupled-wave analysis

SEM Scanning Electron Microscope

SMF Single Mode Fiber

SNOM scanning near-field optical microscope
STM Scanning Tunneling Microscope

TE transverse electric

TIR total internal reflection

TM transverse magnetic

2D Two-dimensional
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