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Résumé

Les capteurs optiques basés sur la mesure de l'indice de réfraction sont
des outils importants pour le contréole et ’analyse directe des propriétés
physico-chimiques de substances. Parmi différentes dispositifs développés
pour la mesure de I'indice de refraction, les systemes plasmoniques intégrant
des nanostructures métalliques sont particulierement prometteurs. Celles-ci
possedent un intérét particulier de par leur aptitude a confiner et exalter
le champ électromagnétique dans des volumes tres faibles, bien inférieurs a
ceux imposés par la limite de diffraction. De plus, ces structures offrent la
possibilité de miniaturiser les systémes actuels et de multiplexer les capteurs
sur un méme substrat.

Cette these est dédiée a l’exploration de capteurs combinant nano-cavités
métalliques et guides d’ondes diélectriques. Structurations périodiques de
couches minces d’or ont été étudiées pour mesurer localement des varia-
tions d’indice de réfraction. Deux structures sont ici considérées : les Slot
Waveguide Cavity (SWC) et les Annular Aperture Array (AAA).

Le SWC est un réseau périodique de fentes réalisé sur un film d’or, étant
déposé sur un guide d’onde en silicium. Le couplage evanescent entre le
mode résonant des fentes métalliques et la structure guidante résulte en une
profonde modification du spectre de transmission du guide d’onde. L’étude
théorique, la fabrication ainsi que la caractérisation ont été effectuées dans
le but de déterminer et vérifier la sensibilité de ces nanostructures aux
variations d’indice de réfraction. Les dimensions de la cavité sont de 30
nm pour la largeur des fentes, 700 nm pour la longueur et 20 nm pour
I'épaisseur. Une sensibilité de 730 + 10 nm/RIU (Refractive Index Unit -
Unité de I'Indice de Réfraction) a été mesurée expérimentalement , ce qui
confirme les prédictions théoriques. La résolution théorique du capteur a
par ailleurs été estimée & 5.8 x 107> RIU.

Dans le cas de la seconde structure, le AAA est implanté dans un guide
d’onde en nitrure de silicium. Une résonance Fabry-Pérot provoque une
variation de la réponse spectrale, que nous observons dans ce cas en réflexion.
La forte localisation du champ dans la cavité rend la structure AAA parti-
culierement adapté a la mesure de variation d’indice de réfraction. Dans le



cas des liquides, une sensibilité de 764 nm/RIU a été théoriquement prévue,
pour des longueurs d’ondes appartenant au proche infrarouge.

Bien que ces deux structures posseédent une sensibilité a I'indice de réfraction
comparable a celle d’autres capteurs optiques basés sur des effets résonants,
elles offrent plusieurs avantages. D’une part, les cavites métalliques, dont le
volume d’interaction est de 'ordre de grandeur du femtolitre, permettent un
detection local a ’echelle de nanometre. De plus, leur architecture planaire
facilite leur intégration avec d’autres dispositifs photoniques. Des mesures
paralleles incluant plusieurs capteurs sur le méme substrat sont de ce fait
prévues pour ’élaboration d’un systeme de détection miniature et low-cost.

Mots-clés:

capteur optique; capteur a indice de réfraction; nanostructure métalliques;
modélisation; caractérisation; résonance Fabry-Pérot; Finite Difference Time
Domain (FDTD); cavité



Abstract

Following rapid developments in biotechnology and medicine, optical sens-
ing promises to be extremely important in various applications such as
drug discovery, environmental monitoring, etc. Refractive index (RI) based
optical sensing is straightforward to monitor or analyze the physical and
chemical properties of substances. Among diverse configurations developed
for RI detection, plasmonics devices using nanoscale patterned metals are
particularly promising. Nano-structured metallic devices enable field con-
finement in a volume smaller than the diffraction limit. Moreover, they
present possibilities for device miniaturization and sensor multiplexing on
the same substrate.

This thesis is dedicated to investigating a sensing platform combining nano-
structured metallic cavities and dielectric waveguides. Periodically struc-
tured Au films have been explored for their application in local RI sensing.
Two structures are considered: the slot waveguide cavity (SWC) and the
annular aperture array (AAA).

The SWC is composed of a Au film structured by a periodic slot array,
which is deposited on a silicon (Si) waveguide. The evanescent field overlap
correlates the resonant optical response of the cavity to the transmission
spectrum of the Si waveguide. Theoretical studies, fabrication and charac-
terization have been performed to verify the RI sensing ability for extremely
subwavelength slot dimensions (30 nm slot width for 20 nm-thick Au film
and 700 nm cavity length). The experimental sensitivity, 730 £+ 10 nm/RIU,
corresponds to the theory and an optimum resolution of 5.8 x 10~° RIU is
anticipated for RI detection.

For the AAA device, the patterned Au film is directly embedded in a SigNy4
waveguide. The Fabry-Pérot-like resonance of the Au cavity results in a
resonant reflection, enabling a device sensitive to RI variations. For a wide
range of analytes, the theoretical sensitivity is 764 nm/RIU in the near-
infrared wavelength range.

Compared with other resonance based photonic sensors, the two devices
exhibit comparable sensitivities to the RI variation. The small metallic



cavity implies a local detection on nano scale and the sample volume can
be on the order of a femtolitre. Furthermore, the planar configuration
permits easy integration with other photonic devices. Parallel sensing using
compatible sensors on the same substrate is anticipated for the realization
of portable and low-cost sensor systems.

Keywords:

optical sensor; refractive index based sensor; lab-on-a-chip sensing; metallic
nanostructure; modeling; characterization; Fabry-Pérot resonance; finite
difference time domain (FDTD); cavity
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Chapter 1

Introduction

Optical sensors employ light to convert certain physical or chemical properties into
optical signals. The light-matter interaction is the basis of this information conversion.
Fundamentally, when light propagates through a sensor, a part or the whole amount
of light penetrates into the sample and interacts with the analyte. Compared with
the electrical or mechanical counterpart, optical sensors exhibit advantages like non
physical contact during measurements and the structure diversity in the realization of
sensing function. So far, optical sensors play a vital role in a large amount of technical
applications [1]. Among them, optical biosensing is one of the most promising applica-
tion domains following the enhanced set of requirements anticipated in biotechnology
and medical developments.

Depending on the light-matter interaction process utilized, optical sensor systems
differ tremendously. Physically, the interaction includes fluorescence, optical absorp-
tion, Raman scattering, photon emission, refractive index (RI), and so on. For chemical
or biological sensing, fluorescence-based spectroscopy has been popularly applied due
to its high sensitivity. This technique is especially suited for low-concentration mea-
surement and even single molecule detection as reported in many studies [2]. Never-
theless, the molecule labeling with tags and the precise control of tag positions demand
laborious work prior to taking measurements. Moreover, the labels themselves pose po-
tential problems on the measurements, such as contamination and possible disruption
of molecular activities. Thus label-free techniques thrive to be much more straightfor-
ward in signal analysis. Optical label-free methods contain Raman scattering based
spectroscopy [3], absorption detection, and RI measurement [4]. The refractive index is
one of the fundamental and inherent properties of materials. Any material modification
or replacement induces RI variations. In this thesis, RI-based label-free techniques will
be studied.

Chapter 2 presents the state-of-the-art of the thesis. Basic Rl-based label-free op-
tical sensors are crudely categorized based on their structures [4]: (1) surface plasmon
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resonance (SPR) and SPR-like sensors; (2) optical fiber based sensors; (3) ring resonator
based sensors; (4) interferometer based sensors; (5) photonic crystal sensors. For each
category, the working principles of the main structures are summarized and recent ad-
vances in sensing are discussed. Even though all the structures function to detect the
RI variation, the signal conversion mechanism diversifies in different structures. Con-
sidering their performance evaluation and device comparison, sensor characteristics [5]
are defined to be independent of the sensing configurations. Sensor characteristics rep-
resent the relationship between the output and the input. Performance evaluation has
been established quantitatively with respect to two aspects: sensitivity and resolution.
The sensitivity refers to the strength of interaction with the detected medium and the
resolution is the minimum detectable RI variation of the system. Moreover, the sample
volume, on-chip realization, and sensor multiplexing are other important factors to be
discussed. From the resolution point of view, SPR sensors have been the most devel-
oped and commercialized devices due to their uncomplicated setup and their currently
achieved high resolution [6, 7]. The surface plasmon wave is resulting from oscillation
of free electrons on a metal surface with the electromagnetic wave. It localizes most of
the energy in the medium to achieve a high sensitivity. Considering the development
of compact and portable sensing systems, optical devices are pushed forward for the
realization of complex and functional systems through device miniaturization, which
follows the advancements of fabrication technologies. Nevertheless, the light control
and manipulation is difficult due to light scattering when the size of devices is re-
duced from macro to nano scale. As a result of the surface plasmon wave, light can
be squeezed into far subwavelength dimensions and nano-structured metal exhibits un-
forseen optical properties. Therefore, the field confinement in nanoscale and the high
sensitivity to environmental changes are interesting for local RI measurements. In this
thesis, nano-structured metallic devices are chosen as a starting point for the design of
optical sensing elements.

At the end of chapter 2, the modeling tools used are briefly described. Modeling
tools are mathematical solutions for Maxwell’s equations, which are physical laws for
the light-matter interaction. They are essential to predict the optical properties of
nanostructures. Among various modeling methods, the rigorous coupled wave anal-
ysis (RCWA) method and finite difference time domain (FDTD) method are briefly
described.

In this thesis, we investigate the light interaction with metallic nanostructures for
the RI detection. As metal is absorptive and thus penetration depth is short, the
structured metallic thin film is integrated with a dielectric waveguide. The metallic
part functions as a cavity and enables the field localization while dielectric waveguides
profit from simple light injection and low-loss light propagation. The initial purpose is



to develop waveguide-based, on-chip and small volume sensors. Two specific structures
are studied: slot waveguide cavity (SWC) and annular aperture array (AAA).

In chapter 3, the SWC device functions through a gold (Au) film structured by a
periodic slot array, which is deposited directly above a Si waveguide. Herein the SWC is
correlated to the Si waveguide via the evanescent wave overlap. The sensing mechanism
for the RI detection is a Fabry-Pérot-like resonant coupling between the Si waveguide
and the Au cavity. The resonant coupling is then analyzed from the transmission
spectrum of the Si waveguide. Detailed theoretical study has been performed on the
device parameters to evaluate their influence on the transmission spectrum. Finally,
the device is fabricated and characterized in air and liquids, verifying the theoretical
study. The fabrication work is carried out by my colleague Armando Cosentino and
fabrication details can be referred to his doctoral thesis. The characterization part is
a collaboration work between both of us.

Chapter 4 is devoted to the theoretical study of the AAA structure. The AAA
patterned Au cavity is embedded in a SigN, waveguide for a resonant coupling with
in-plane incidence. It has been shown that the resonance is accompanied by a high
field confinement in the annular aperture and is thus suitable for small sample volume
detection with a high sensitivity. In addition to the two-dimensional simulation, the
three-dimensional consideration of the device realization is also taken into account in
this chapter. The geometrical requirements of the fabricated device are calculated to
preserve its sensing property.

Finally, a concise conclusion is presented in chapter 5.
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Chapter 2

State of art

This chapter reviews the background of optical sensors with respect to the interac-
tion mechanism. Optical refractive index based label-free sensing is emphasized with
a review of existing structures. In particular, the principle sensing schemes are illus-
trated and their most recent developments in laboratories. Sensor characteristics are
discussed in addition to their performance improvement considerations. For the thesis
work, the structured metallic film is selected for the sensor design, considering the field
confinement property, the flexibility in device integration, and small sensing volume.
The simulation tools employed in the thesis are briefly presented at the end of this
chapter.

2.1 Optical Sensors

Optical sensors employ light to convert certain physical quantities into detectable op-
tical signals (intensity, phase, spectrum, etc.). By measuring variations of the optical
signal, the desired physical property is analyzed through the light-matter interaction
process applied. Compared with their electrical or mechanical counterparts, optical
sensors exhibit several advantages, such as, high-speed signal processing and the non-
physical contact requirement during optical measurements, for example, during tissue
sample measurements. Indeed, light propagation is much faster than electron transfer
and the physical contact in electrical sensors may destroy the sample during measure-
ments. At the same time, the strength of optical sensors depends on the availability
of diverse optical properties which are employed to generate optical signals. Those
properties include refractive index (RI), optical absorption, polarization rotation, flu-
orescence, and nonlinear optical process (lasing, Raman scattering, and multiphoton
absorption and emission) [8]. Currently, optical sensors already play a significant role in
a large range of technical applications: from basic light switches to complicated forms
of interferometry, from spatial dimension detectors to near field optical microscopy.
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The book Optical Sensors: Basics and Applications by J. Haus [1] covers all aspects in
optical sensor design, including optical sensor construction kit consideration and intro-
duction of different sensor applications. Optical sensors can be classified depending on
the physical or chemical quantities they measure. Following developments in biotech-
nology and the medical field in the twenty-first century, biosensing flourishes to be one
of the most important topics among sensor techniques. Optical biosensors are powerful
and versatile tools in bio/chemical process analysis and monitoring. Thus they are
adaptive in healthcare, biomedical research, drug discovery, environmental monitoring
and protection [8].

This chapter concentrates on label-free sensor based on the RI detection. From the
literature overview, the sensor characteristic section summarizes practical terminologies
of sensors for performance consideration. Then, important results of the major sensor
structures and their performance evaluation will be listed in the subsequent paragraphs.

2.1.1 Sensor characteristic

From the physical or chemical input to the output, sensors have various conversion
processes which depend on the interaction applied in the system. In order to make a
quantitative comparison of the performance of different sensors, a set of sensor char-
acteristics [5] will be discussed regardless of their physical nature or signal conversion
steps. Only relationships between the input and the output signal are taken into ac-
count.

General definitions of the important characteristics of sensors are given in the fol-
lowing paragraphs. For each parameter, the nanostructure based sensor studied in
Chapter 3 will be taken as an example. The device is based on a slot waveguide cav-
ity (SWC). The transmission spectrum of the nanostructure presents a resonant dip,
which can shift depending on the refractive index (RI) of the material filling the cavity.
In this particular case, we consider the RI of the analyte as the input signal and the
wavelength shift of the dip as the output signal.

Transfer Function establishes an ideal relationship between the output and the input
in a static configuration. This function declares the dependence of the output signal Y
on the input stimulus s which can be represented by Y = f(s). It can be a linear or
a nonlinear function, determined by the signal conversion process. The simplest signal
dependence is a linear function, represented by Y = a+bs, where « is the intercept, and
b is the slope or sensitivity of the sensor. This linear transfer function is ideal or perfect
for many sensors, which is not always the case in practise. A nonlinear relationship can
be considered linear over a limited incidence range, where the sensitivity is the derivative
of the nonlinear transfer curve. The sensitivity describes the reaction strength of the
output to the stimulus change.
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For the SWC device, the transfer function between the resonance position and the
RI is linearly fitted from a theoretical study. The sensitivity is 726 nm/RIU (Refractive

Index Unit) in a liquid environment.

Accuracy actually means inaccuracy of the detection, which is defined as the maximum
deviation of the measured input signal from its real or true value. Due to manufac-
turing tolerances, material variations, and other limitations, the transfer function of
real devices deviates from the ideal one. The inaccuracy reveals the largest error of
the calculated input from the true input. The accuracy of the SWC device is not yet
evaluated. Since the fabrication error can significantly affect the resonance position of
the SWC device, the inaccuracy of the theoretical curve is large. The accuracy of the
fabricated structure should be established from multi-point calibration.

Span also called full-scale input, represents the dynamic range of the input value that
can be detected with an acceptable accuracy. In a RI based optical sensor, the span
is the RI range that the sensor can measure. The definition of the counterpart for the
output is the full-scale output, meaning the dynamic range of the output signal.

For the SWC device, it is designed to work for a wide RI range from 1.0 to 1.4. The
full scale output of the SWC device is the range of the resonance position corresponding
to the full RI range, which is 1.46 ym to 1.72 pym in theory.

Hysteresis shows the difference of the sensor’s output when a fixed input approaches
from the opposite direction. For some sensors, the output is different when the desired
input is increased from a lower value or the input is decreased from a larger value.
Hysteresis occurs in the deformation of some materials in response to varying forces.
For optical sensors, hysteresis is not a common problem.

For the SWC device, the hysteresis is theoretically zero, since the RI variation will
not deform the device.

Nonlinearity occurs for sensors with linear approximation of the transfer function.
Nonlinearity is the maximum deviation of a real transfer function from its linear ap-
proximation.

In the SWC device, the transfer function is linearly approximated over a certain RI
range. The characterization curve has demonstrated that this linear approximation is
valid.

Repeatability estimates the ability of a sensor to conserve the same output under
identical conditions. The repeatability error may be caused by thermal noise, buildup
charge, and so on.

In the SWC device characterization, measurements have been taken on different
days to ensure the repeatability.
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Resolution describes the minimum increment of the input which can be accurately
distinguished. Resolution has been considered to be one of the most important char-
acteristics to evaluate the performance of a sensor. Resolution is linked to the entire
measurement system, including source signal, transducer, and the detector. For RI
based sensors, the resolution is defined to be the minimum detectable RI variation.
Detailed discussion of resolution and its relation with the sensitivity, system noise, and
so forth will be made in the next section.

In the case of the SWC sensor, we estimate an optimum resolution down to 5.8 x107°
RIU (See chapter 3).

Dynamic Characteristics are the time-dependent property of a sensor. Due to the
fact that both a sensor and its coupling with the source of stimulus cannot always
respond simultaneously, the sensor detection generally does not follow, with perfect
fidelity, when the stimulus varies with time. The warm-up time, cutoff frequency, and
so on have been used to characterize how quickly the sensor responds to the input.
The warm-up time is the time required to achieve accurate output when the excitation
signal is applied on the sensor. Optical sensors normally have an ignorable warm-up
time. The cutoff frequency is the maximum frequency of the input signal when the
sensor can respond to the input variation in an accurate way.

The dynamic characteristics have not been considered in the SWC device so far.
The combination of micro- or nano-fluidics with sensors requires that the dynamic
characteristic with respect to the response speed, depends on the sample delivery to
the interaction place, the related absorption and desorption process, etc. The measure-
ments with the SWC device demand a postprocessing analysis. The dynamic property
then has no particular interest and significance in this case.

Environmental Factors describe the environmental conditions (temperature, hu-
midity, etc.) required for proper functionality of a sensor. Environmental stability is
a critical issue when a sensor becomes a product. Especially in space applications,
sensors have to be adaptive to harsh environment and resistive to violent shock and
vibrations. Among various environmental factors, temperature factors are crucial for
the sensor performance due to their adverse effect on the sensor materials. For exam-
ple, temperature induced structural change modifies the transfer function and even can
destroy the proper functioning conditions of a sensor.

The SWC device is still in the initial stage of research, environmental factors are
not yet considered.

Application Characteristics are concerns for a sensor taken from lab research and
transferred to a practical application. Design, weight, and overall dimensions are always
important aspects in certain application areas. Generally, a portable and multiplexing
system is the product goal for consumer driven sensor applications. Cost is another



2.1 Optical Sensors

issue for commercialization and widespread distribution. However, in some fields such
as space station, medical applications and some other fields, the accuracy and stability
is the defining aspect as cost is not a limiting issue.

The standardized terminologies of a sensor have been defined in the above discussion.
A more in-depth discussion can be found in other textbooks. The importance of each
characteristic relies on the specific application. However, sensitivity, resolution, and
lab-on-a~chip compatibility are first considered to evaluate the SWC device in this
thesis. The sensitivity and resolution are to be investigated in detail considering all
parameters of influence and taking the possibility for device improvements into con-
sideration. For recent developments, system miniaturization and sensor multiplexing
have achieved more attention for commercialization and portable system design. They
are concerned with total sample quantity and detection cost. Another interesting trend
is the integration of micro- or nano-fluidics with sensing elements. The integration
enables dynamic measurement and thus activates real-time monitoring of the dynamic

process.

2.1.2 Sensitivity and resolution

Refractive index (RI) based optical sensors will be discussed. Sensitivity is the ratio of
the output signal change to the input signal variation, revealing physically the reaction
strength during the signal conversion process. Mathematically, the sensitivity is the
tangential slope of the input-output transfer curve. For the RI based optical sensor,

the sensitivity S is defined as
oY

T on

where JY is the output difference (e.g. resonance shift), and dn is the RI variation.

S (2.1)

Depending on the working mechanism, the output signal can be light intensity,
frequency, polarization, or the phase of the optical field. In most optical sensors, a
supported optical mode interacts with the medium (surface plasmon resonance (SPR)
sensor, Fabry-Pérot cavity sensor, etc.), for which the sensitivity can be decomposed

into two terms in Eq. 2.2 [6].
_0Y Oneysy

 Onepp On (2:2)

where n. s is the effective refractive index of the interacting optical mode.

The first term is the sensitivity of the output to the supported mode effective
refractive index and it is related to the conversion principle of the device. The second
term is the sensitivity of the mode effective index to the material index detected.
It is independent of the signal conversion process and is associated with the energy
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fraction of the field overlap in the detected material. Taking an RI based waveguide
interferometer as an example, the phase ¢ is the output signal.

© = konefyl

where kg is the propagation constant in vacuum, n.s; is the mode effective index and
[ is the cavity length. The first term is determined by the interferometer working
principle with d¢/éncss = kol. The second term comes from the influence of the
detected medium on the mode of the waveguide.

In general, the sensitivity enhancement is realized either by the improvement of the
signal conversion method or by enhanced field energy in the medium. For example,
the sensitivity of the waveguide interferometer can be enhanced either by elongation
of the waveguide or by reducing the waveguide dimension to increase the field fraction
in the detected material. Note that the sensitivity for the same signal detection differs
tremendously in different structures. The sensitivity is one of the useful parameters to
describe the performance of a sensor but alone is not sufficient.

One of the key characteristics of a sensor is the resolution, which is defined as the
minimum change in the bulk refractive index that produces a detectable output signal.
The resolution depends on both the sensitivity .S and the output resolution r by

R=r/S (2.3)

where the output resolution r is the smallest and accurately detectable output signal,
which is determined by the noise level of the measurement system.

r is deduced from the transfer function perturbed by system noise, which then ob-
scures the accurate determination of the output signal. Clearly, the improvement of the
resolution R can be fulfilled by increasing the sensitivity S or by decreasing r through
noise reduction. Since the output resolution is noise related, the noise source should be
studied according to specific signal conversion and signal identification processes.

In a resonant RI optical sensor, the position of the extremum (minimum or max-
imum) is used in many cases to track the spectral shift, and then to decide the RI
variation. r is conventionally established to be equal to three standard deviation (30)
of the noise in the system [9]. The standard deviation is the square root of the statistical
variance of the extremum position determination when certain distribution of noise is
added to the measured signal. Studies in Ref. [9] discuss two classes of noise in the ex-
tremum position determination: amplitude variations, which presents the accumulative
noise added on the spectrum, and spectral variations, which is referred to an undesired
spectral shift or modifications. For amplitude noise, noise sources include thermal and
shot noise in the detector, intensity noise of the signal source, signal conversion pro-
cess induced noise. An approximate relationship between the quality factor (Q), the
signal-to-noise-ratio (SNR), and the standard deviation of the extremum value (04mp)

10
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has been provided in Eq. 3.12. The detailed calculation process for oy, is described

in Appendix A.
A

Tamp = 5OQ(SNRO)

The approximation shows the possibilities to improve the output resolution by im-

(2.4)

provements of the quality factor and SNR of the spectral resonance. In theory, o4, can
be close to zero when sufficient measurements for the identical detection are averaged
and the random amplitude noise is canceled finally.

For spectral variations, the noise factors are mainly induced from the non-zero
thermo-optic coefficients and thermal expansion coefficients. Additionally, the spectral
variation may also be limited by the spectral quantization of the source or the detector.
Assuming the standard deviation of the amplitude noise 04y, the thermal induced
noise o¢perm, and source and detector noise ogpec, the output resolution r of the sensor
can be approximated by

r=30 = 3\/a§mp + 0herm + T pec (2.5)

Note that the sensor with a high quality factor is limited by the thermal stabilization
while the sensor with a low quality factor is limited mainly by the amplitude noise. The
spectral resolution of the light source and detector is also important in some cases.

2.1.3 Optical refractive index sensors

Optical sensors correlate light properties to material information in time or frequency
domains. By light-matter interaction, we have to understand here light scattering, light
absorption and emission, refractive index (RI) controlling, and optical polarization ro-
tation [8]. Among them, RI is one of the fundamental and inherent optical properties
of materials. Any material replacement or material transformation induces RI varia-
tions. RI based optical sensors, which convert the RI change to an optical signal, have
been considered to be a direct and label-free method. The transduction signal can be
amplitude, frequency, polarization, decay time, and phase of the electromagnetic wave,
relying on the mechanism and the modulation method used.

Those far, RI based optical sensors have been popularly applied in different fields
such as biological and chemical sensing. In 2008 outstanding reviews have addressed
various mechanisms for biosensing [4, 10]. The commercialized instrumentation of
label-free detection are introduced [7, 11], for which the leading companies are listed. In
Ref. [4], the basic optical RI sensor configurations or techniques are crudely categorized
such as: (1) SPR and SPR-like sensors; (2) optical fiber based sensors; (3) ring resonator
based sensors; (4) interferometer based sensors; (5) photonic crystal sensors. Emphasis
will be given to the description of the working mechanism and their recent advances.
As for sensor characteristics, sensitivity and resolution are principally considered for
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performance evaluation, while device integration, miniaturization, and multiplexing
are to be addressed as well. Although the integration of optical components including
light source, transducer, and detector is the ultimate goal in sensor developments, the
multiplexing of various devices onto a single substrate is a milestone for portable and
low cost sensors.

2.1.3.1 SPR and SPR-like sensors
(a) SPR sensors

Since the first demonstration for gas sensing in the early 1980s [12], surface plasmon res-
onance (SPR) sensors have been extensively explored and developed as one of the most
powerful label-free sensing techniques today. The principle, platforms, and applications
of SPR sensors can be referred in excellent reviews [6, 13, 14].

Surface plasmon (SP) is a resonant coupling between the free electrons on the
surface of a metal and the electromagnetic (EM) field, while most of the energy probes
the medium in touch with the metal. The propagation constant of the SP is expressed

in Eq. 2.6.
2w EdEm
= = 2.6
Bsp AVeq+em (2:6)

where A is the wavelength in vacuum, €4 and &, are the relative permittivity of the
medium in contact and the metal, respectively. Due to the negative &,,, (s is larger
than the propagation constant in the medium § = 27,/g5/\. Thereby the SP cannot
be excited directly on a flat metal surface. Different excitation methods [6] including
prism coupling, waveguide coupling, grating coupling, and optical fiber coupling are
applied to fulfill the propagation constant matching condition by TM polarized light.
SPR. sensors are based on the resonant excitation of the SP. A change in the RI of
the medium (nq = \/24) modulates (3, and then the properties of the light coupling
to the SP. The modulated light properties can be the angle of incidence, the resonant
wavelength, the intensity, or the phase.

Shown in Fig. 2.1(a), the prism coupled Kretschmann configuration is widely ap-
plied and commercialized for its convenience. Light is coupled to the SP when the
propagation constant of the SP and the incidence are matched (Eq. 2.7), leading to a

drop in light reflection.

27 )
Tnpnsmsm(e) = Re(Bsp) (2.7)
where nypism is the RI of the prism, which is larger than n4y. When ng4 changes, the
coupling condition is tuned. A large amount of SPR sensors utilize either angular (6) or
spectral (A) dependence of the reflection to perform the RI measurement. The primary
difference between angular and spectral measurements is that angular detection focuses

a monochromatic light beam on the surface while spectral detection fixes the incident
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Figure 2.1: Various SPR and SPR-like sensor configurations mainly using prism coupling.
(a) Kretschmann configuration for SPR sensors; (b) side-polished fiber coupling (Ref. [15])
of SPR sensor; (c) long range surface plasmon sensor; (d) Bloch surface wave sensor; (e)

resonant mirror sensor; (f) metal clad waveguide sensor.
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angle () for a wide spectral band. Due to the definition, the sensitivity of the two
methods shows different wavelength dependencies [16]. For angular modulation, the
sensitivity decreases with wavelength, while it increases with wavelength for spectral
modulation. Spectral modulation exhibits high values in the order 10* nm/RIU for
visible light, resulting from its dependence on the dispersion of the metal and the
prism. The material dispersion results in a small value in the denominator of the
sensitivity calculation [16]. The sensitivity for angular modulation is in the order of
100 degree/RIU in the visible range. As for resolution, commercial instruments from
Biacore [17] achieve a typical resolution of 1076 to 107 RIU, which already qualifies
many applications.

In addition to angle and spectral modulation, the intensity and phase of the reflected
light (constant wavelength and constant incidence angle) are also studied to measure
the RI variation. The phase of the reflected beam experiences a phase singularity when
the reflection is close to zero. Research [18] claims that phase modulation can provide
at least two orders of magnitude better resolution than with amplitude modulation.
The reason is that the phase modulation has a larger sensitivity at resonance (steep
slope), lower noise level of the laser, and enhanced possibilities for signal averaging and
filtering. However, phase modulation is subjected to a very narrow RI detection range.
A resolution of 2.8 x 102 RIU has been achieved by differential phase modulation
while the dynamic range is merely 1.4 x 1079 RIU [19]. The recent work [20] proposes
the combination of phase detection and angular modulation to achieve a resolution of
2.2 x 1077 RIU over an improved dynamic range of 0.06 RIU.

It is predicted [21] that the ultimate resolution of SPR sensors depends predomi-
nantly on the noise present in the light source and the detector, while the performance
is independent of the coupler and the modulation methods. In addition to the im-
provement in resolution, research into SPR sensors is directed to the multiplexing of
channels. The SPR imaging (SPRI) technique [22] shows promise for high throughput
detection in which a sample array in the order of hundreds is imaged. Typical SPRI
is based on the prism coupling of monochromatic light with one incident angle and
the intensity of the reflected light embodies the RI variation. The reflected light from
the entire array is collected by a camera. Due to intensity modulation, the resolution
of SPRI devices is approximately one or two orders magnitude worse than the SPR
technique by spectral or angular modulation. At the same time, efforts have been pro-
posed for high compact, portable, or even multi-sample SPR sensing. Two compact
prototype devices have been realized based on light coupling through a metal coated
diffraction grating with different diffraction orders being coupled to the SP [23, 24].
One prototype has integrated ten independent microfluidic channels and the angular
modulation ensures its sensing resolution to 6 x 10~ RIU [24].
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Fiber based SPR sensors combine the high sensitivity of the SPR sensor and the
compact, remote control, and cost-effective properties of optical fibers. A review [25]
presents various fiber-optic SPR, sensors in the field for sensing different chemical,
physical and biochemical parameters, on which a thin metal layer or a particle array is
deposited on fibers. Generally, the cladding of the fiber has been polished and the metal
layer is deposited close to the core of the fiber. The scheme of a side-polished fiber based
SPR sensor is shown in Fig. 2.1 (b) [15]. The typical resolution of fiber based SPR
sensors is 1077 to 1079 RIU. Considering performance improvements, the polarization
sensitivity of the SP excitation leads to stability problems. Slavik et al. [15] reported
that the achievable resolution of a side polished single mode fiber by depolarized light
and spectral interrogation is 5x10~7 RIU, and where the resolution decreases to 3x107°
RIU due to residual polarization of the fiber mode. The most recent work demonstrates
a single-mode fiber based SPR sensor with an in-fiber tilted Bragg grating in which the
influence of temperature, fragility of side polishing are minimized [26]. Its sensitivity
varies between 500 and 1000 nm/RIU and the resolution still remains to be measured.

SPR sensors realize sensing using the evanescent wave that probes the medium.
Thereby the sensing region is confined to the vicinity of the surface, which is determined
by the penetration depth which is in the order of a few hundred nanometers. A long
range surface plasmon (LRSP) sensor [27, 28] is also under investigation, employing
the scheme shown in Fig. 2.1(c). When the RI of the buffer layer is similar to the RI
of the medium, a symmetric mode is supported by the thin metal layer with a long
penetration depth and low loss. The LRSP sensor presents advantages over conventional
SPR sensors: it presents an extended probe depth into the sensing area and has a
higher sensitivity and resolution to RI variations. In Ref. [27], the sensor sensitivity
and resolution are 57000 nm/RIU and 2.5 x 10~® RIU, respectively, at the wavelength
of 830 nm.

(b) SPR-like sensors

Excluding SPR sensors, a group of waveguides have been applied in the Kretschmann
configuration to sense the RI variation. With the schemes shown in Fig. 2.1, Bloch
surface wave (BSW), resonant mirror (RM), metal clad waveguide (MCWG) will now
be generally discussed.

BSW sensors [29, 30] make use of a truncated one dimensional dielectric photonic
crystal to replace the metal film of the SPR sensors. The BSW is confined to the
terminating layer by total internal reflection at the waveguide/medium interface. It
shows exponential decay for the field envelope inside the periodic structure. As with
SPR sensors, the reflected light exhibits a dip at the resonance when the propagation
constant of the BSW is matched with the transverse component of the incidence wave
vector. The low loss dielectric material results in a much narrower reflection dip and
the photonic band gap can be engineered at any desired optical wavelength. The near
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infrared BSW sensor (A = 1.55 pm) has been demonstrated to achieve a sensitivity of
more than 10° nm/RIU with the resolution for water solution being 3.8 x 10-6 RIU [29].

RM has been implemented commercially on the Kretschmann configuration for
sensing since 1993 [31]. Examples for sensing can be found in the literature [32, 33].
As shown in Fig. 2.1(e), a low index layer is inserted between the prism and the high
RI waveguide for total internal reflection. At least one RM mode is supported in the
high RI waveguide, which is leaky on the waveguide/prism side and evanescent with
the detected medium. When the propagation constant of the evanescent wave matches
that of the RM mode, light is efficiently coupled to the RM mode and is coupled back to
the prism after some distance of propagation along the sensing interface. The reflected
light undergoes a full 27 phase variation as one scans across the resonance, being equal
to 7 exactly at resonance. Thus the resonance is monitored by the phase change of the
reflection for TE- or TM-polarized light. As in the case for sensing, the RM mode varies
when RI of the medium is changed. The achieved sensitivity generally is lower than for
SPR sensors due to a lower field fraction of the optical mode in the sensing material.
However, the RM sensor experiences a narrower resonance and material flexibility in
the device design.

MCWG [34, 35] is another waveguide structure where a leaky mode is supported by
the low refractive index layer. The metal is an interval layer to increase the field overlap
in the sensing medium. Thereby the bulk RI change in the sensing medium results in
a larger angular shift of the resonant reflection than the RM device. Depending on the
permittivity and the thickness of the metal layer, the angular analysis of the reflection
can be dip-type or peak-type [35]. They are attractive alternatives to the SPR sensors
due to their extended penetration depth and narrow resonance. The sensitivity is
maximum when the sensor works at a wavelength close to the cutoff of the low RI layer
mode.

Waveguide mode based sensing shows reduced sensitivity in comparison with SPR
sensors. Their advantages mainly relies on three aspects. First, BSW and RM sensors
avoid the use of metal and MCWG has the low RI film for metal protection. Second,
waveguide based sensors have more flexibility in material choice and parameter opti-
mization. The third point is the improvement of the quality factor at resonance, which
compensates somehow the sensitivity decrease.

2.1.3.2 Optical fiber based sensors

Fibers serve as a low-cost and convenient tool for sensing due to their self signal-delivery
function. They enable remote sensing and control at sites inaccessible for conventional
spectroscopy. Fiber Bragg grating (FBG) and long period grating (LPG) are the two
most notable structures for fiber sensing application.
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Figure 2.2: Different optical fibers. (a) scheme of dual FBG structure; (b) SEM image
of the cross section of a photonic crystal fiber (Ref. [36])

A Bragg grating is a periodic RI perturbation, which is inscribed by UV exposure
of the fiber core. Due to the small RI difference, a narrow forbidden band is formed in
the fiber transmission called the Bragg wavelength Ap, which is related to the period
(A) and the effective RI (n.s¢) of the core mode by the following equation:

Ap = 2An. (2.8)

Slight modification of the period A or n.s; leads to a shift of the Ap position.
The FBG fibers are investigated for detection of strain, temperature, and load. For
environmental RI monitoring, the basis is the partial influence of the surrounding ma-
terial on n.f; of the core mode. Consequently, a FBG is side polished or chemically
etched [37] to partly, or entirely, remove the cladding and enhance n.y; sensitivity to
the RI variation of the surrounding medium. With the scheme shown in Fig. 2.2(a), a
dual Bragg grating fiber is commonly applied while the second un-etched Bragg grating
is the reference to cancel out the temperature effect. The sensitivity is calculated by

d\p dAp dneyy

dneyys
S = = = 92A 2.9
dnyg dneypyr dng dng (2.9)

where ng is the refractive index of the medium. One can conclude that by dn.ss/dng,
the sensitivity is proportional to the fraction of the evanescent wave that penetrates
into the medium. In 2001, a side polished fiber grating functioned above the cutoff
wavelength of the fiber and achieved its sensitivity for 340 nm/RIU with an improved
resolution up to 2 x 107¢ RIU [38].

Long period gratings (LPG) [39, 40] have been another technique to correlate the
surrounding material with the fiber core. The principal difference with respect to
FBGs is the much longer period, which is typically hundreds of micrometers. The
working principle is that the LPG couples the guided core mode to forward propagating
cladding modes and incurs transmission dips when the propagation constants match.
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The resonant coupling position A, is formulated by the effective refractive indices of
the core mode (ng% ;) and one of the cladding modes (nglf ) and the period (A).

Ar = (S5, —ns A (2.10)

The direct interaction of the surrounding material on the cladding modes instills its
usefulness for sensing by the detection of transmission dip shifts. However, the bare
LPGs are still not competitive to perform sensing due to their rather low sensitivities.
Sensitivity can be enhanced by cladding etching, fine tuning the cladding to function
at the dispersion turning points , or the deposition of a high RI overlayer on LPGs [41,
42, 43]. The thin high RI material overlay on the LPG area pulls the light into the
surrounding medium. In Ref. [43], the sensitivity in aqueous solutions exceeds 1000
nm/RIU for a suitable overlayer design.

Photonic crystal fibers (PhC) as variations of conventional fibers present interesting
characteristics under research. The cross section of one sample is shown in Fig. 2.2(b).
Note that the filling of the detected medium in the PhC cladding, where holes local-
ize, enhances the field overlap with the medium. The LPG inscribed in PhC fibers
(LPG-PhC) have been developed for bimolecular binding events to observe resonance
shifts [44]. The experimental results indicate a coarse resolution of 104 RIU. The
sensitivity of PhC-LPGs depends on the dimension and the lattice structure of the hole
channels in the cladding which suggests flexibility in design. By filling the medium in
the hole channels, the sensitivity is boosted to more than 2000 nm/RIU in aqueous so-
lution, which is superior to all conventional solid LPG fibers [45]. This integration with
nanofluidics could select PhC fibers as a potential platform as an optofluidic label-free
sensor [36].

Grating-based optical fibers are useful for bulk material sensing. The sensing length
is in dimensions of centimeter for the LPG requirement. Several other structures have
been studied for sample volume reduction. The tapered optical fiber is one of the
promising structures for which both the magnitude and the penetration depth of the
evanescent field with the surrounding medium are enhanced by tapering. Based on
the tapered multimode fiber interference, a recent work offers a high sensitivity 1900
nm/RIU at the material with RI of ng = 1.44 [46]. The polymer fabricated microfiber
is also considered to be coiled to form a resonator with a calculated sensitivity of 700
nm/RIU and an expected resolution of 10~7 RIU due to its high quality factor [47, 48].
Further, a copper-based microfiber loop resonator provides a robust structure for liquid
sensing and estimates a resolution of 1.8 x 107° RIU [49]. The fiber coupler, fiber Fabry-
Pérot cavity based sensors are discussed in Ref. [4], which achieve a resolution of 10~°
to 10~% RIU.

To date, fiber-based biosensors thrive in research due to their advantages for remote
sensing, low-cost, and device integration. Even though the resolution is not comparable
with SPR sensors, it is informative to note their substantial advancements.
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2.1.3.3 Ring resonator based sensors

In a ring resonator, light is guided by total internal reflection between the high RI
material and the low RI surrounding medium. The resonant circulation around the ring
is in the form of whispering gallery modes (WGMs) or circulating waveguide modes,
while the resonant wavelength A\p is given by:

)\3227T7"neff/’m (2.11)

where r is the radius of the ring, n.ss is the effective RI of the confined mode, and m
is an integer. When a waveguide or a tapered fiber approaches the surface of the ring
resonator with an evanescent wave overlap, the light is coupled to the resonator, causing
a transmission dip in the spectrum of the coupling waveguide or tapered fiber. As for
the RI sensing application, the resonance Ap is tuned by the RI of the surrounding
medium on nsy of the confined mode. Its sensitivity can be written as:

d/\R . d)\R dneff . )\R dneff

= = 2.12
dng  dnefpp dng Nepr dng ( )

S =

where ng is the RI of the surrounding medium. The dn.ss/dng is influenced by the
fraction of the probe field in the medium. Moreover, the sensitivity is independent of
the size of the ring resonator. Even though the sensitivity is superior to other cavities,
the ring resonator shows extra-high quality factors, making them applicable for sensing
with a high resolution. The quality factor varies from 103 to 10® in water depending
on the surface roughness and material absorption [50].

Ring resonators (Fig. 2.3) have been implemented in structures variously named
as microsphere, microtoroid, microring, liquid core optical ring resonator (LCORR) [4,
50, 53, 54, 55]. The label-free detection down to the single molecule level is possible by
perturbations on the WGM mode [53].

Note that the on-chip ring resonator shows its potential for mass production and the
capability for easy integration with other photonic devices [56]. A silicon-on-insulator
(SOI) ring resonator array has been reported to achieve a detection resolution better
than 2 x 107% RIU and having a sensitivity of 135 nm/RIU [57]. Considering the resolu-
tion improvement, through sensitivity enhancement, such a realization can be achieved
through improvement of the field fraction in the detected medium. One possible way
is the implementation of a slot waveguide, which is composed of a slot located in the
core of a strip waveguide where the field is confined [58]. Slot-waveguides have been
demonstrated to improve the sensor sensitivity by medium infiltration in the slot. In
one particular example, it has been applied to monitor molecular binding events [59].
A recent microfluidic sample is packaged for multiplex sensing and yields a bulk RI
resolution of 5 x 106 RIU [60].
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Figure 2.3: Different structures based on ring resonators. (a) microsphere; (b) micro-
toroid (Ref. [51]); (¢) microring; (d) liquid core optical ring resonator (Ref. [52]).

Considering sensitivity enhancement, the LCORR is very interesting for fluidic flow
through the ring. By LCORR, a benchmark for ring resonator sensing has been realized
for a sensitivity of 570 nm/RIU and a quality factor of 1.2 x 10° [52]. The noise
equivalent resolution is 3.8 x 10~8 RIU, which is favorable when compared with other
label-free optical sensors.

2.1.3.4 Interferometer based sensors

Interferometer-based sensors correlate the phase variation (A¢) of the light propagation
to the RI variation. The phase variation A¢ is related to the variation of the effective
RI of the waveguide mode An.sy and the interaction distance L by

_27r

A¢p 3

Anesrl (2.13)

for which the Ancy; is the partial perturbation by the surrounding medium. In the
interferometer configuration, the phase in the sensing part is retrieved through light
interference with a reference arm, with the reference canceling out the temperature
effect. The interference with the reference arm can be interrogated from light intensity
by a photodetector or an interference pattern on a screen [4], which differentiates Mach-
Zehnder interferometer (MZI) and the Young’s interferometer (YI), shown in Fig. 2.4.
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Figure 2.4: Different structures of interferometer based sensors. (a) Mach-Zehnder inter-
ferometer; (b) Young’s interferometer

As a sensor, the phase sensitivity is proportional to the fraction of the evanescent
wave, which probes the medium, and the sensing length L. The resolution achieved
ranges from 10~* to 10~7 RIU [61, 62], depending on the noise level of the detection
system. The latest advancements follow the development route for integration with
nanofluidics or even multiplexing of different sensing arms on the same chip [62, 63, 64].
An integrated bimodal waveguide MZI using standard silicon technology can achieve a
resolution of 2.5 x 1077 RIU [64]. The bimodal waveguide is a single channel waveguide
operated with two waveguide modes of the same polarization and thus overcomes the
difficulty in light separation by conventional Y-junction.

Due to the small amount of field immersion in the surrounding medium, interferometer-
based sensors normally require centimeter scale of interaction length L to obtain suffi-
cient sensitivity. Nanowire waveguides are theoretically proposed to increase the evanes-
cent field in the surrounding medium. Then the interaction length is decreased by one
order of magnitude to achieve a similar resolution [65]. The other proposed technique
is the surface plasmon interferometer where a metal layer is embedded in a dielectric
waveguide. The interference occurs between two surface plasmon modes, which are
excited on both sides of the metal. The predicted resolution can be 10~¢ RIU for a
physical footprint of only 100 ym? [66]. The same group later experimentally demon-
strates, in aqueous NaCl, a sensitivity of 315.45 nm/RIU and the resolution is in the
order of 1073 RIU [67].
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2.1.3.5 Photonic crystal sensors

Photonic crystal (PhC) structures comprise a novel platform for on-chip sensing of the
RI. A photonic crystal is a periodic variation of refractive indices in subwavelength scale
in one, two or three dimensions. The motion of the photon is altered by the periodicity
in a similar way to the motion of electrons by the periodic potential in a semiconductor
crystal. Onme typical characteristic of PhC is the photonic band gap (PBG) where
photons within a prescribed energy gap cannot propagate far into the structure. Since
the PBG is shifted with the RI variation of the surrounding medium, one group have
used photonic band gap (PBG) to perform chemical sensing and achieved a resolution
of 5.6 x 107¢ RIU in 2011 [68]. The resolution is estimated to improve to 2 x 1075 RIU
by measurement averaging to reduce the thermal noise.

Today, PhC sensors haven’t achieved the resolutions currently obtained with SPR
or MZI sensors. More attention has been directed to the small volume detection by
a microcavity [69] and on-chip sample multiplexing [70, 71]. In the PhC microcavity,
the field confinement around a defect shows an active sensing volume significantly
smaller than other evanescent wave measurements. The Fauchet group has reported
an achievable lowest detection volume of 1.5 fg for human IgG molecules but where the
resolution is 1072 RIU [71]. The PhC sensor is promising for small volume detection
and their development is still in its initial stage.

Clearly the classification is not absolute as many of the listed structures belong to more
than one category. The types of RI sensors show respective advantages and disadvan-
tages over each other. The device selection ultimately depends on the characteristic
of primary importance for the different applications. Considering sensitivity, different
devices show clear dependence on various parameters. Generally, the sensitivity can
be improved with the enhancement of the light-matter interaction volume. The resolu-
tion can be optimized either by the sensitivity or by the measurement system control
(polarization, phase detection, and so on) to minimize the noise on the output signal.
Recently, lab-on-a-chip multiplexing and optofluidic integration has emerged as a new
analytical field for enhancing the sensing performance and simplifying the design of

microsystems [50, 72, 73].

2.1.4 Optical biosensors

The optical biosensor is a device that uses specific biochemical reactions to detect
chemical compounds by optical signals. A biosensor is composed of two elements: a
recognition element and a transducer [50]. The recognition element is the immobilized
biochemical compound on the surface of the transducer to specify the target chemicals,
also called analyte. The transducer is the sensor that convert information of anayltes
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to detectable signals. The immobilization technique for the recognition element is crit-
ically important in a biosensor with the principal requirements having high selectivity,
capture efficiency of target chemicals, stability on the surface, and reliability not to
influence the chemical activity of the target. For the transducer, it must be sensitive to
alterations of the target, for example, the target concentration. There are two major
classes of optical transducers: fluorescence based sensors and label-free techniques [4].

Fluorescence based detection is one of the most sensitive techniques and the fluores-
cence intensity is correlated with the concentration of the analyte of interest and inter-
action strength. With light excitation from a high-power laser, the fluorescence yield
has a high signal-to-noise ratio. A fluorescence sensor is adaptive for low-concentration
measurement due to its high sensitivity. Even single molecule detection [2] have been
reported in many studies. Nevertheless, the labeling of molecules with fluorescent tags
requires laborious work and precise control of tag positions.

Label-free techniques are much more straightforward in bio/chemical sensing. In
principle, optical label-free techniques are based on the molecular-binding induced
change in optical properties, including Raman-based spectroscopy [3], absorption de-
tection and RI detection.

For refractive index (RI) detection, any molecule modification or replacement of
molecules instills an RI variation. Furthermore, the independence of RI on sample
volume brings a potential advantage for small sample volumes. The previous mentioned
configurations of optical RI sensors have all been studied for biosensing, for which
the evanescent wave is penetrating into the medium to convert the RI information
of the analyte to corresponding optical modes. For the evanescent wave, the field
is maximum on the surface where the recognition element is immobilized. Thus the
layer thickness of the recognition element and the penetration depth are essential for
the detection capability of the sensor. Note that each sensor configuration is chosen
according to specific applications. For example, a long penetration depth is essential for
large molecule or cell detection. Considering the sensor characteristics, the resolution
represents the detection of the bulk refractive index variation. A more precise term for
performance evaluation of a biosensor is the limit of detection (LOD), sometimes called
detection limit in the literature. It is defined as the minimum resolvable concentration
of the analyte that the sensor can measure. In general, two ways are used for the
illustration of LOD [6]. One way is the surface mass density (unit: pg mm~2) and the
other way is the sample concentration (unit: ng mL~!) for known analytes. With the
condition that the analyte thickness is much smaller than the penetration depth of the
evanescent wave (Lpq), LOD is proportional to the resolution.

For the past decade, optical biosensors have advanced for improved LOD to achieve
small concentration detection. The other emphasis has been on the development of
immobilization techniques and exploration of portable device designs.
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2.1.5 To nanostructure based sensors

Following technology advancements in the semiconductor industry, optical devices are
pushed forward to realize complex and functional systems through device miniaturiza-
tion. With the size reduction from macro to micro or nano dimensions, light scattering
with materials takes obvious importance in modifications of optical properties. For the
the interferometer based sensors, a decrease in sensitivity is accompanied by a decrease
of the size (sensing length L in Eq. 2.13). On the other hand, for the resonance based
sensors working at a fixed resonant wavelength, such as surface plasmon resonance,
ring resonators and grating based fiber sensors, they demonstrate an independence of
the sensitivity to the size (Eq. 2.7, 2.9, 2.12), under the condition that the sensor size
is much larger than the diffraction limit. However, size reduction brings an additional
difficulty to achieve a high quality factor for the resonance. Moreover, the micro or
nano sensor dimensions demand strict and precise control of the geometry fabrication.
Above all, decreasing the size means decreasing the sensor performance: the resolution.

Nevertheless, light interaction at subwavelength scale brings “extraordinary” phe-
nomenon compared with classical optics, which can then be suitably applied for sensing.
For example, the photonic crystal is a novel platform for sensor development. Note that
plasmonics is a rapidly growing research field for which the metal is structured at the
nanoscale. The surface wave, resulting from the oscillation of free electrons on the metal
surface with the electromagnetic field, allows light to be squeezed into dimensions in far
subwavelength scale [74, 75]. At the same time, most of the energy is distributed in the
surrounding medium. Thereby light propagation in plasmonic devices shows extraordi-
nary and environment sensitive properties depending on the structure. Many promising
results have revealed their potential in various applications, including subwavelength
optics, optoelectronics and chemical sensing.

With a metallic thin film, SPR sensors are playing an important role in sensing.
When the size is confined in three dimensions, nanoparticles or nano-structured metallic
thin films have been envisaged for local sensing [76, 77]. Moreover, the periodically
patterned metallic films exhibit a collective optical function. Extraordinary optical
transmission (EOT) [78, 79] is one of the key phenomenons, which has been studied as
par of a new generation of RI based sensors [80].

In 1998, researchers demonstrated the EOT through the nanohole array structured
Au film due to the SPR excitation on the film surface [78]. Since the EOT is based
on light coupling on the metal surface, the resonance embraces the information of the
dielectric environment. Subsequently, Brolo et al. applied this technique to monitor
the binding of organic and biological molecules to the surface with a sensitivity of 400
nm/RIU [81]. Studies from Fainman group have improved the sensing resolution to
1.5x 107 RIU by polarization controlled linewidth narrowing [82] and the sensitivity to
over 1000 nm/RIU through diffraction order selection by grating coupling [83]. Other
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groups utilize the planar configuration to integrate the microfluidic for real-time or
parallel array sensing [84, 85]. Furthermore, the nanoholes can act as a flow channel
for liquids. The optimum response time improvement is 20-fold for small biomolecules
with rapid kinetics [86]. Compared with in-plane SPR sensing, the rapid delivery of
analytes to the interaction region enhances the dynamic characteristics of a sensor.

For nanostructured sensors, the local interaction volume enables a detailed moni-
toring of molecule interaction. In this thesis, metallic nanostructures are investigated
to take advantage of their local field confinement for the RI sensing. Considering the
absorption from electrons, metallic structures will be integrated with dielectric waveg-
uides to function as a on-chip platform.

2.2 Simulation Tools

Light interaction with nanostructures is complicated and the effects not anticipated. In
order to predict the behavior of optical devices and design them with desirable proper-
ties, numerical techniques have been developed. The electromagnetic field interaction
with any medium is described by the Maxwell’s equations [87]. They are composed of
Maxwell-Faraday equation (Eq. 2.14), Ampere’s law with Maxwell correction (Eq. 2.15),
Gauss’s law (Eq. 2.16), and Gauss’s law for magnetism (Eq. 2.17), for which the widely
used differential forms are shown below:

VxE=—— 2.14
V x 5 ( )
ﬁxﬁ:a—]t)Jri (2.15)
V-D=p (2.16)
V-B=0 (2.17)

where E is the electric field intensity (Vm™!), D is the electric flux density (Cm™2),
H is the magnetic field intensity (Am~'), B is the magnetic flux density (Vsm~2), J
is the electric current density (Am~2), and p is the electric charge density (Cm~3).

Another fundamental equation, known as the equation of continuity, relates the
variation of the electric current density to the charge density. (Eq. 2.18).

V.- J=-2 (2.18)

In addition, at an interface between two media (medium 1 and medium 2), light must
satisfy some boundary conditions (Eq. 2.19), which are derived from the integral form
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of Maxwell’s equations. Physically, boundary conditions determine the light scattering
at the interface.

’rAZX(_’EQ—_El) =0 ﬁx(_’_‘Z__’Ij’Il) = js (2 19)
’fl-(DQ—Dl) = pPs ﬁ(BQ—B) = 0

where 7 is the unit vector normal to the interface pointing from medium 2 to medium
1.

The constitutive relations (Eq. 2.20) describe the macroscopic properties of the
medium considered.

]3 = €0€TE
B = /’LOI’LTﬁ
J=0E (2.20)

where constitutive parameters ¢, €., o, tr, 0 denote the vacuum permittivity, rela-
tive permittivity, vacuum permeability, relative permeability, and conductivity of the
medium, respectively. The medium is defined to be linear when &,, u,, o are indepen-
dent of E and H. Otherwise the medium is nonlinear. It is homogeneous if &, u;,, o
are not functions of space and inhomogeneous otherwise. It is isotropic when &, ., o
are not related to the field direction or anisotropic otherwise. For linear, isotropic,
and non-magnetic medium, which is considered for all the materials used in the thesis,
ur=1 and g, is only frequency dependent for dispersive metals.

Maxwell’s equations and the constitutive equations decide the exchange of the elec-
tromagnetic field in the medium. Note that the partial differential equations are dif-
ficult to solve analytically. An abundance of numerical methods have been developed
and studied. A detailed description of the most commonly used numerical techniques
is given in the book Numerical Techniques in Electromagnetics by Matthew. N. O.
Sadiku [88]. Each method shows its respective advantages and disadvantages. The
choice of one numerical method over another depends on the structure for modeling
and the optical parameters to be obtained. Rigorous coupled wave analysis (RCWA)
and finite difference time domain (FDTD) method are the two principle methods used
in this thesis. A brief description of each is given herein.

2.2.1 Rigorous coupled wave analysis (RCWA)

By Fourier transform, the electric and magnetic field in the time domain are related
to their frequency domain counterparts through the time-harmonic component (e/“?)
and the relations are E = E(w)e/!, H = H(w)e/*!. Substituting the transform in
Maxwell’s equations, the time dependence is canceled. Then the differential equations
for E and H can be separately obtained by eliminating each other with the aid of the
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incidence -1 0

Figure 2.5: Scheme of RCWA method on one periodic grating.

constitutive equations. With linear, isotropic, and non-magnetic medium, one obtains
the wave equations for E and H in Eq. 2.21.

V x (¥ x Bw)) — w?eoe B(w) = —jwI(w)
Ho
- 1 - - 9 o . 1 -
V x ( V xH(w)) — wpoH(w) =V x J(w) (2.21)
€ocr EQEr

An eigenmode represents a solution of wave equation and thus the modes which are
supported in the structure. For the simulation of periodic structures such as grating,
the RCWA method, which is based on the eigenmode expansion technique, is an efficient
method. The scheme of the RCWA method is shown in Fig. 2.5 for one example. It
begins with slicing the structure into layers. Within each layer, the structure profile
does not change in the propagation direction (z direction) and the optical field in each
layer is the sum of the supported eigenmodes. The incident field is priori-assigned by a
set of eigenmodes with weighting coefficients. When light propagates among adjacent
layers, boundary conditions (Eq. 2.19) are applied for scattering coefficient calculation
of eigenmodes.

RCWA method solves the wave equations without approximation. It is mathemat-
ically rigorous while the accuracy limit depends on two aspects: the structure profile
description, which is controlled by the slab thickness h in the scheme, and the finite
number of eigenmodes, which are used to present the optical field.

The RCWA method models light propagation in a straightforward manner. One
calculation simulates for a single frequency and the spectral property requires a series
of calculations at each separate frequency. They generally perform fast and accurate
modeling for structures when eigenmode calculations are not too complicated. For
the one dimensional structures composed of different material slabs in this thesis, the
eigenmode is modeled by the open source called Camfr [89], which is developed by
Bienstman et al. [90].
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2.2.2 Finite difference time domain (FDTD) method

The Finite Difference Time Domain (FDTD) method has been initiated by Yee [91] in
1966. The main book entitled Computational electrodynamics: The Finite-Difference
Time-Domain Method is written by A. Taflove and S. Hagness [92]. The FDTD
method is based on the numerical “resolution” of the Maxwell’s equations, especially
the Maxwell-Faraday equation (Eq. 2.14) and Ampere’s law with Maxwell correction
(Eq. 2.15). These two vector curl equations are first decomposed into six scalar equa-

—

tions for derivative relation and thus each components of the electric (E) and magnetic
(H) fields are separated.

Following the Taylor’s theorem in the case of a central finite difference, the deriva-
tives can be written in a discretized space and time domain. Each grid in the rectangular
coordinate system has side dimensions dz, dy, dz and a time step dt. Introducing the
notation F'(z,y,z,t) = F"(i,j,k) for any function F' from curl equations decomposi-
tion, where x = idx, y = joy, z = kdz, t = ndt, i,j,k,n € N, the first-order derivatives
for space and time are approximated by:

OF™(i,j,k) N Fr(i+1/2,5,k) — F"(i —1/2,7,k)
ox - ox

(2.22)

OF"™(i,j, k) _ F™Y2(i 4 k) — FP=Y2(i, j, k)
ot - 5t

Based on this approximation with second-order accuracy and curl equation decom-

(2.23)

position, the modeled space is composed of multiple unit cells called Yee’s cell which is
shown in Fig. 2.6 [92]. In each cell, every component of the electric field is surrounded
by the curl equation defined magnetic field components and vice versa. Positions for
the calculated electric field and magnetic field are half-grid shifted from each other as
shown by the vector in Yee’s cell. During the calculation, the electric field component of
grid (i, 7, k) at time step n+ 1 is determined by the electric field component of previous
time step (n) and the surrounding magnetic field components, which are half a grid
away in Yee’s cell, at time step (n + 1/2). The magnetic field component is sovled in a
similar manner for the next time step (n+ 3/2). Between adjacent cells, the boundary
condition is inherent in the Yee’s cell. Thereby, all components of the electromagnetic
field are solved step by step over the whole computation space with time evolution.

The accuracy of the computation relies on the first-order derivative approximation
(Eq. 2.22, 2.23), from which the cell size and time step are critical. In order to achieve
a sufficiently high numerical accuracy, the spatial increment must be fine enough com-
pared to the wavelength (usually < A/10) or minimum dimension of the scatterer. The
time increment 0t should satisfy the condition given by

UmazOt < (1622 +1/6y> +1/62%)71/2 (2.24)
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Figure 2.6: Yee’s cell for the FDTD method [92].

where U4, is the maximum wave phase velocity inside the cell.

Since the calculation domain covers the whole structure, no computer can handle
calculations for models with infinite size. An artificial boundary is enforced on the
calculation edge to truncate the calculation domain and to emulate infinity. Perfectly
matched layers (PMLs) are preferentially used to absorb propagation waves while al-
most no light is reflected back to the model. The property of the PML demands enough
space between scatterers and the boundary to minimize the artificial enhancement of
evanescent wave by the PMLs.

The FDTD method is versatile for the modeling of complex structures. The dis-
cretization of space into grids makes the computation adaptive to arbitrary distribution
of different materials, such as nonlinear, inhomogeneous materials. Moreover, when the
illumination is a broadband pulse, it models a well selected spectral range with a single
run. However, the spatial and time discretization brings a large calculation burden and
it is time-consuming, especially for a relatively large model size or strongly resonant
structure.

In the thesis, the modeling of the SWC device and the AAA structure is based on
the finite integration time domain (FITD) method [93]. This method is implemented
in Microwave studio, commercialized by the company CST Computer Simulation Tech-
nology AG. [94]. The FITD method is similar to the FDTD method except that it
discretizes the integral form of Maxwell’s equations rather than the differential ones.
The spatial discretization generates grid system with a dual mesh set-up in one grid.
The similarity for FITD and FDTD methods shows the same accuracy and boundary
condition requirements.
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In our work, the fabrication process is performed in Center of MicroNanoTechnology
(CMi), EPFL. The description of fabrication techniques and related problem discussion
can be referred in the thesis of Armando Cosentino, who is the project collaborator in
OPT group.
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Chapter 3

Slot Waveguide Cavity

3.1 Introduction

Optical sensors based on refractive index detection [4] are attractive due to their ver-
satile structures and label-free nature they provide. The various configurations are
discussed in chapter 2. They can generally be classified into two groups: waveguide
based devices and surface plasmon devices.

For waveguide based devices, light propagates through a strip waveguide or a fiber
and the evanescent field, which penetrates into the analyte (material surrounding the
sensor), is used for the refractive index detection. The optical fiber based sensors and
waveguide interferometer based sensors can achieve a resolution down to 107% RIU
(Refractive Index Unit) or even 107 RIU [38, 61]. However, the small interaction of
the evanescent wave with the analyte requires that the sensing area (length) is in the
order of millimeter to centimeter to attain enough interaction volume. Attempts for
miniaturizing these sensors have been implemented using photonic crystal cavities [95].
But decreasing the size of the sensor means decreasing its resolution, which is either due
to the decrease of the sensitivity (e.g., interferometer) or due to the degradation of the
measurement resolution in a resonance based sensor (e.g., ring resonator). Indeed the
sensitivity is proportional to the interaction volume between light and analyte. The
measurement resolution depends on the quality factor of the resonance, which may
deteriorate due to the size reduction. It is evident that a compromise between the size
of the sensor and the resolution needs to be found.

For the second group based on surface plasmon devices, the negative permittivity
of the metal localizes most of the field fraction in the analyte and thus enhances the
sensitivity. The well developed surface plasmon resonance (SPR) sensors may achieve a
sensitivity in the order of 10* nm/RIU and a resolution as high as 1078 RIU [27]. Gen-

erally, these sensors are based on the Kretschmann configuration [13, 14, 96, 97|, which
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does not lead to high efficiency if a large integration of devices is needed. Some at-
tempts have been made to create SPR sensors using metallic nanostructures [76, 77, 98].
These are promising candidates to achieve both high enhancement and a confinement
of the electromagnetic field in a small volume. Nanostructures then appear as the ideal
solution for the integration of different optical sensors having high sensitivities.

Veronis and Fan [99] and Dionne et al. [100] have shown that a plasmonic mode
can be supported and confined in a far subwavelength slot of a few tens of nanome-
ters in width. This mode shows potential towards chip-scale optical circuit realiza-
tion with subwavelength-scale localization. Experimental demonstrations have been
realized to bridge the dimensional gap between macroscopic optics and plasmonic de-
vices [101, 102], see Delacour et al. in 2010 [102]. In this paper they studied the efficient
coupling from a classical silicon waveguide to a copper plasmonic nanoslot waveguide
where silica fills the 100 nm-width slot. The localized field in such tiny slot is attractive
for small-volume sensing. We propose here an application of such a metallic slot with
light confinement with an air interface. Note that the field confinement is accompa-
nied by a strong light absorption due to energy transfer to local electrons. It is not
efficient to achieve a long propagation lengths using metallic waveguides. The inte-
gration with dielectric structures takes advantage of the small analyte volume in the
slot region and shows good compatibility with other photonic devices, such as photonic
crystals. The device design and property analysis, fabrication process and experimental
measurements will be illustrated in the following sections.

3.2 Design & Principle

A three dimensional (3D) schematic view of the studied structure is present in Fig. 3.1.
It consists of a dielectric slab waveguide on top of which lays a thin film gold (Au)
cavity. The waveguide is composed of a silicon dioxide (SiOj3) layer and a silicon
(Si) layer, deposited onto a SiOg substrate. The Au cavity is a periodic slot grating,
extended in the x direction, which will be called a slot waveguide cavity (SWC) in the
subsequent discussion. The geometrical parameters of the cavity are: the slot width
(w), the thickness of the gold layer (h), the cavity length (I), and the periodicity (p).
The thicknesses of the SiOy and Si layers are hg;o, and hg;, respectively. In this
device, TM polarized light, with the electric field perpendicular to the slot axis (z
direction), is taken into account. Light propagates through the Si waveguide and is
coupled with the SWC at the overlap region. The coupling occurs via the evanescent
wave, as the evanescent tail of the propagation mode in the Si waveguide penetrates
into the supported mode of the slot structure.

A commercial software (CST Mircowave Studio) [94], working with the finite inte-
gration time domain (FITD) method, is used to compute the optical properties and
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Figure 3.1: Schematic view of the studied device with a periodic slot array extended in
the = direction. The device parameters are: the slot width (w), the gold thickness (h),
the cavity length (1), the periodicity (p), the Si thickness (hg;), and the SiOs thickness
(hsio,)-

response of the device. In the model, periodic boundary conditions are used to simulate
infinity of the structure in x direction. Perfectly matched layers (PMLs), which absorb
propagating waves, are applied in the other two directions (y and z directions). The
structure illumination is the fundamental optical mode supported by the waveguide
(SiO2/Si/Si02), for which the mode profile is illustrated in the scheme. Since the mesh
size is critical in determining the calculation accuracy, it has been varied to verify the
convergence of results when the size is reduced. In particular, the metallic cavity should
be finely discretized where details are crucial. Finally, an adaptive mesh is considered
in this model: the step size is 2 nm in the Au cavity area and about 20 nm in the other
regions. Note that the dispersion property of Au is taken into account using the Drude
model (Eq. 3.1):

w2

P

€Ay = 1.0 — m (3.1)
where the bulk plasma frequency is w, = 1.2 x 106 571 the damping rate is v =
1.25 x 10" 571, and w is the angular frequency.

The chosen parameters w, and 7 enable a fit in good agreement with the exper-
imental values of the permittivity of Au from Ref. [103] in the wavelength range of
interest (1.3 pm to 2.4 um). The accuracy verification is demonstrated in Appendix B,
where the transmission spectrum, from the Drude-fitting replacement of the Au per-
mittivity, is compared with that of the point-by-point calculation for the corresponding
Au permittivity. The dielectric constants for Si and SiO9 are set, respectively, to be
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Figure 3.2: Normalized transmission (a) and reflection (b) spectra of the slot waveguide
cavity for p = 500 nm, [ = 800 nm, h = 20 nm, w = 20 nm, hg;0, = 100 nm, hg; = 220
nm. The amplitude of resonance B is determined by Aq = (Th + 12)/2 — Thnin-

egi = 11.9716 (ng; = 3.46) and €g;0, = 2.074 (ngi0, = 1.44). The device parameters
are p = 500 nm, ! = 800 nm, h = 20 nm, w = 20 nm, hg;o, = 100 nm, hg; = 220 nm.

3.2.1 Spectrum analysis

The normalized transmission and reflection spectra of the structure (including the
waveguide and the substrate) are given in Fig. 3.2 for TM polarization. One can
observe three transmission dips A, B and C, corresponding to the resonances of the
structure. The normalized electric field intensity |E|? distribution and the phase pro-
file ¢ in the direction of light propagation direction (4 z) in the centre of the slot are
displayed in Fig. 3.3 for the three resonances A, B, and C.

The electric field intensity profiles in the + z direction show that the electric field
is highly confined in the air slot of the Au cavity. According to the study of Vero-
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Figure 3.3: Normalized electric field intensity |E|? distribution and phase ¢ profile in the
central of the air slot for the different resonances A, B, C (see Fig. 3.2), respectively. The
dashed lines indicate the ends of the slots.
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nis and Fan [99, 104], light can be well localized in a far subwavelength slot of the
metal-insulator-metal (MIM) structure. The localization is supported over the whole
spectrum of analysis, as the spectrum range is below the cut-off wavelength of the
supported mode. Nevertheless, the field localization is further enhanced at the three
transmission resonances. From Fig. 3.3, this improvement is due to the Fabry-Pérot
(FP)-like behavior of the cavity, which improves the evanescent wave coupling efficiency
to the slots. The phase profiles show the existence of a standing wave in the slots while
light propagates through the slots. The phase difference between the forward and back-
ward propagating waves in the cavity is equal to 7w, 27 and 37 for resonances A, B and
C, respectively. It corresponds to the resonance condition of a classical FP cavity:
@ = mm where m is an integer. The resonances A, B and C correspond to the first
three modes of the FP, which is confirmed by the intensity |E|? distribution in the air
slot showing 1, 2 and 3 zeros respectively.

The reflection spectrum (Fig. 3.2 (b)) shows reflection peaks at resonances A and
B. The peak at resonance C is too small and will not be considered. The spectral
property of the device is similar to that of a ring resonator [105]. In the SWC device,
propagating light in the Si waveguide is coupled to the Au cavity through the evanescent
wave overlap. At the FP-like resonance of the cavity, light is efficiently coupled to the
cavity and thus induces a dip in the transmission spectrum of the Si waveguide. At
the same time, the accumulated light in the cavity is coupled back to the Si waveguide
to form a reflection peak. The peak height in the reflection spectrum and the dip
amplitude in the transmission spectrum are both related to the coupling strength and
the resonance property of the cavity. The peak and dip at position A in Fig. 3.2 have
the maximum amplitude compared with that at position B and C. In other words,
resonance A has the maximum amount of light which is coupled to the air slot array.

For TE polarization with electric field perpendicular to the Si/SiOs interface, no
resonance exists for the Au cavity. The transmission and reflection spectra of the Si
waveguide are not interesting for investigation.

3.2.2 Quantitative FP analysis

From the phase and electric field intensity profile description, Fabry-Pérot (FP) reso-
nance is the mechanism explaining the existence of transmission dips. In this section,
quantitative analysis is to be established step by step to verify the details of each res-
onance. The resonance condition in the FP model will first be discussed. Then the
calculation of supported modes will be explained. Finally, we will see how the FP
model can fit the observed features of SWC.

Firstly, the FP interferometer model (shown in Fig. 3.4) is introduced to simplify
the working principle of the device. In Fig. 3.4, the cavity of the FP interferometer
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Figure 3.4: Simplification of the Au cavity of the SWC device by a Fabry-Pérot interfer-
ometer model.

represent the slot array structured Au cavity. The effective refractive index of supported
modes n.fy depends on the geometry of the slot array and the illumination wavelength.
In the FP model, the normalized transmission (T) is calculated by Eq. 3.2 [106].

T,
T = mar 3.2
1+ (2F/7)?sin?(nf Jvp + X) (32)
with
t26—asl
Tar = 7733 3.3
(1—1r)2 (33)
AV (3.4)
1—r
(neff — n0)2
r=-———=—cxp(—agl); 3.5
CNPETNE p(—asl) (3.5)
2
P—=1_ M; (3.6)
(efr + no)
€o
= — 3.7
vE 2neffl’ (3.7)
Neff + 75 — no
= arg(C2 ] @9

Neff + 3% + 0"

where [ is the length of the cavity, a; is the absorption coefficient of the cavity, cg is the
light speed in vacuum, f is the frequency, F' is the finesse, r is the reflection including
reflection coefficient at each interface and the consideration of light absorption inside
the cavity, t is the transmission efficiency at the interface, vg is the frequency spacing
of adjacent resonance orders, x is the reflection induced phase shift at the interface.
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From the transmission calculation of the FP interferometer, a resonance appears
when the phase matching condition (Eq. 3.9) is satisfied (T = T}z at Ag).

Tf/vr +x =qnm (3.9)

where ¢ is an integer.

Physically, light with different path lengths interferes inside the cavity, where the
different light paths come from the reflection at the edges of the cavity. With con-
structive interference, which satisfies Eq. 3.9, the transmission is maximized when the
cavity releases the stored light and the reflection of the FP cavity is minimum. In the
SWC device, when conditions for constructive interference inside the cavity are satis-
fied, maximum light is coupled and stored in the cavity and the transmission of the Si
waveguide is minimized. Simultaneously, part of the coupled light is coupled back to
the reflection arm of the Si waveguide and its reflection is maximized at the resonance.
Even though the transmission (7") and reflection (R) spectra of the SWC device are
not exactly the same as in the case of the FP interferometer, the spectral properties
(resonance position, quality factor of the dip, etc.) can be analyzed analogously with
the FP cavity. From Eq. 3.9, the effective index (n.sy) of the slot array is the key as-
pect in the calculation. Herein it depends on the geometrical dimensions of the cavity
Nefs = Nefr(fp, 1, hyw, hsioy, hsi)-

For the second step, calculations have been made to check the supported modes
of the cavity. Based on the complex propagation constant 8 = 3, + jB; calculation,
mode effective refractive index n.ys and the absorption coefficient a; in FP resonance
conditions are defined by nefr = f5,/ko and oy = 20;, respectively. ko = 2mcy/f
is the wave vector in vacuum. The model is the same as the geometrical setting in
Fig. 3.2. For the spectral range 1.28 pym to 2.5 um, two modes are supported by the
structure with the electric field amplitude (| E|) distribution shown in Fig. 3.5. The field
fractions in the air slot are different for the two modes. In mode 1, the light is more
distributed in the Si waveguide while mode 2 has a strong field localization in the air slot
region. The field confinement of mode 2 will result in a stronger mode dispersion due
to Au dispersion and leads to additional light losses in Au. Their dispersive properties
are given in Fig. 3.6. The x axis “Wavelength” corresponds to the wavelength in
vacuum. The propagation length L is defined by the absorption coefficient L = 1/as.
With increased light wavelength, the effective refractive index n.s; of both modes is
decreased. Mode 1 extends more light upward in the slot region and L decreases with
wavelength, indicating that the effect of the Au layer on the optical field in the Si
waveguide is more pronounced. Mode 2 extends more light downward to the substrate
and more light out of the slot resulting in a longer L, indicating that the ability of the
slot to confine light is decreasing with increasing wavelength. When the wavelength is
longer than 2.5 um, mode 2 becomes leaky. Within the interesting wavelength range,
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Figure 3.5: Electric field amplitude (|E|) distribution of the supported modes by the Au
cavity. The dashed lines shows the position of different layers.

mode 1 has a larger n.s; than mode 2. And L of mode 2 is less than 5.5 ym due to
the Au absorption. L for mode 2 at A, B and C resonances are 3.96 pym, 1.95 pm,
1.57 pm, respectively. Both modes may play their roles in determining the resonance
position. Note that there exists other modes beyond the chosen wavelength range. For
wavelength A < 1.28 pm, there is a third mode. As with mode 1, most of its energy is
located in the Si layer for mode 3. Since it is close to the edge of our spectral range of
interest, mode 3 will not be considered in detail.

During the third step, the phase condition is discussed for the two modes at the
three transmission resonances A, B, and C. The results are listed in table 3.1. For each
mode in the table, ¢’ is defined by ¢ = f/vp + x/7m. And vp, x are calculated from
nesr and ag. From the electric field distribution and the phase analysis in Fig. 3.3, the
phase condition (Eq. 3.9) has ¢ = 1, 2, 3 for A, B, C respectively. By comparison of
g and ¢, it is possible to define the importance of both modes in the determination
of the resonance. When ¢’ = ¢, the corresponding mode is the one that decides the
phase resonance. When the values of ¢’ for both modes are not equal to the expected
integer ¢, the resonance is determined by the two modes with weighting coefficients.
The importance of the mode is linked to the value difference (|¢—¢’|). Having a smaller
difference, the corresponding mode is more important in the resonance determination.

Note that the resonance wavelength of C is smaller than 1.28 um, where the third
mode starts to appear. The parameters for the third mode are: n.;y = 1.562 and
q = 1.99. As ¢ is far away from the expected ¢ = 3, it is not considered for analysis
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Figure 3.6: Dispersion property of the cavity modes (Fig. 3.5) with parameters: p = 500
nm, [ = 800 nm, h = 20 nm, w = 20 nm, hg;o, = 100 nm, hg; = 220 nm. (a) Mode
effective refractive index (n.sy¢); (b) Propagation length (L).
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in the table.

Table 3.1: Quantitative analysis of the mode parameters at the resonant dips A, B, and
C (Fig. 3.2).

A Parameters | Mode 1 | Mode 2
Neff 2.462 1.483
as(m™1) 93804 | 252748
A (2.412pum) X 0.0071 | 0.0806
F 1.572 0.601
q 1.635 1.0
Neff 2.759 1.956
as(m™1) 28140 | 513452
B (1.678um) X 0.0011 | 0.0483
F 1.866 1.003
q 2.633 1.882
Neff 2.968 2.198
as(m™1) 6872 637290
C (1.26pum) X 0 0.0332
F 2.062 1.162
q 3.778 2.808

For the resonance A, ¢’ = 1.635 and ¢’ = 1 for mode 1 and mode 2, respectively,
while ¢ = 1 for the first order FP resonance. Thus mode 2 is responsible for the
resonance. For resonances B and C, none of the modes possess an integer value of ¢/,
meaning that the resonance is a mixture of both modes. Considering the weighting
coefficient of each mode in the resonance determination a; (i =1, 2), a; + a2 = 1. For
the resonance determination, q’lal + qéag = ¢. At wavelength B, a; = 0.158 and as =
0.842. And at wavelength C, a; = 0.198 and as = 0.802. It is clear that as is much
larger than a; for both wavelength B and C. Mode 2 makes the major contribution to
the resonances B and C.

In addition to the decision on resonance position, table 3.1 gives more interesting
information from the parameter comparison. The absorption coefficient « is compared
first. The absorption coefficient ag for mode 2 is minimum at wavelength A of the
three resonances and «; for mode 1 is maximum at wavelength A. The reason is that
from wavelength A to wavelength C, mode 1 tends to distribute more energy in the Si
waveguide by decreasing the wavelength, while the mode 2 conversely better confines
the light inside the slot. Then, comparing the n.f; variation with wavelength, n.s
of mode 1 is increased from 2.462 to 2.968 while n.yy of mode 2 is increased from
1.483 to 2.198. Evidently, mode 1 is less dispersive than mode 2. Finally, when the
importance of mode 2 in the resonance determination is considered, as is compared.
The influence of mode 2 is decreased from resonance A to C, since as = 1.0 decreases
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to ag = 0.802. It matches with the fact that the influence of the slot array is decreasing
by decreasing the wavelength, which then causes the reduction of the transmission dip
at C. At wavelength A, light is well coupled to the SWC cavity and achieves a deep
transmission dip. On the other hand, mode 2 tends to repel light out of the slot as
light wavelength at A is close to its cutoff wavelength 2.5 pm. This explains a low
transmission in Fig. 3.2 at the out-of-resonance wavelength (2.7 ym). From wavelength
A to C, mode 1 and mode 2 function together to determine the resonance of the cavity.
The contribution of the two modes is realized due to the field overlap between the
Si waveguide and the slot array, where the Si waveguide plays roles in both the light
coupling and the light confinement. Light coupling from the Si waveguide to the slot
array depends on the variations of the working wavelength.

Additionally, the shape of the resonance is important. The finesse F, which is
introduced in Eq. 3.4, displays the sharpness of the peak. From the equation, F' is
related to the reflection coefficient at the cavity edge and the absorption in the cavity.
F is large for the FP cavity with a high reflective interface and a low absorption
coefficient. The finesse F' is correlated with the quality factor. The quality factor is
one of the most important parameters to define a peak. The definition of the quality
factor is Q@ = f/df where §f is the FWHM (full width half maximum) of the peak.
Under the condition that F' > 1, the quality factor of the FP resonance is Q = foF/vp,
showing that Q is proportional to F. In our device, the strong absorption of modes and
small refractive index difference at the edges of the cavity induce a low F. Table 3.1
shows the F' values for existing modes and three resonances. The quite influential
mode 2 has a very low finesse, in accordance to the low quality factor of the resonances
(transmission and reflection spectra in Fig. 3.2). F is slowly increasing with shortened
wavelength. This is due to an increased reflectivity at both ends of the Au cavity, as
nesy is increased from wavelength A to wavelength C.

The simplified FP model extracts the important properties of the SWC device: the
resonance position definition and the sharpness of the resonance. Subsequently, the
FP model will be used for further discussion concerning the sensing application of the
device. However, as discussed in the spectral analysis, the transmission and reflection
spectra are similar to a ring resonator, which is evanescently coupled from a waveguide
to a ring resonator. In a ring resonator, the coupling region forms a small part of the
resonator and the source waveguide is not influential to the resonance determination.
The working principle of the SWC device is more complicated due to the double role
of the Si waveguide. In our case, the Si waveguide not only couples the light to the
cavity, but also plays a non-negligible role in the resonance determination.

The amplitude of transmission dips is another important parameter to be consid-
ered for future characterizations. The amplitude is defined as Ag = (71 + T5)/2 — Tiin
in Fig. 3.2. Ay equals 0.428, 0.294, and 0.062 for dip A, B, and C. Its amplitude is
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associated with the coupling strength, which cannot be explained by the FP model.
In general, when light is coupled from the Si waveguide to the slot array, the coupling
strength is proportional to the field overlap integral between the Si waveguide mode and
the slot mode. At wavelength A, the Si waveguide has more energy above its surface,
which means more light overlaps with the slot region. Maximum light is coupled for
slot confinement and the influence of the Au layer is the strongest for light transmission
in Si waveguide. This mechanism is the reason that the coupling strength is maximum
at resonance A.

In the following only the second resonance (B) will be considered. Indeed two reasons
make this resonance interesting for sensing application. First, considering the shape
of each dip, dip A is too large and dip C is too shallow to perform experimental
measurements. Compared with dip B, dip A and C are more difficult to detect when
the noise of the characterization system is added to the spectrum. Second, the field
localization which is mainly centered in the middle of the slot will confer to the structure
a more stable response even with fabrication imperfections at both ends of the cavity.
For resonance A, the localization of the field close to both ends of the slots has a
high demanding on the quality of the cavity edge as simulation. In other words, the
fabrication imperfections are expected to alter the transmission dip property more
radically at resonance A than at resonance B.

For the section below, the geometrical parameters will be studied for their influences
on the optical property, thus improve its performance for sensing applications.

3.3 Parameters Study

Both the Au cavity parameters (the slot width w, the Au thickness h, the cavity length
[ and the period p) and the waveguide dimensions (the Si thickness hg; and the top
SiOq layer thickness hg;o,) are set as variables in this section.

According to the FP model, the phase condition in Eq. 3.9 explains the transmission
dip position. Inside the cavity, the effective refractive index n.sy is a combination of
two modes (see Fig. 3.5) supported by the structure, while mode 2 is the principal
one. The device geometry can affect the resonance position A\; via n.f¢ or the cavity
length [ variation. The Au cavity geometry will definitely alter the supported mode
profile, and thus the spectrum. Besides A4, the amplitude of the transmission dip Ay
is controlled by the amount of the coupled light to the Au cavity. Clearly, since the
waveguide dimensions play a direct role on the evanescent wave intensity above the
waveguide surface, they are likely to play an important part on the coupling strength.

The resonance position A4, the amplitude of the transmission dip A,, and the electric
field intensity I,,4. are taken into account for the optical property analysis. Herein I,
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is shown in Fig. 3.3, meaning the peak intensity |E|? in the middle of the slot. Note that
the incident power of the electromagnetic wave to the periodic unit of the Si waveguide
is kept constant of 1 Watt for all calculations. I,,,,, proves the field localization strength
in the slot, determined by the amount of the coupled light and the field confinement
ability of the slot. Based on the setting w = 20 nm, h = 20 nm, [ = 800 nm, p = 500
nm, hg; = 220 nm, hgio, = 100 nm, each parameter is varied separately while the
others are invariant.

3.3.1 Slot width w & Au thickness h

Veronis and Fan [104] have shown that the guided subwavelength plasmonic mode sup-
ported by a slot in a thin metal film depends strongly on the slot geometry itself.
Furthermore, the FP-like resonance, which plays a role in the resonance position de-
termination, enhances the light coupling and then the field localization in the slot.
Therefore, the cavity geometry can easily vary the A\; position of resonance B, with
regard to the mode effective refractive index n.y.

Figure 3.7 shows the Ay position (squares), the normalized I,,4, (circles), and the
dip amplitude A, (stars) in variation with (left side) the slot width w ranging from
5 nm to 50 nm and (right side) the Au thickness h in the range of 5 nm to 50 nm.
Each curve is mathematically fitted from discrete calculated points. It is observable
that the three most important properties (Ag, A4, and I,,,q,) are a function of the slot
size, especially when the slot is quite small (w, h < 20 nm). For w, h = 0, there is no
periodic slot array or no Au film on the Si waveguide. Since no resonant transmission
dip exists, they are not then considered.

Ag is first discussed. At w = 5 nm and h = 5 nm, \g is maximum within the
calculated range. Smaller values for w and h have not been simulated because there
is no current interest in fabricating such dimensions. Verified by Veronis and Fan
[104], the supported mode of a smaller air slot has a stronger field confinement in the
slot region and more energy loss in the Au layer. In the phase condition (Eq. 3.9),
the phase change x can be disregarded from the details extracted in table 3.1. The
effective refractive index n. sy of both mode 1 and mode 2 (see Fig. 3.5) are modeled to
check their relation with the slot geometry. Results are shown in Fig. 3.8 for constant
wavelength in the vacuum 1.55 pm. n.yy of mode 2 apparently decreases with the slot
width or Au thickness, while n.ss of mode 1 is almost constant after w, h > 7.5 nm.
Since mode 2 is the dominant mode in the cavity, the Ay position follows the change of
nesy for mode 2. As a result, Ay exponentially blue shifts by the increase of w or h.

In contrast to Ay, Ine: and Agz show different reactions to w and h variations.
There exists optimum values for Ay and I,,,, when A is varied. Two aspects should
be taken into account for the I,,,, and Ay discussion: resonance position induced
coupling strength dependence and the field confinement ability of the slot. Ay shows
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Figure 3.7: The resonance position A4 (squares), the normalized electric field intensity
Inaz (circles), and the dip amplitude A, (stars) as a function of the slot width w (left side)
and the Au layer thickness h (right side) of the cavity. Other parameters are the same as

in Fig. 3.2.
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Figure 3.8: Effective refractive index n.ss variation of the supported modes in the slot
structure of Fig. 3.7 with: (a) the slot width (w); (b) the Au thickness (h). The calculation
is made for the fixed wavelength 1.55 pm.
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essentially the coupling strength between the Si waveguide and the slot array. Iy, is
a combination of the amount of coupled light and the field localization ability of the
slot.

When w is increased, the resonance position is blue shifting. For w > 10 nm, the
coupling strength is decreasing as the field tends to be distributed in the Si waveguide
and the field confinement ability of the slot decreases. Both Ay and 1,4, decrease with
the w increment. For w < 10 nm, the amount of light confined in the tiny slot is small
even though the field overlap is large. A, is increasing somewhat with an increase in
w. Imee at w = 5 nm shows the apparent light localization in the slot even though the
total amount is not an optimum.

For Au thickness variation, Ay is low at h = 5 nm, even though considering the
large amount of light localized above the Si waveguide surface. The reduced value of
Ay indicates that the impact of the slot array on the transmission is small when the
Au film is much thinner than the light penetration depth. Nevertheless, the blue shift
of A\g results in the field localization in the Si waveguide and A, decreases after its
optimum value at h = 15 nm. At the same time, I,,,4, is apparently decreasing with
the Au thickness due to the decrease of the amount of coupled light.

The w and h size is optimized at 10 nm and 15 nm respectively. The design will
be chosen as close to these values as possible in order to optimize the transmission
spectrum and field localization. On the other hand, the device fabrication technique
limits the slot size. The Au thickness is chosen to be 20 nm from experience and the
slot width is considered to be 30 nm due to the fabrication tolerance of the available
techniques.

3.3.2 Cavity length [

Figure 3.9 shows the position of the resonance B ()\;), normalized |E|? in the center
of the slot ([4,) and the amplitude of the transmission dip (Ay) in relation to the
cavity length (1), varying from 650 nm to 1100 nm. Within this length range, A4 still
locates in the spectral range of interest (1.3 um ~ 2.4 pum). Ay is increasing with the
cavity length [. Note that both ends of the Au cavity act as reflection interfaces in the
FP model. When the reflection phase shifts y at the interfaces are ignored, the phase
condition Eq. 3.9 can be transformed to: Ay = neyyl for resonance B, where [ is the
cavity length and n.sy mainly depends on mode 2. Ay is linearly related to [ where
neys is the slope. For 1.47 ym < Ay < 2.0 pm, n.y of mode 2 is inversely decreased
with wavelength from 2.07 to 1.75 (see Fig. 3.6). However, the slope variation is not
obvious from the \; graph with the [ variation.

For the graph of Ay, the coupling strength to the slot array increases due to the
prolongation of the coupling length and the red shift of the resonance position at the
beginning. After [ reaches 1 um, it indicates saturation for this amount of coupled light.
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Figure 3.9: Resonance position \g (squares), the normalized electric field intensity Ip,q.
(circles), and the transmission dip amplitude A, (stars) as a function of the cavity length
[. Other parameters are: w = 20 nm, A = 20 nm, p = 500 nm, hg; = 220 nm, hg;o, = 100
nm.
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Correspondingly, the I,,4, is enhanced at the beginning by the improved coupling.
Then 1,4, begins to decline from the coupling saturation point, since the electric field
distributes over the whole cavity.

In our design, the cavity length is convenient to be used for tuning the Ay position
of the resonance around 1.55 pum. Indeed, the length of the cavity is one of the least
difficult parameters to control during fabrication.

3.3.3 Period p

The period p is another parameter considered to influence the transmission spectrum
and the field confinement of the device. The field interaction among adjacent slots in
the Au cavity varies the resonance position Ay (squares), the transmission dip amplitude
A; (stars), and the field confinement I,,,4, (circles) as shown in Fig. 3.10. According
to the phase condition of the FP model, A; follows the variation of n.ss in the cavity.
Calculations on n.f; have been made at a fixed wavelength A = 1.55 pm. The effective
refractive index of mode 1 slowly decreases from 2.832 to 2.818, which is insignificant.
The augmentation of n.s; of mode 2 by enlarging the value of p is shown in Fig. 3.11.
Here it is understood that the field interaction among adjacent slots decreases nyy.
As a result, nepp for p = 250 nm is minimum and its value saturates when p is large
enough since the field interaction decreases with the slot separation. The difference of
growth shape between Ay and n.s; graphs is caused by the dispersion property of n.y,
the influence variation of mode 2, and the phase shift x deviation.

The A, graph indicates the enhancement of the energy coupled to the slot array
with p. When p is small, the interaction among slots decreases the Ay position and thus
decreases light coupling to the slot. From a comparison of graphs, the growth of n.ys
and Ay is similar. Due to the enhanced coupling, the graph of field localization I,
also shows an enhancement as a function of p.

The value of p is chosen to be 500 nm for the fabricated device. Even though with
p = 600, a higher coupling efficiency and a better field confinement can be achieved,
the choice of p should in practice be smaller. The reason is that illuminating light
on the periodic structured Au film is diffracted on the Au/air interface. Furthermore,
the excitation of the surface plasmon prevents light coupling to the slots so that the
transmission dip deteriorates. For p = 600 nm, this occurs at around A = 1.63um. It
is close to the 1.55 um where the transmission dip is expected. For p = 500 nm, the
surface plasmon excitation exists around 1.43 pm, while the Ay and I,,,,, still keep an
elevated value.

3.3.4 'Waveguide

Because the field coupling from the Si waveguide to the Au cavity depends on the
overlap integral of the evanescent wave, the dimensions of the Si waveguide are very
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Figure 3.10: Resonance position Ay (squares), the normalized electric field intensity 4.
(circles), and the transmission dip amplitude A, (stars), in response to a variation of the
period p of the cavity. Other parameters are: w = 20 nm, h = 20 nm, [ = 800 nm,
hsi = 220 nm, hg;o, = 100 nm.
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Figure 3.11: Effective refractive index n.yy variation of the mode 2 in the slot structure

of Fig. 3.10, in response to a variation of the period p. The calculation is made for the
fixed wavelength 1.55 pm.

influential for the final device properties. Especially for the amount of the coupled light,
the waveguide size drastically alters the evanescent wave intensity above the surface.

The variations of the Ay position (squares), the normalized I,,,, (circles), and the
transmission dip amplitude Ay (stars) with the thickness of the top SiOq layer (hsio,)
(right side) and the Si layer (hg;) (left side) are shown in Fig. 3.12. The Au cavity
geometry is fixed to be the same as in Fig. 3.2. The three parameters reveal their
distinctive dependence on hg; and hg;o,-

Aq clearly changes with hgio, when hg;o, is small. It is exponentially blue shifting
by the increase of hg;o,. When hg;o, is larger than 80 nm, the \; position is almost
invariant. Relatively, the influence of the Si layer thickness hg; on Ay is weaker than
hsio,. Aq is continuously increased with the value of hg;. From the above analysis, Ay
is determined by n.ys in the FP cavity. The effective refractive indices of mode 1 and
mode 2 are displayed in Fig. 3.13 as functions of hg; (left side) and hg;o, (right side).
Comparing the Ay profile with n.;s of mode 1 and 2, mode 2 is established to be the
principal mode in the resonance determination for both hg; and hg;o, modifications.
Note that n.f; of mode 2 undoubtedly is a function of the slot substrate. When the slot
substrate is replaced by a higher refractive index material, the effective refractive index
of the supported mode is required to be larger to avoid light leakage in the substrate.
It is reasonable that the increase of hg;o, lowers n.;y and the increase of hg; raises the
neyps value. The fluctuation of Ay to hg;o, is greater than to hg;.

For Ay and I, graphs with enlarging hg;, they indicate that a declining amount
of light is coupled to the slot due to the decrease of the evanescent wave intensity on
the Si waveguide surface, thus the amount of the coupled light and the field intensity
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Figure 3.12: The resonance position \; (squares), the normalized electric field inten-
8ity Imae (circles), and the transmission dip amplitude A4 (stars) as a function of the Si
thickness hg; (left side) and the SiO2 thickness hg;o, (right side) of the waveguide. Other
parameters are the same as in Fig. 3.2.
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Figure 3.13: Effective refractive index of the slot supported modes as a function of the
Si thickness hg; (left side) and the SiOq thickness hg;o, (right side) of the waveguide. The
calculation is made at a the fixed wavelength of 1.55 pm.
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in the slot. For hg;p, variation, A4 and I,,,,; have a similar profile. They reach an
optimum value when hg;0, = 50 nm. At hg;o, = 20 nm, the coupling strength is in
a relative sense lower, resulting from the repelling of light to the substrate by the Au
cavity. With such a thin SiOy layer, the Au cavity is not effectively confining light
inside the slot and the light becomes easily leaky to the Si layer. It is also the reason
that there is no transmission dip when the slot is deposited on the high RI Si substrate,
which is the hg;0, = 0 case. Afterwards, the coupled light is enhanced by improved
light confinement in the slot. When hg;o, > 50 nm, A4 and I,,,4, are decreasing with
the decline of the evanescent wave overlap on the slot region.

From the waveguide design, the amount of light coupled to the slot array Ay needs
to be optimized. At the same time, the thickness of the Si layer must conserve the
property of an efficient light propagation medium. Ideally, the infinitely extended Si
layer has no cutoff for our spectral range. However, the fabrication imperfections induce
light losses and may lead to inefficient light propagation in the Si waveguide. hg; is
designed to be thick enough to well confine the light inside the waveguide. For the
spectral range around 1.55 pm, hg; = 220 nm is chosen and hg;o, is 100 nm.

3.3.5 Summary

The above analysis presents the variation in position (\;), the shape of the transmis-
sion dip (Aq), and the field intensity (Iimqs) as a function of the different geometrical
parameters of the slot waveguide cavity.

It is well known, and we just have demonstrated that small variations in the ge-
ometry involve dramatic changes in the spectral response of a nanostructure. Un-
fortunately, it is almost impossible to exactly fabricate the structure which has been
modeled. Therefore, a trade-off must be found between the ideal theoretical parameters
and the fabrication issues.

Considering the theoretical study and the experimental (fabrication and character-

ization) issues, we can make the following conclusion:

e hg; = 220 nm, to confine light well in the Si waveguide. Even though a thinner Si
layer can achieve a better amplitude of the resonance, the imperfections at the interfaces
will degrade the propagation efficiency.

e hgio, = 100 nm. hg;o, = 40 nm presents a larger resonance amplitude. But at
the same time around this value, A, is varying significantly. It is therefore preferable to
choose a value which may allow some fabrication variations without drastically changing
the resonance position.

e p = 500 nm. A large value of the period is required (Fig. 3.10) to have good
coupling and confinement of light in the slot cavity, but the coupling between the mode
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0.5

Figure 3.14: Electric field distribution of the launched mode with (a) periodic boundary
in the x direction; (b) finite waveguide with 1 gm. The dotted lines show the outline of
the Si waveguide layers.

and the surface plasmon has to be avoided. Indeed the surface plasmon may have a
negative effect on the guided mode [107].

e w = 30 nm and h = 20 nm have been chosen for fabrication issues. Indeed,
w = 10 nm and A = 15 nm are ideal but impossible to obtain, simultaneously. w and
h are linked during the fabrication process and the chosen values are the limit of our

fabrication techniques.

e [ =700 nm or 800 nm to set the resonance position around A = 1.55 pm.

3.3.6 Discussion of the finite structure

From a practical view point, the device will be finite in the x direction. From infinite
width modeling to the realization based on finite width, the incident light distribution
is varied depending on the waveguide width. The electric field (|E|) distribution is
compared in Fig. 3.14 between the model with the periodic boundary and the one with
a finite width, corresponding to two periods (1 um). The waveguide is composed of
a 220 nm thick Si layer and 100 nm SiO, above the SiOy substrate. Air surrounds
the waveguide. It is clear that the finite width squeezes the light to the center of
the waveguide. When the waveguide is widened, the field is extended to both sides
of the waveguide. The inhomogeneity of the field distribution in x direction causes
varied coupling strength for different slots. Thus each slot plays a varied role on the
transmission resonance determination.

Additional calculations have been undertaken to verify the optical response variation
of the device for different waveguide widths. Figure 3.15 shows the transmission spectra
for waveguides with width variation (width = period pxslot number). In this model,
perfectly matched layers (PML) are used in the x direction to absorb propagating waves
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Figure 3.15: Transmission spectra for varied waveguide widths (period pxslot number).

instead of periodic boundary conditions. For the single slot device, the transmission
dip is apparent due to field squeezing to the center of the waveguide where the slot is
located. Thus light is more efficiently coupled to the slot cavity and the amplitude of the
transmission dip is enhanced. Nevertheless, the 500 nm width demands a high quality
of the waveguide to avoid significant light propagation loss. It is therefore preferable to
utilize a larger device width. With two periods of the width, the two slots have a low
coupling efficiency because they are located away from the high energy center of the
Si waveguide. When the number of slots increases, the transmission spectrum evolves
to be close to that of the infinity case. For a slot number higher than 8, a difference
of only 2% is observable on the transmission dip compared to the case of the infinite
structure. Experimentally, the fabricated structure involves 30 slots, which will follow
the simulation results for the infinite structure, theoretically. The chosen width (15
pum) is adapted to the modal field diameter (about 10 pm) of the single mode fiber
SMFE28 at wavelength 1.55 pm.

With 15 pm in width, the Si waveguide supports multiple modes which will influence
the transmission spectrum. In theory, the basic order of the supported modes (shown
in Fig. 3.14(b)) is required for characterization. At the same time, this mode is mainly
excited from the mode overlap integral with that of the single mode fiber. However,
higher order modes may also be excited by waveguide imperfections. These higher
order modes may cause modifications of the transmission dip. Depending on the field
distribution in relation to slots, certain modes shift or reduce the transmission dip.
Accordingly, the desired transmission dip may be widened or multiple dips appear,

linked to the the excitation of corresponding higher order modes.
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3.4 Fabrication

3.4 Fabrication

The device is fabricated at the Center of MicroNanoTechnology (CMI, EPFL) by Ar-
mando Cosentino from the OPT Laboratory, EPFL. The precision and quality control
of each step determines the final properties of the fabricated device. The fabrication
process follows the sequential steps listed below:

1. The surface of the < 100 > oriented Si wafer is wet oxidized in order to create a
3 pm-thick SiO4 layer. As it is the substrate of the device, the roughness of the surface
is one of the key points to guarantee successful subsequent steps. The oxidization is
processed on a double side polished wafer and the root mean square of the roughness

is 1.2 nm.

2. Amorphous Si (220 nm) is deposited by means of low temperature (Tiem, <
560°C) LPCVD (Low Pressure Chemical Vapor Deposition) [108] on the SiOs layer. In
advance of LPCVD, the RCA (Radio Corporation of America) cleaning is performed
to remove contaminants.

3. The substrate is dehydrated with an oxygen plasma cleaning for 2 minutes. Then
a 5109 (100 nm) layer is deposited by room temperature sputtering while the oxygen
flux assists. The achieved SiOs layer is amorphous.

4. Once the substrate is dehydrated on a 180°C hot plate and cooled down, positive
e-beam resist ZEP520A, which is diluted in Anisol with a 1 : 2 ratio of ZEP520A:Anisol,
is spin coated for 70 nm thickness. The thickness of the resist is controlled by the
spinning speed. Then the slot array pattern on ZEP520A is processed by e-beam
lithography and development in n-amyl-acetate liquid. The mask used here has a high
resolution of 2 nm to attain the desired 30 nm slot width. The substrate should be
gently cleaned by the “PMMA descum” recipe after the photoresist development.

5. The Au (20 nm) layer is deposited by e-beam evaporation. Note that a layer of
1.5 nm titanium (T1) is used to increase the adhesion between Au and the SiOs layer.

6. The slot array pattern is transferred from ZEP520A to Au layer by the lift-off
method [109] in the acetone soak bath.

7. Positive photoresist AZ 1512 is deposited in a 1.1 pum thick layer. A second

lithography is carried out for waveguide etching.

8. The waveguide (15 pm width) is formed by reactive ion etching (RIE) on the
Au layer and the waveguide layers (SiOy layer + Si layer). Various etching recipes are
chosen for different materials etching.
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Figure 3.16: Top view of the Au cavity by scanning electron microscopy (SEM). The
inset is the scheme of the fabricated device.

9. The photoresist is stripped off the sample by acetone and isopropanol (IPA) in
sequence.

Note that during step 4, ZEP520A (Nippon Zeon Co.) [110] e-beam resist is used
due to its high sensitivity to electron bombardment and its ability to achieve a high
resolution and a high aspect ratio. Figure 3.16 shows the SEM image of the Au cavity
(a scheme of the full device is in the inset of Fig. 3.16).

3.5 Characterization and Results

3.5.1 Set-up

The scheme for the characterization set-up is shown in Fig. 3.17. Light from a su-
percontinuum (SC) white light source (Koheras, SuperK Extreme) is coupled to the
waveguide via a cleaved single mode optical fiber at 1550 nm (SMF 28). The output
signal is collected by another cleaved fiber, which is connected subsequently to an opti-
cal spectrum analyzer (OSA) (Ando AQ-6315B). The combination of the OSA and the
SC enables to obtain a whole spectrum capture in a single measurement. The device
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Figure 3.17: Schematic view of the characterization set-up.

has been designed to place alternate waveguides with and without nanostructures on

the same sample. Therefore, a normalization of the cavity spectrum can be performed.

In the setup, the SMF 28 single mode fiber has an operating wavelength from 1260
nm to 1625 nm [111]. The SC light source provides a high power and unpolarized Gaus-
sian beam from a single mode photonic crystal fiber with a spectral range extending
from 400 nm to 2400 nm. The measurement wavelength range of the OSA is from 350
nm to 1750 nm with a wavelength resolution of 0.05 nm. Thereby the spectral range of
the setup system is limited by the single mode fiber having a wavelength in vacuum of
1260 nm to 1625 nm. The fiber polarization controller functions to convert the unpo-
larized beam into the desired light having a linear polarization. Since the SWC device
only functions with TM polarization, the polarization of the incidence can be verified

by the amplitude of the transmission dip.

During the experiment, the alignment between the waveguide and the cleaved fibers
is finely tuned by Newport ULTRALign precision fiber optic positioners. The top
camera helps to position the sample and the cleaved fibers. For the vertical alignment
of fiber and Si waveguide, the injection and collection efficiency are ultra sensitive to

their relative positions.

Note that to obtain a large and uniform spectrum from the white light source,
the power of the pumping laser inside the source has to be set at a high value. The
maximum power of the source is about 4 W, which corresponds to 2 mW /nm. When
the laser is pulsed, it may cause some damage to the nanostructure, optical fibers or
optical elements. Such high power is not needed to perform the measurement of the
spectrum. In order to avoid such risks, we have placed a glass plate to align the beam
with microscope objective during the injection into the optical fiber. Only 4% of the

initial power is used during the experiment.
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3.5.2 Results

The experimental transmission spectra are shown in Fig. 3.18 for comparison with the
simulation results. Each experimental result (black solid curve) is filtered by Fourier
transform (red dashed curve) to remove parasitical oscillations. The parasitical oscil-
lations are considered to come from incidence noise (representing light injection to the
substrate, and so on), light scattering, and Fabry-Pérot resonance within the Si waveg-
uide. Following the filtration process, we consider the normalized transmission, which
corresponds to the ratio of the measured spectrum through the cavity to the waveguide
without a cavity. The samples have been specially designed to have alternatively, side
by side, a waveguide with and without a cavity. Note that the coupling efficiency varies
somewhat from one waveguide to another, depending on the separation and vertical
alignment between the fiber and the waveguide. It means that the shape of the spectra
are normalized but not the amplitude.

Two different cavities have been compared, having different cavity lengths: [ = 700
nm and [ = 800 nm. One can first observe the presence of the dip in the experimental
transmission spectra, which confirms the theoretical predictions: the experimental and
calculated full width at half maximum (d\) of the dips match and the dip shifts AX due
to the length variation are of the same order of magnitude. The dip positions for both
[ = 700 nm and [ = 800 nm match with theory, even though with certain deviations.
Figure 3.7 shows that a very small variation of the geometrical parameters may generate
a large modification of the dip position A4, especially true for the slot dimensions. In
our case, a variation of 1 nm in w causes a dip shift of 8 nm and a variation of 1 nm
in Au thickness A moves the dip by 10 nm. The fabrication process allows an utmost
resolution of 2 nm in w and h. Taking all the information into account, the theoretical
spectra have been verified experimentally.

3.6 Sensing Application

According to the previous study, the resonance position \; is caused by the FP-like
resonance in the Au cavity. The resonance wavelength is tunable within a wide spectral
range by modifying the geometry of the device. This tunability is realized via their
effect on the effective mode refractive index (n.yrs) or the length (I) of the FP cavity.
Considering a fixed geometry, one way to modify the effective refractive index n.ys
of the guided mode inside the slot is to directly vary the refractive index (RI) of the
medium inside and above the cavity. It is understandable that a variation of the
medium alters the light reflection at the Au edge and thus the field distribution in the
slot. Based on the FP-like resonance, the A\; position is shifted in the transmission
spectrum. Consequently, one is able to determine the RI variation of the material by
measuring the resonance position, and the device is applicable as an RI sensor. The
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theoretical expectation, the experimental results, and the performance evaluation are
now to be discussed.

3.6.1 Theoretical expectation

Taking into account the fabrication issues, the slot width is chosen to be 30 nm. The
other parameters are p = 500 nm, [ = 700 nm, h = 20 nm, hg; = 220 nm, hg;0, = 100
nm. Figure 3.19 (a) gives transmission spectra for air, water (ng,0 = 1.318) and
ethanol (nc,m,om = 1.354) as analytes. The transmission resonance is red shifting
with the increase of the RI of the analyte. Figure 3.19 (b) shows the resonance position
Ag in relation to the material RI ranging from 1.0 to 1.4. With an RI increment of 0.05,
the calculated points are exponentially fitted, which is close to a linear curve. Within
a smaller RI range, it will be recalculated with a smaller RI step for better precision.
Moreover, the large RI range makes the device a sensor for a wide domain of analytes.

Sensitivity is one of the most useful characteristics of a sensor. It has been defined
in chapter 2 (Eq. 2.1). In mathematical analysis, the sensitivity is the ratio of the Ay
shift over the RI change. From the phase matching condition (Eq. 3.9) of the resonance,
it can be achieved as shown below (Eq. 3.10).

g dhxdX dnegp A

= = = 3.10
dng  dnepp dng nneff ( )

where 1 = dnegy/dng is governed by the fraction of the optical field that interacts with
the sample.

The sensitivity is similar to that of the ring resonator demonstrated in Ref. [112,
113]. Herein, A is the corresponding resonance wavelength, n.rs is the mode effective
refractive index in the resonator, and 7 is the field fraction of the mode that interacts
with the material to be measured. Clearly the sensitivity of the sensor is proportional
to the field fraction in the analyte 1. At the same time, the sensitivity is increasing
with the working wavelength A\, which is tunable by the cavity length [ within a limited
variation range. As the medium with a higher RI fills the slot and its vicinity, more light
is localized in the analyte for an interaction improvement and a larger value of n. As a
result, the sensitivity is increasing with the RI of the analyte. For liquid environments
within the RI range of 1.3 < n < 1.37, the theoretical sensitivity is estimated to be 726
nm/RIU by a linear fit, which is higher than the sensitivity of the RI sensing in the air.

Nevertheless, the shape of the resonance evolves with the wavelength as shown in
Fig. 3.19 (a). With a larger RI, the transmission dip is wider and deeper comparing
the two dips for water and ethanol. The dip is deeper because of more light coupling
to the slot and the wider dip is due to the smaller quality factor, which is reflectivity
and absorption controlled. This should be taken into account when the characteristics
(e.g. minimum detectable RI) of the sensor are considered.
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Figure 3.19: Optical property variation with different material refractive indices filling
in the 30 nm x 20 nm x 700 nm slots. (a) Transmission spectra for air, water and ethanol
filling in and around the slots; (b)Resonance position A4 as a function of the material index

(analyte).
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Since the transmission resonance shows a small quality factor, its position is not
easy to define with system noise during characterization. The first order derivative
of the transmission spectrum is performed during the analysis of the experimental
data. The resulting spectrum shows a dip with a smaller FWHM (full width at half
maximum). The minimum point, which presents the minimum slope position on the
transmission dip (left arm), is used to measure the spectral shift. For liquid detection
with 1.3 < n < 1.37, the sensitivity using the 1%* order derivative performance is
622 nm/RIU, which is smaller than the sensitivity using Ay position shifting. The
reduced sensitivity indicates the influence of the dip widening with the RI increase.
In other words, the left arm of the transmission dip shifts more slowly than A\ as the
transmission spectrum is widening with the RI enlargement.

3.6.2 Experiments

The geometry for the measured device is: p = 500 nm, [ = 700 nm, w = 30 nm, h = 20
nm, hg; = 220 nm, hg;o, = 100 nm. During the experiments, droplets of different
liquids (analytes) are deposited on the Au cavity. Then the normalized transmission
spectrum is measured using the same setup presented in Fig. 3.17. The refractive indices
for the different liquids are n = 1.3539 for ethanol, n = 1.3634 for isopropanol (IPA),
and n = 1.318 for deionized water. Salt-water solutions with different concentrations
are also included in the experiment. The RI of the solutions is linearly varied with the
salt concentration [114].

The experimental results are displayed in Fig. 3.20 where (a) shows the original
and Fourier transform (FT) filtered transmission spectra for water, ethanol and IPA.
The spectrum is red shifting for liquids with a higher RI. As the transmission dip is
rather wide in the spectrum due to the strong field absorption, it is still not easy to
track the resonance position from the Fourier transform (FT) filtered spectra. The
first order derivative is performed on the filtered spectra and its minimum is used for
the determination of the spectral variation. Fig. 3.20 (b) shows the linear fitting of the
minimum positions of the 1% order derivative versus the material RI. The experimental
sensitivity is 730 £+ 10 nm/RIU in Fig. 3.20, which is compared with the calculated
sensitivity of 622 nm/RIU for the 1% order derivative consideration. Note that the
experimental sensitivity is in good agreement with the sensitivity 726 nm/RIU obtained
from the Ay shift. The discrepancy in sensitivity may arise due to the transmission
spectrum of the fabricated structure not displaying an apparent widening effect. In
the experiment, the shape of the transmission spectrum is affected by the energy loss
in the structure and the excited modes. This combination of fabrication error and
propagating modes may cause a non-expansion of the spectrum with the increase of
the RI.
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Figure 3.20: Experimental results for the SWC device (p = 500 nm, [ = 700 nm, w = 30

nm, h = 20 nm, hg; = 220 nm, hgio, = 100 nm): (a) Transmission spectra for different

liquids; (b) Sensitivity of the device (1% derivative minimum vs refractive index of the
analyte).
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Figure 3.21: Calculated transmission spectra for different types of infiltration of ethanol
in the cavity slots.

Herein the infiltration of liquid is not considered as the reason for the sensitivity
discrepancy. Actually liquid infiltration in such a small slot is a complicated topic in
the field of optofluidics. The viscosity between the surface and the liquid molecules
induces specific challenges when the area is reduced from macro to micro or even nano
dimension. Simulations have been made to check the impact of partial infiltration of
liquids on the transmission spectrum. For different percentages of infiltration of ethanol
on the Au cavity, the corresponding transmission spectra are given in Fig. 3.21. A\ is
clearly varied with different infiltration profiles of ethanol inside the slot. Even though
the cavity slot is minute in dimension, the field localization in the slot makes the
spectrum strongly dependent on the infiltration profile of the analyte. Assuming all
the three liquids have the same infiltration percentage in the slot, the sensitivity of
the sensor for full infiltration, semi slot infiltration and no liquids in slots can be 726
nm/RIU, 576 nm/RIU, 458 nm/RIU, respectively. Apparently, the liquid filling in the
slot array determines the sensitivity of the sensor. Of course, the infiltration model for
different liquids is related to the liquid property, which makes the sensitivity analysis
more complicated. For a liquid droplet on a flat surface of a solid material, a contact
angle depending on the hydrophilic property of the solid material is formed. During
our experiments, the transmission spectrum is red shifting when the salt-water droplet
size is increased. This phenomenon may be explained by the infiltration variation with
the droplet size. The droplet size-dependent topic will be described in detail in the

thesis of Armando Cosentino.
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3.6.3 Performance evaluation

Our device is studied to be a RI based sensor, for which the resonance position A\; is
the key parameter for the RI detection. A standard characteristic is generally used to
quantify the performance of the RI based sensors: the resolution R, which is defined to
be the minimum detectable RI variation. The resolution R is related to the sensitivity
(S) and the output resolution (r) by

R=r/S (3.11)

The output resolution r is the minimum spectral shift that can be accurately measured.
The section Sensitivity and resolution in Chapter 2 discusses the resolution determi-
nation. Conventionally, r is approximated to be the three standard deviation of the
system noise (Eq. 2.5), which includes the amplitude noise (thermal and shot noise),
equipment quantization accuracy (light source and OSA), and the device thermal sta-
bilities. For the OSA with a resolution of 0.05 nm, the standard deviation of the OSA
(spec) is 0.014 nm assuming a uniform distribution of the error between -0.025 nm
and 0.025 nm. For extremum position tracking of A\g, the standard deviation o4, of
the amplitude noise is linked to the quality factor (@) and the signal-to-noise ratio
(SNR) (Eq. 3.12) from statistical Monte Carlo simulation [9]. Appendix A explains
the calculation process to calculate this standard deviation in detail.

Y
Tamp 4 5Q(SNROZ)

(3.12)

The theoretical transmission curve for water infiltration has the following values:
Q = 14, A = 1659 nm, SNR is assumed to be the SNR of the OSA (SNR = 60 dB).
Then o4y, = 0.84 nm. Apparently 0gmp > 0spec due to the low value of (). Ignoring
the thermal stability, the amplitude noise is the dominating factor in the resolution
determination. Thus r ~ 304, = 2.52 nm. With the sensitivity S = 726 nm/RIU,
the resolution is estimated to be R = 3.5x1072 RIU. The resolution is low compared
with the sensors in the literature.

The improvement of R can be realized through the sensitivity enlargement or noise
reduction. For our low quality factor device, the dominating amplitude noise depends on
the quality factor and the signal-to-noise ratio (SN R) of the resonance dip (Eq. 3.12).
Thereby, the sensitivity S, the quality factor @), and SN R will be discussed for the
performance improvement, respectively. Note that the quality factor is defined to be
Q@ = \g/FWHM, which loses its physical meaning after mathematical transformations
on the transmission spectrum.

For the SWC device, the sensitivity is described by Eq. 3.10. S is proportional
to A and 7, and inversely proportional to n.fs. Based on the parameter study, the
sensitivity is geometry dependent. Both 7 and n.f; are related to the confinement
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ability of the slot. When the slot shrinks (w or h decrease), n.yy is increased (Fig. 3.8)
while 7 is increasing simultaneously due to the higher field confinement in the slot.
Conversely, n and n.yy decrease with the increase of the slot dimension. Thereby the
sensitivity S cannot be enhanced significantly by a modification in the slot dimensions.
At the same time, the fabrication techniques restrict the slot dimensions to a minimum
value. Considering the dimensions of the Si waveguide (Fig. 3.13), the increase of the
SiO2 layer thickness hg;o, decreases the n.sy and enhances the field confinement in
the slot, meaning n is enlarged. For example, with structure parameters: p = 400
nm, w = 30 nm, h = 20 nm, [ = 700 nm, hg; = 220 nm, hg;o, = 50 nm, the
sensitivity is 549 nm/RIU in liquid environment, which is smaller in comparison with
the fabricated structure. The lower sensitivity results from the 1 decrease and n.;s
increase at hgio, = 50 nm. Consequentially, the sensitivity is increasing with hg;o,
until the condition when the waveguide substrate can be approximated to be pure
SiO9. For the fabricated structure with hg;o, = 100 nm, the sensitivity is close to the
optimized value.

Regarding the quality factor of the resonance, the FP model discussion reveals
the very low quality factor due to the high absorption of the mode in the slot. The
finesse definition (Eq. 3.4) shows that the quality factor depends on both the absorption
coefficient a of the excited mode in the slot and the reflectivity (nefs—mno)/(nefs+mno)
at the edge of the slot cavity. However, when the field localization is enhanced in the
slot, nesy is increased while the absorption ay by electrons is also increased (Fig. 3.6).
The quality factor improvement through geometry modification is also not apparent.
Experimentally, the value enhancement of the quality factor can be fulfilled by a series
of mathematical transformations. First, the logarithm transform of the transmission
spectrum improves @ from 14 to 15.3. Then the 1% order derivative shows that Q
is improved from 15.3 to 25 in theory. Herein the @) improvement means the error
reduction in tracking the minima position. Excluding mathematical post-processing,
another possible way to increase the quality factor is to add Bragg mirrors physically
on both sides of the Au cavity. The reflectivity is enlarged while the absorption of the
slot is not affected. Then the quality factor is improved.

The resolution can be improved by 16% or 24% when the SNR is two to three
times the original SN R, respectively. In general, SN R increases with the amplitude
of the resonance A,;. Note that the above resolution calculations assume SNR = 60
dB. The FT filtering process and the measurement averaging are performed on the
experimental transmission spectrum, which improve the SN R significantly. One has to
also note that, when the transmission dip is too small, it is still difficult to achieve the
spectrum by averaging and FT filtering. From the above discussion for sensitivity, the
sensitivity can be improved by the increase of hg;o,. Nevertheless, the dip amplitude
Ag is decreasing with hg;o,. With the structure parameters: p = 400 nm, [ = 700
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Figure 3.22: Scheme of a cascaded structure with two slot arrays, where d is the separation
between the arrays.

nm, w = 30 nm, h = 20 nm, hg; = 220 nm, hg;o, = 100 nm, Az = 0.1 in an air
environment. A cascaded structure is considered to enlarge Ay without affecting the
sensitivity and the quality factor.

The scheme of the cascaded structure is shown in Fig. 3.22, where multiple slot
arrays (V) are deposited on the Si waveguide. The other parameters are maintained as
in the description. The distance between slot arrays is set to be d = 150 nm. With such
a distance, the well field confinement in each slot (Fig. 3.3) makes coupling between
adjacent cavities negligible. Since the resonance condition is identical for each cavity,
Ag is almost the same as for the single cavity. The transmission spectra comparison
in Fig. 3.23 verifies that \; is independent of the cavity number N. Excluding Ay, Ay
is enlarged due to increased light coupling to sequential cavities. Under air condition,
Ay equals 0.10, 021, 0.30 for N =1, 2, 3, respectively. The quality factor does not
vary since the absorption for each resonance depends separately on the cavity itself. Of
course, the dip is broadened with A,4. In this case, the cascaded structure is expected
to improve the performance of the device with shallow transmission dips. Finally, the
SN R of the detected signal can be improved to the level of the detector by FT filtering
and signal averaging.

The above resolution analysis is performed purely on the theoretical spectrum to
evaluate the possibility of an improvement in resolution. For the fabricated structure,
the resolution should be estimated based on the parameters from the experimental
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Figure 3.23: Transmission spectrum comparison for cascaded structure with different
number of arrays (V).

spectrum. Considering the experimental spectrum of distilled water (Fig. 3.20 (a)),
Q@ = 34, A = 1453.8 nm for the filtered spectrum. Apparently, the resonance is narrowed
after the 1! order derivative is implemented. The resultant quality factor is Q = 72.15,
which is more than two times the quality factor @ for the transmission spectrum. With
other parameters A = 1443 nm, SNR = 60 dB, S = 730 nm/RIU, the resolution
is calculated to be 5.8 x 10~% RIU. The improved resolution over the simulation is
due to the @ improvement in the amplitude noise determination (Eq. 3.12). The Q
improvement is considered to be mainly due to a series of mathematical post-processing
steps, including logarithm transform in dB, FT filtering, and 1! order derivative.

In conclusion, post-process of the transmission spectrum is shown to be important
for the performance improvement of the sensor, especially the one with a low quality
factor. The optimum performance is obtained when the amplitude noise is not the
determining factor for the output resolution r. In theory, it is possible to cancel out
the amplitude noise using sufficiently different measurements for identical detection.
Under this condition, the standard deviation of the OSA dictates r with r = 304pec =
0.042 nm. The ultimate resolution is 5.8 x 10~° RIU, which is comparable with other
optical devices in the RI detection.

3.6.4 Discussions

Basically, the SWC device has been demonstrated to be capable of refractive index (RI)
sensing theoretically and experimentally. The characteristics of the sensor are listed in
Table 3.2 for both the theoretical and experimental values.

The resolution difference between the theory and the experiment is due to the higher
@ in Eq. 3.12 and the post-process of the transmission spectrum. The experimental
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3.7 Conclusion

Table 3.2: Characteristics of the SWC sensor

Characteristics Theory Experiment
sensitivity 726 nm/RIU | 730 = 10 nm/RIU
resolution | 3.5 x 107® RIU | 5.8 x 10~? RIU

span 1.0~ 14 1.0~ 14
hysteresis 0 0
repeatability good good

resolution is not as high in comparison to other sensors in the literature. Surface
plasmon resonance (SPR) sensors [17] can achieve a resolution in the order of 1076
to 1077 RIU for commercial instruments. Ring resonators have been demonstrated to
achieve a resolution at the level of 107 RIU. Photonic crystal (PhC) sensors have a
smaller interaction area, resulting in a relatively lower sensitivity. Their high quality
factor still helps to provide a resolution of 107> RIU. The optimum resolution of the
SWC device can be expected to reach 5.8 x 107° RIU, when the amplitude noise is
negligible. Furthermore, its advantage lies in the smaller sample volume requirement
than the other sensors, its relative ease to be integrated for lab-on-a-chip devices and
in parallel measurement systems.

3.7 Conclusion

Due to the coupling of the electromagnetic field with free electrons on the metal sur-
face, light interaction with nano-structured metallic thin films exhibit interesting optical
properties such as high light confinement by extreme sub-wavelength structures, which
can be applied for local sensing. Simultaneously, the field confinement is accompanied
by a strong light absorption, allowing light to propagate in the order of tens of mi-
crometers. In this chapter, the metallic slot array has been integrated as a cavity on a
Si waveguide. The Fabry-Pérot resonance in the slot array results in a resonant cou-
pling between the Si waveguide and the metallic cavity. Due to this resonant coupling,
the transmission spectrum of the Si waveguide displays resonant dips. The theoretical
study has shown the dependence of the transmission properties on the geometrical di-
mensions. The field localization in the slot leads to an apparent variation of resonant
coupling by modification of the Au cavity and the Si waveguide dimensions. Moreover,
its sensitive reaction to the material refractive index in the slot confirms its useful ap-
plication in RI sensing. The sensor is applicable for a large panel of analytes and a
theoretical sensitivity of 726 nm/RIU can be achieved in liquid environment.

The slot waveguide cavity device is fabricated by e-beam lithography and lift-off
methods. The fabrication techniques enables a realization of the slot structures down
to 30 nm in width.
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Characterizations have verified the working function and its suitability in liquid
sensing by measurements with different liquids. The sensor performance has also been
evaluated. Even though the resolution of the present device is not currently as good as
other refractive index based sensors, cascaded structure and postprocessing methods
have been discussed to optimize the performance further. An optimum resolution down
to 5.8 x 107® RIU is anticipated by the spectrum shift detection. From the sensing
point of view, the SWC device shows its advantage for a sensitive detection in the nano
scale. Moreover, the planar configuration implies the compatibility with other photonic
devices.
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Chapter 4

Annular Aperture Array

4.1 Introduction

In the course of last decade, it has been demonstrated [78, 79] that a thin nano-
patterned metallic film may exhibit an unexpected enhanced transmission compared
to Bethe’s theory [115]. Different theoretical [116, 117] and experimental [74, 118, 119]
studies have been carried out to understand the physics of this phenomenon and a
development of devices based on such structures for various applications [120, 121].

This extraordinary transmission alters as a function of the hole-shape [122], the
metal film thickness, the lattice arrangement, and, of course, on the material. The
colloquium prepared by F. J. Garcia de Abajo in 2007 explains in detail the difference
between different kinds of nanoapertures, which are able to provide this extraordinary
transmission [123]. We will here focus on two particular cases: circular [78] and annular
apertures [79, 119]. First, the enhanced transmission has been explained by the coupling
of surface plasmons on the two surfaces of the device (circular holes case) [78, 124].
But for the annular aperture [117], the work of Cao and Lalanne [107] has verified
that the presence of a guided mode inside these subwavelength apertures can also be
the principal factor leading to the extraordinary transmission. Moreover, the surface
plasmon may play a negative role on the transmission.

With regard to applications, optical sensing is one of the most important topics. In-
deed, the excited surface plasmon wave on circular aperture arrays penetrates strongly
into the medium, which is in close proximity to the metal surface. Modifications (re-
fractive index variations) of the output medium result in a shift of the resonance in the
transmission spectrum [81]. In addition, the planar geometry [80] makes these types of
structures good candidates for integration as on-a-chip sensors having the possibility
of detecting environmental variations in a compact device. Ultimately, it allows a good

compatibility with other integrated optical elements, optoelectronic components and
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fluidic systems as it has been shown in the references [84, 125, 126], where nanohole ar-
rays have been used as biosensors. The nanohole can act as flow-channel to enable rapid
analyte delivery and improve the response time by up to 20-fold for small molecules [86].
In addition to nanohole arrays, disk or ring resonators have shown promising results
in terms of sensitivity (around 600 nm/RIU) [76, 127]. Some other metallic structures
present field confinement in a far-subwavelength region, which is interesting for local
sensing with a small sample volume [99, 100].

We propose here to investigate the behavior of the electromagnetic field inside
coaxial apertures when illuminated in-plane. The approach appears to benefit from the
strong field localization in the annular aperture while the planar configuration attracts
the interest in integration with dielectric devices. The field localization provides a
high sensitivity associated to a local interaction with the measured medium. In this
chapter, the integration of these nanostructures is considered in the context of direct
waveguide-nanostructure embedding.

4.2 Design & Principle

Figure 4.1 presents the schematic view with three periods of the investigated structure.
The structure consists of one row of annular apertures in a block of gold, which is
embedded in a silicon nitride (SizN4) waveguide (refractive index n; = 1.98). The
geometrical parameters are: the periodicity (p), the cut distance (dp), the inner radius
(r;), the outer radius (r¢) of the aperture, and the block metal thickness (d;). The
incident medium has a refractive index ni, while an analyte with refractive index no
fills the annular aperture of the cavity part. The working wavelength is the telecom
wavelength (A = 1.55 pm). Water (no= 1.32) is first considered to fill the aperture in
the gold (Au) cavity. For the illumination, TM polarized light is normally injected to
the cavity with the electric field component oriented perpendicularly to the axes of the
aperture.

The finite integration time domain (FITD) method [93], which is similar to the finite
difference time domain (FDTD) [92] method, is used to simulate the optical property
of the device. We consider here a two-dimensional model: the structure is infinite in
the y direction. In the model, the periodic boundary condition is applied in the x
direction and perfectly matched layers (PML) are added at the zpq, and z,:, edges
of the model to absorb propagating light and then to avoid parasitic reflections. A
non-uniform mesh is used for the space discretization: a step size of 1 nm in the Au
cavity region, where the small details are located, and a step size of 20 nm for the SigNy
waveguide. The dispersion of gold is modeled by the Drude model (Eq. 3.1) described
in Chapter 3, in which the plasmon frequency w, = 1.2042 x 10'6 s~! and the damping
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n, :

Figure 4.1: Schematic view of the studied cavity. The geometrical parameters of the
structure are: the cut distance (dp), the inner radius (r;), the outer radius (r.), and the
periodicity (p). TM polarized light is normally incident on the periodic cavity.

rate v = 1.3754 x 10" s71. The geometrical parameters of the cavity are: p = 600 nm,
re = 180 nm, r; = 140 nm, dyp = 10 nm.

Figure 4.2(a) shows the reflection spectrum for the parameters detailed earlier. A
dip appears in the reflection spectrum at the wavelength A\, =1.53 pm. The block
thickness of gold d; is set to be 80 nm, which is thick enough to allow less than 1% of
light transmission. We make the assumption that the absorption of the cavity can be
calculated by A =1— R —T where R is the reflection and T is the transmission. Thus
light is strongly absorbed as A = 0.998 at the resonance A,. This can be explained by
the cavity-resonance, which induces localization of the electromagnetic field, accompa-
nied by an absorption of the field itself. The electric field amplitude |E| distribution is
displayed at A = A, in Fig. 4.2(b), which shows the field localization in the aperture of
the cavity. Since the device is intended to be a sensor, the maximum light localization
in the aperture implies that a high interaction volume with the analyte is possible and
it corresponds to an optimized sensing performance.

In consideration of the working mechanism of the resonance, the phase distribution
along different directions is given in Fig. 4.3. Graph (a) is the phase of E, along the
center of the circular aperture (dashed line S; in Fig. 4.1), while graph (b) follows
the phase in the propagation direction (z-axis) (dashed line Sy in Fig. 4.1). Note that
graph (a) shows a standing wave phase profile and has a phase step of 7. The light is
separated in two parts at the entrance of the cavity. One wave is propagating clockwise
and another is propagating counter clockwise, which create a standing wave in the
annular aperture. Graph (b) presents the phase profile of a standing wave in the cavity
region, compared with the propagating wave in advance of and following the cavity
region. The propagating wave shows that a part of of the light can pass through the
block of gold and one observes a phase shift of m between the input and the output of
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Figure 4.2: Calculated (a) reflection spectrum and (b) electric field amplitude (|E|)
distribution at resonance A\, = 1.53 pm. The device parameters are: p = 600 nm, dy = 10
nm, 7; = 140 nm, r. = 180 nm, d; = 80 nm. The incident material is SisN4 (n; = 1.98)

and water (ne = 1.32) fills the aperture.
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the cavity, which corresponds to the first mode of a Fabry-Pérot (FP) interferometer.
This FP resonance allows a high confinement of the electromagnetic field in the annular
aperture, as shown in Fig. 4.2 (b).

To completely study the resonance mechanism, a quantitative analysis is under-
taken in the following discussion. First of all, a simplified but analogous structure is
considered as shown in Fig. 4.4. The cavity length is assumed to be | = 2r, — dy and
the aperture width is w = r. — ;. The separation s is large enough that the coupling
between the two slits is not relevant. Comparing the cell of the AAA device with this
simplified structure, w and s are functions of the z position, for the AAA cell. Even
though the two are not identical, the simplified structure is expected to show the influ-
ential parameters of the AAA device. Then the mode supported by the subwavelength
metal-insulator-metal (MIM) configuration is calculated. Finally, the phase condition
of the FP interference is discussed to verify how it matches the resonance condition of
the AAA structure.

The waveguide mode in a MIM structure, which is Au-water-Au in our case, is
calculated. According to Gordon and Brolo [128], the supported TM mode (E field
perpendicular to the metal-dielectric interface) is the sum of two exponentially decaying
SP modes on both interfaces of the dielectric layer. The cut-off wavelength of this
mode increases as the width of the insulator (w) becomes smaller. Since w is very thin
compared with A/2ng, the fundamental TM mode is guaranteed with the propagation
constant fras given in Eq. 4.1 [128]. The propagation constant can be written as
Brym = Br + jP; where the real part is related to the mode effective refractive index
(neff = Br/ko) and the imaginary part to the propagation length of the mode (L =

1/(268:)).

VBra® — ko2€dw) __Ed VBru® = ko’eau
2 €au \/Bry® — ko’ea

where ¢4 is the permittivity of the insulator and kg is the light propagation constant

tanh(

(4.1)

in vacuum.

By considering Eq. 4.1, one can observe that the width w of the cavity has a
dominating role. The dispersion property of the TM mode is shown in Fig. 4.5 for
Au-water-Au case. The insulator width is set to be 40 nm as in Fig. 4.2. Clearly the
TM mode shows a relatively weak dispersion. The effective refractive index ns of the
mode is almost constant, which slowly declines from 1.999 to 1.9894 as the wavelength
increases from 1.4 pm to 2.0 pm. The short propagation length L around 3.64 pum
verifies the strong absorption of the mode. According to the previous discussion, the
absorption A is 0.998 at the resonance A\, = 1.53 pum. Therefore, the almost perfect
absorption is due to the lossy nature of the supported mode.
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Figure 4.3: Phase distribution of the electric field component E, for the reflection dip

in Fig. 4.2: (a) along the middle of the circular aperture (dashed line Sy in Fig. 4.1); (b)

through the middle of the cavity and along the propagation direction (+z) (dashed line Sy
in Fig. 4.1). The vertically dashed lines show the edge positions of the cavity.
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Figure 4.4: Simplified structure for quantitative analysis.
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Figure 4.5: Dispersion property of the cavity mode in Au-water-Au structure: (a) mode
effective refractive index (n.ss) and (b) propagation length (L) with varied wavelength.

79


4/figures/AAA_MIMmode.eps

4. ANNULAR APERTURE ARRAY

Then the phase matching condition for the E, component at the resonant FP in-
terference is calculated by

o= Z/koneff(z)dz + ¢1 + P2 =2mw (4.2)

with m an integer. n.y; is the effective index of the supported mode at the z-axis
cut-plane through the cavity. ¢ and ¢o represent the phase shifts due to reflection at
the two interfaces.

From the FP analysis of the AAA structure, the phase in Eq. 4.3 is expected to be
Gexp = 2m at the resonance \,. For the field component E, in the simplified structure
(Fig. 44), ¢ =2 [k-dl = 2 [ k.dz = 2 [ konssdz, for which ¢; and ¢ are disregarded.
The TM mode is homogenous for the whole cavity at A\, = 1.53 pm, thus n.yr = 1.9958.
We obtain ¢ = 2kgncs¢(2re — dp) = 1.826m. The recovered phase deviates from the
phase ¢¢zp in the AAA structure due to the n. sy mismatch and the phase shifts (¢, and
¢2) due to reflection. The n.y; mismatch indicates that in the AAA structure, the slit
width w variation causes n.ys as a function of z and the variation of the slit separation
s influences the interaction between neighboring slits. With s = 140 nm, the resonance
of the simplified structure appears at 1.237 pum, which is blue shifted from the AAA
structure. Taking everything into account, the phase matching condition (Eq. 4.2) quite
well matches the Fabry-Pérot (FP) like property of the resonance in the AAA structure.

Above all, the FP-like waveguide mode resonance inside the Au cavity results in a
field confinement and a resonant dip in the reflection spectrum. In the phase matching
condition for the resonance, the refractive index n.ss of the supported mode and the
cavity length in Eq. 4.2 are vital parameters, which are then determined using the
device geometry dimensions.

In addition to the resonance position A, the quality factor (Q) and the reflection at
the resonance (R,,;,,) are essential properties. As discussed in the quantitative analysis
of the SWC device (Chapter 3, 3.2.2 Quantitative FP analysis), the cavity loss leads
to a deterioration in Q. In our MIM configuration, the cavity mode is also strongly
absorptive. Consequently, the resonance has a low quality factor of 16.5. Nevertheless,
the amplitude of the resonance is very large since the minimal reflection at A, is equal
to Ryin = 0.002.

As the device is intended to be a sensor for gas or liquid, efforts to optimize the
light confinement in the aperture are made to increase the interaction between light
and the analyte and thus increase the sensitivity of the structure to the surrounding
medium. In the next section, the variation of the design parameters will be discussed
to examine their influence on the response of the nanostructure.
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4.3 Parameters Study

In this section, the geometrical dimensions are varied separately leading to a property
analysis. The geometry of the cavity influences the n.ss or the cavity length in Eq. 4.2.
Therefore the reflection resonance is related to the geometry variation. The geometrical
parameters considered here are: the periodicity p, which is linked to the coupling
between the apertures; the cut distance dy, which is the opening of the cavity; the radii
sum 7, + r;, which is in direct relation to the length of the cavity; and finally the radii
difference 7. — r;, which corresponds to the width of the cavity.

Two properties of the spectrum are analyzed: the reflection dip position A, and
the reflection at the resonance R,,;y,, defined in Fig. 4.2. The study of the geometry is
based on the structure dimension with p = 600 nm, r. = 180 nm, r; = 140 nm, dy = 10
nm, n; = 1.98, no = 1.32. During the analysis, each dimension is varied while the
others are kept constant.

4.3.1 Periodicity

The periodicity is responsible for the change in the coupling among neighboring aper-
tures and the amount of light confined in the cavity. Figure 4.6(a) is the reflection map
in relation to the periodicity. The periodicity p ranges from 400 nm to 1800 nm with
an increment of 20 nm. A\, Ry, and the shape of the dip are evidently dependent on
the period. The reflection spectrum seems to be periodic with variation in p. More
details will be described in the following paragraphs.

The reflection spectra for p = 520 nm and 820 nm are displayed in Fig. 4.6(b). For
p = 520 nm, in addition to the desired waveguide mode resonance at A, = 1.496 pm,
one can also observe another resonance at )\Qg = 1.0306 pm measured on the calculated
spectrum. This additional dip is ascribed to the surface plasmon resonance (SPR) at
the SigsNy/Au interface. The incident light is diffracted by the periodic cavity and the
surface plasmon is excited when the condition in Eq. 4.3 is fulfilled.

p ESisN,EAu
2 = LR R e 4.3
= 6(@/5Si3N4+5Au) (4.3)

with m a nonzero integer, corresponding to the diffraction order of the grating.

Equation 4.3 enables the calculation of surface plasmon resonance on a flat metal /dielectric
interface. For m = 1 and p = 520 nm, one obtains )\Scp = 1.0765 pm. The measured
wavelength (A% =1.0306 pm) in the spectrum (Fig. 4.6(b)) is slightly blue-shifted from
the calculated one )\SC;D. The blue shift is due to the existence of apertures on the inter-
face, which are different from the uniform interface condition for Eq. 4.3. The electric
field intensity (|E|?) distribution at As, =1.0306 pm (Fig. 4.7) confirms that most of
the field is distributed in the Si3N4 waveguide, which is the effect of the surface plasmon
(SP) mode. Nevertheless, certain amount of light is injected to the Au cavity.
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Figure 4.6: Calculated reflection spectra for (a) varied periodicity p from 400 nm to 1800
nm; (b) p = 520 nm and 820 nm. The other device parameters are the same as in Fig. 4.2.
(¢) reflection as a function of p at constant wavelength 1.55 pm. The dotted lines in (a)
present Wood anomalies condition at the SizN4/Au interface.
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Figure 4.7: Normalized electric field intensity distribution |E|* at As, = 1.0306 pm
(period p = 520 nm).

The physical process can be understood, according to the study of light interaction
with subwavelength apertures [75]. Light is scattered in all directions by the edge of
the aperture, with the SP wave being excited at the Si3N4/Au interface. When the
counter-propagating SP waves, excited by adjacent apertures, interfere constructively
with each other, a standing wave is formed at the Si3sN4/Au interface. The standing
wave is periodic in the x direction as shown in Fig. 4.7. The SP excitation due to the
light scattering is then enhanced. This process explains the SP excitation requirement
(Eq. 4.3) where the period p is an integer times the effective SP wavelength A.ff =
/\scp/nsp, where ng, is the effective refractive index of the SP wave. Moreover, the
actual distance between the two adjacent edges is somewhat less than p because of the
existence of apertures. Thus the measured SP excitation )\é‘g is blue shifted from the
calculation /\g], which does not consider the opening. The propagation length L of this
SP mode is 10.05 pum, which matches Fig. 4.7 where the SP wave penetrates deep into
the SizN4 waveguide.

For other periodicities, the SP resonance is shifting and its position is close to the
Wood anomalies (A = p/m X ngi,n, with m as an integer) due to the large permittivity
of Au. One can also notice that the SP resonance disappears when the SP approaches
the mode resonance \,. For p = 820 nm, there is no SP resonance and the mode
resonance has a large R,,;,. It means light is less efficiently coupled to the cavity. This
can be interpreted due to coupling between the SP resonance and the waveguide mode

resonarmnce.
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A group of studies [107, 129, 130] have been performed on the light transmission
through a periodic array of slits in a thick metallic film. SP on the metal film surface
plays a negative role in light transmission. The coupling of SP polaritons and the
light in the metallic nanoslits prohibits light from injection into the slits. Similarly,
the excitation of the SP resonance in our device blocks the light injection into the
aperture of the cavity. Its interference with the broadband waveguide mode resonance
results in the shallowing of the resonance (e.g. p = 820 nm). Note that the interference
strength between the SP resonance and the waveguide mode resonance is enhanced
with decreasing separation of the two resonances. When Ay, and A, are well separated
(e.g. p =520 nm), the interference strength is small.

When p increases, A, shifts to the red within a certain range. There are two factors
that contribute to this shift. According to the discussion, the interference coupling
between the SP resonance and the waveguide mode resonance is the prime reason.
Additionally, another reason can be the slight variation of n.yy with p, especially for
small p, as p concerns the separating distance and interaction between adjacent circular
apertures. When p = 400 nm, the distance is minimum and the interaction between
adjacent apertures is maximum. This interaction is reducing with enlarged p and can
be disregarded when p is larger than 800 nm.

Based on the discussion for the coupling among the two resonances, another im-
portant property is that the reflection is quasi-periodic with p variation. Figure 4.6(c)
is extracted from the map (a) for the reflection with varied p at A = 1.55 pm, which
shows a quasi-periodic profile with p. At p = 780 nm and p = 1540 nm, the reflection
is maximum, meaning minimum light injection into the cavity. From the SP excitation
by Eq. 4.3, we can obtain p = 767 nm and 1534 nm for m = 1, 2, respectively. The
agreement supports the discussion that SP plays a negative role on light injection to
the cavity. For the relative minimum reflection at p = 640 nm and 1420 nm, they locate
just before the SP resonance. The increased reflection from 0.022 at p = 640 nm to
0.678 at 1420 nm is due to the reduced fill factor of the opening so that more light is
reflected back by the Au surface.

In a word, the device property is periodicity dependent mainly through the coupling
between the SP resonance and the waveguide mode resonance. Physically, the incident
light is scattered by the aperture edges and surface waves on the SigN4/Au interface are
excited. When the forward and backward scattered waves between adjacent apertures
edges constructively interfere with each other, the SP wave is enhanced and a small
amount of light is injected to the aperture. Conversely, the destructive interference
among scattered surface waves will improve light injection to the aperture. Once the
waveguide mode resonance in the cavity is satisfied, light is continuously injected by
the surface wave. As a result, the amount of light confined in the cavity is in excess
of the fill factor of the opening. Of course, the injected light is fill factor dependent.
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Figure 4.8: Calculated resonance position A, (squares) and R, at A, (circles) for varied
re — ;. Other device parameters are the same as in Fig. 4.2.

When the fill factor decreases, the light injection enhancement by scattered waves is
reduced. This occurs for any light interaction with subwavelength apertures. The
periodic distribution of apertures shows a collective phenomenon and apparently leads
to a resonant spectrum. p is chosen to be 600 nm when R,,;, is 0.002, which shows
almost perfect coupling to the cavity.

4.3.2 Radii difference

In this section, p is fixed to be 600 nm and r, + r; = 320 nm. A, and R,,;, show their
relationship with the aperture width r. —r; in Fig. 4.8. The dip position is exponentially
decaying with the aperture width, and the R,,;, value varies within the range of 0 to
0.04.

Note that, within the investigated wavelength range, A\, remains far from the surface
plasmon resonance (/\scp = 1.228 pm). Thus A, is dominated by the guided mode reso-
nance in the cavity, for which the phase condition is described in Eq. 4.2. Equation 4.1
supports the case that the effective refractive index n.ss of the TM mode depends on
the slit width w (r. — r; here). The calculated relation between n.s; and w is shown
in Fig. 4.9 at 1.55 um. The exponential decrease of n.ys with the width r, — r; is in
good agreement with the decrease of A\, with r. — r; in Fig. 4.8. From r. —r; = 20
nm to 70 nm, nesy drops by 30.5% while A, decreases by 18.5% for the corresponding
re — r; range. The reduced decrease of A\, can be interpreted from two aspects: the
cavity length in the phase condition and the dispersive property of the MIM mode. In
Fig. 4.4, the length [ = 2r, — dy of the cavity is elongated with increased r., — ;. A
second possible reason is the slight reduction of n.rr with A (Fig. 4.5).

Rpnin is maximum at 7. —r; = 20 nm. The opening (24/2r.dy — d3) at the entrance
of the aperture is minimum at r. — r; = 20 nm. Thus the minimum fill factor of the
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Figure 4.9: Calculated mode effective refractive index n.s; with different slit width w at
1.55 pm from Eq. 4.1.

opening results in minimum light injection to the cavity. The Ry, is optimized at
re — r; = 40 nm. To maximize the amplitude of the reflection dip, the r. — r; is finally
chosen to be 40 nm for the device design.

4.3.3 Radii sum

The radii sum 7. + r; is investigated in Fig. 4.10 considering a constant radii difference
re —r; = 40 nm. The linear fit of A\, covers the spectral range from 1.33 pm to 1.67
pm, which is within the accurate fitting range for the Au permittivity. The mode
resonance in the cavity (Eq. 4.2) explains the linear relation between A, and the cavity
length | = 2r. — dy, which is linearly increasing with r. + ;. In the simplified model
(Fig. 4.4), the width w = r. —r; is constant during the r. + r; variation. Since the light
is well confined in the slit, the variation of the slit separation in the annular aperture
influences the n.;s in a negligible way.

For Ryin, at re + r; = 260 nm, the short separation of A\, = 1.33 pm and the SP
resonance )\Scp = 1.228 pm induces a large R, value by negative coupling. When
Ar moves further away from the SP resonance, R,,;, decreases. A minimum value is
reached for r, + r; = 360 nm.

In conclusion, r. + r;, which is linked to the cavity length, is useful in tuning the
resonance position in the expected spectrum range.

4.3.4 Cut distance

Attention has been paid to the condition dy > 0. When dy < 0, a thin metal layer in
front of the cavity can effectively block light injection into the cavity. At the same time,
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Figure 4.10: Calculated resonance position A, (squares) and R, at A, (circles) for
varied 7. + r;. Other device parameters are the same as in Fig. 4.2.

light scattering with apertures is different from the case for dy > 0. Their reflection
spectra will not be discussed.

Figure 4.11 shows the exponential decrease of A\, with dyg. When dy is increased
from 10 nm to 80 nm, A, falls from 1.53 pm to 1.23 pm. Conversely, the R, value
increases from 0 to 0.53. The exponential decrease of A, can be explained by the
cavity length and the phase at the entrance. Note that dy linearly influences the
cavity length (2r. — dy). The A, position should be linearly decreasing with decreased
length (2r. — dy). Additionally, the phase shift at the opening of the aperture plays
an important part in the phase summation (Eq. 4.2). For dy < 40 nm, this phase is
determined by ¢ = f;oe_” k-dl = dTOE_” konesf(z)dz, in which the n.ss exponentially
shrinks with the increase of the aperture width. As a result, the phase is large with a
small dy. ¢ decreases more from dy = 10 nm to 20 nm than the change of ¢ from dy =
20 nm to 30 nm. ¢ is maximum at the dyp = 10 nm and it decreases more slowly when
dp is enlarged. After dy = 40 nm, the reduction of A, is mainly due to the decrease in
cavity length. Above all, the dy is important in A, determination, especially when d
is small.

For R,,in, its value is almost 0 when dy <40 nm and it distinctively increases after
d >40 nm. The large R,,;, value is due to the interference coupling between the SP
resonance and the waveguide mode resonance since A\, moves close to the SP resonance
at A, = 1.228 pm.

4.3.5 Summary

According to the above discussion, normal incident light on the periodic annular aper-
ture array may incur two types of resonances. One is the surface plasmon resonance at
the SigN4/Au interface. The other is the waveguide mode resonance inside the cavity,
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Figure 4.11: Calculated resonance position A, (squares) and R, at A, (circles) for
varied dy. Other device parameters are the same as in Fig. 4.2.

which is Fabry-Pérot like. The two resonances may result in dips in the reflection spec-
trum. As the device is aimed at sensing applications, the waveguide mode resonance
is desirable for high field confinement in the aperture of the cavity, where the analyte
will be placed. The surface plasmon is sharper and seems to be ideal for sensing. But
it principally localizes most of the field in the SigNy waveguide. It is then impossible
or not efficient to be applied for sensing. However, the coupling between the two reso-
nances will induce reduction of the reflection dip amplitude, because the SPR prohibits
light from injection into the cavity. As a result, the mode resonance is deteriorated
by the SP excitation when they are close enough and/or overlap with each other. In
the device design, the two effects should be separated far enough to achieve a desired

amplitude for the reflection dip.

The periodicity p of the device is the first parameter to be considered for resonance
separation. Since the SP resonance is caused by the wavevector matching from the
aperture diffracted orders, the reflection spectrum critically depends on p. In addition
r;), the length (ro+1;),

and the cut distance (dy) have shown their influences on the resonance position and

to p, the other dimensions of the cavity including the width (r —

the coupling efficiency determination. They affect the waveguide mode resonance by
altering the phase matching condition (Eq. 4.2). Either the mode effective index or the
cavity length has been changed through geometry modification. The final parameters
are p = 600 nm, r. = 180 nm, r; = 140 nm, dyp = 10 nm. With this configuration,
the spectral response of the device is a reflection dip at A\, = 1.53 pum, with a minimal

reflection R,,;, = 0.002 and a surface plasmon resonance at /\Scp = 1.228 pym.
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Figure 4.12: The effective refractive index n.s; of the TM mode supported in MIM
structure in relation with the refractive index of the insulator filling the slit.

4.4 Sensing

With regard to application, the strong field confinement in the aperture of the cav-
ity (Fig. 4.2(b)) proves the greatest interest for sensing, as light-matter interaction is
enhanced by the field overlap. Thereby the analyte is intended to fill the aperture.
From the parameters study, the waveguide mode resonance inside the cavity is FP-like
and the phase matching condition in Eq. 4.2 presents the dependence of the resonance
position on the effective refractive index n.yy and the cavity length. At the same time,
Eq. 4.1 shows the importance of the relative permittivity of the material e in deter-
mination of n.rr. We can observe a linear relation between n.ry and the insulator
refractive index ny = /2 in Fig. 4.12.

In this case, n.rs of the waveguide mode critically depends on the refractive index
(RI) of the analyte and thus the resonance position A, is shifted with the RI variation.
Simulation shows that the A, position changes proportionally with no, described in
Fig. 4.13. The linear fit determines a sensitivity of 764 nm/RIU (refractive index unit).
R,in, the reflection at the dip position, for no = 1.0 is high due to the SP resonance
()\Scp =1.228 pm) interference on the waveguide mode resonance. Then R,,;, decreases
with further separation from SPR, which means the light localization and absorption
in the cavity have been improved.

4.5 3D Simulation for Fabrication Consideration

The above calculations have been made for a two dimensional (2D) structure, which
is infinite in the y direction. From 2D to real device fabrication, the annular aperture
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Figure 4.13: Optical property variation with different material refractive index filling in
the annular aperture. The resonance position \, is linearly related with the material index.
R,nin is the reflection at the resonance dip.

array should have a finite thickness. Three dimensional (3D) simulations are made on
the structure with the transverse view through the cavity center shown in Fig. 4.14.
From the fabrication point of view, the Au deposition and SigNy etching are crucial
and not trivial. The first idea was to have a gold thickness equal to the height of
the waveguide. Experimental attempts have shown that: first the surface state of the
metal layer is rough and second the lift-off process is not efficient and the structure is
easily destroyed during this fabrication step. Consequently, we propose to fabricate a
thinner gold layer. In this case, a compromise has to be found between the thickness
of the structure (which has to be minimum), the overlap of the optical mode with
the cavity, and finally the position (in the z direction) of the cavity. We define hy
as the thickness of the gold film and hs as the residual SigN, layer. Water fills the
aperture and the surface of the device. Light is injected to the SizN4 waveguide and
propagates through to reach the Au cavity. Since light must be well confined in the
SizsNy waveguide and considering fabrication difficulties in deep SigNy etching and Au
deposition, its thickness is important. The thickness of the SisN, waveguide is set to
be 340 nm, which is close to the value of \/2ng;,n, for light confinement.

From 2D to 3D configuration, incidence is no longer homogeneously distributed in
the y direction. The calculated electric field profile in such a waveguide is outlined in
Fig. 4.14. The optical response results from light interaction with different materials
at the cavity region.

In the ideal case, hy = 340 nm, he = 0. The geometrical parameters are those
obtained thanks to the 2D simulations presented above: p = 600 nm, dy = 10 nm, r; =
140 nm, 7, = 180 nm, d; = 150 nm. The reflection spectrum is given in Fig. 4.15. One
can remark that the surface plasmon resonance remains, even if it is slightly blue shifted
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Figure 4.14: Transverse view of the 3D AAA structure. The electric field profile in the
SisNy waveguide is schemed by the solid curve. Light propagates in the z direction.
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Figure 4.15: Calculated reflection spectrum for 3D structure shown in Fig. 4.14.

compared to the 2D simulation. The shape of the reflection corresponding to the guided
mode resonance is now asymmetric and the minimal reflection R,,;, has increased from
0.002 to 0.057. The overall amplitude of the spectrum is lower. Moreover, the resonance
is slightly red shifted (from 1.53 pm to 1.535 pm). To characterize the amplitude of
the reflection dip, we introduce two new values, Ry and R, corresponding respectively
to the basis of the dip on the left and right side. The amplitude of the dip Ag;;, is then
defined as the minimum value between the differences (R; — Rynipn) and (Ra — Riin)-
For different h; and hy conditions, A, and Ay, are listed in tables 4.1, respectively.
The field overlap between the incident mode and the Au cavity is also given in the
table at a constant wavelength A = 1.55 ym. The discrete selected h; and ho satisfy
the condition hy 4+ hy < 340 nm.
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Table 4.1: Simulation results for 3D AAA structures with discrete values of hy and hs.

(a) Reflection dip position A, (Unit: pm)

ho (nm)

hi (nm) 0 20 60 100 140 180
140 1.49 1.561 1.594 1.612 1.59 1.585
180 1.518 1.577 1.599 1.615 1.592
220 1.529 1.578 1.601 1.608
260 1.5639 1.585 1.599
300 1.543  1.579
340 1.535

(b) Reflection dip amplitude Ag),

hg (nm)

Ip(nm) | 0 20 60 100 140 180
140 0.054 0.081 0.095 0.127 0.05 0.035
180 0.15 0.184 0.186 0.186 0.134
220 0.294 0.326 0.289 0.238
260 0.416 0.416 0.367
300 0.493 0.494
340 0.555

(c) Field overlap calculation at 1.55 pym

ho (nm)

hi (nm) 0 20 60 100 140 180
140 0.273 0.292 0.321 0.330 0.321 0.293
180 0.368 0.388 0.412 0.412 0.388
220 0.462 0.479 0.493 0.479
260 0.549 0.561 0.561
300 0.624 0.628
340 0.684
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Note that the results for deposited Au thickness hy < 140 nm are not shown in
the table, as the dip is not significant. Indeed, for h; =20 nm and 60 nm, there is
no reflection dip at all. When h; = 100 nm, the maximum Ag;, is still less than 0.04,
which can be ignored for device realization. By comparing the A,, A4, and field overlap
variation in the table, the influence of the geometrical dimensions of the structure can
be discussed.

First, the relative position of the Au cavity in the waveguide is varied while the Au
cavity maintains a fixed layer depth h;. A, is varied by the residual SigNy layer ho. For
example, with h; = 180 nm, hs is increased from 0 to 140 nm. From ho = 0 to 20 nm,
Ar shows a red shift of 59 nm, which is the maximum shift compared with the increase
of he from 20 nm to larger values. This phenomenon exists for the other values of Au
thickness h; in the table. The big change of A, varying from ho = 0 to 20 nm, is due
to the fact that the residual SizgNy layer increases the n.rs of the supported TM mode
in the MIM slit. With a finite-thick MIM slit on a substrate, the substrate refractive
index is yet another vital parameter which determines the n.s; of the confined mode
in the slit. This effect is verified by the discussion of the effect of the SiOy substrate
on slot mode in Chapter 3. As a result, A\, increases with ho until hy = 100 nm, for
which the value of n.y; saturates.

Second, Ag;, shows the impact of hy on the amount of light injected to the cavity.
For h; = 140 nm, Ay, is maximum at hy = 100 nm. This is because of the non-
homogeneous distribution of the incident field over the SisN, waveguide. As predicted,
Agip is apparently larger when Au is centered on the Si3N,; waveguide mode. Indeed,
the field overlap between the incident field and the cavity is maximum.

Third, comparisons of Ay, and A, are made for h; variation with fixed ho. Ag),
shows a large dependence on Au thickness. By comparing A4, and the field overlap in
the table, Ay, is clearly proportional to the field overlap between the incident mode
and the Au cavity and thereby their values apparently increase with h; in the table.
For the resonance position, the A, shift is maximum from h; = 140 nm to 180 nm with
ha = 0, meaning that the n.s; of the MIM slot mode is influenced to a maximum when
hy is small. In the case of MIM deposition on a substrate, n.s; is approaching specific
values with increasing Au thickness, depending on the refractive index of the substrate.

In conclusion, one can remark that both the resonance position A, and the reflection
dip amplitude Ag;, are strongly dependent on the Au thickness and the relative position
between the mode of the SisN,; waveguide and the cavity. A, is shifted as a result of
the modification of the mode distribution in the substrate and Ay, is proportional to
the amount of light injected into the cavity. In practise, the structure geometry shall
be chosen to optimize Ay, and the field amount for sensing:

e 1 > 220 nm, the deposited Au layer must be sufficiently thick to guarantee the
amplitude of the reflection dip to be characterizable (Agp, > 30%).
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e In order to maximize Agy),, centering the Au cavity with the SizN; waveguide
mode in the y direction is essential to obtain a better coupling of light into the cavity.

4.6 Conclusion

In this chapter, the annular aperture array in Au film has been embedded in a SigNy
waveguide for a planar configuration. Its resonant working mechanism is studied as
well as the influence of dimensional deviations. There exist two main resonances: the
SP resonance at the Si3sNy/Au interface and the waveguide mode resonance in the
aperture. Herein the interference coupling among the two resonances is the result of a
scattered surface wave interference. The SP excitation blocks light injection into the
aperture array, thus decreasing the waveguide mode resonance.

As for applications, the waveguide mode resonance is applicable for material sensing.
The sensing mechanism benefits from the field localization in the aperture to enhance
local light-matter interaction. The theoretical sensitivity is 764 nm/RIU, along with
advantages of small sensing area and device compatibility with other planar devices.
Clearly, the sensitivity is comparable with other resonance based sensors, which have
been described in chapter 2. Another important characteristic of sensors: resolution is
not considered for the theoretical study, because the resolution depends on the measure-
ment system and the post-processing methods. Details have been discussed in chapter
3.

Even a rectangular cavity (Fig. 4.4) can realize the same function as the annular
aperture. However, the choice of the annular aperture is due to the flexibility of an
expanded parameter variations. Second, one of the most interesting aspects of the
annular aperture is the strong field localization at the entrance of the cavity. By
controlling the cut distance, the field can be further enhanced which is interesting for
local and minute volume detection.

Finally, the realization issues of the device are considered in three dimensional
computation. It provides some insights into the limits of the device geometry to preserve
the desired optical properties.
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Chapter 5

Conclusion

Following developments in biotechnology and medicine, optical sensing promises to be
undoubtedly important in various applications such as pharmaceutical discovery, envi-
ronmental monitoring, and others. While fluorescence based sensors demand laborious
labeling processes, refractive index (RI) based label-free sensing is straightforward to
monitor or analyze the physical and chemical properties of substances. Among the
diverse structures used to realize RI based sensors, nano-structured metallic devices
are an interesting platform as device miniaturization and sensor multiplexing can be
achieved on the same substrate. In this thesis, subwavelength dimensional metallic
structures are studied for RI sensing.

Subwavelength size metallic nanostructures have the ability to confine and enhance
the electromagnetic field in volumes smaller than the diffraction limit. We have studied
the optical properties of periodically structured Au films and explored their applica-
tion for local RI sensing. The structured Au film is then integrated with a dielectric
waveguide using one of two methods. In the first case, the slot waveguide cavity (SWC)
device, the cavity is fabricated above a Si waveguide for the purpose of coupling via
the evanescent field. In the second case, the annular aperture array (AAA) device, the
cavity is directly embedded in a SigsN, waveguide.

The planar configuration provides additional possibilities for sensor multiplexing
and compact system development. Theoretical modeling, fabrication and characteriza-
tion of the SWC devices have been carried out and the AAA structure is studied using
theoretical computation.

The SWC is a gold film structured with a subwavelength periodic slot array, for
which the dimensions are: slot width 30 nm, thickness of the Au layer 20 nm, and
cavity length 700 nm. The slot is able to localize the electromagnetic field by abrupt
variation of the permittivity at the Au/dielectric interface. The Au cavity is deposited
on a Si waveguide where the evanescent field overlap correlates the optical response
of the cavity with that of the Si waveguide. When the coupling is enhanced by the
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Fabry-Pérot (FP) like resonance of the cavity, the transmission spectrum of the Si
waveguide displays a dip. With the given design parameters, 14.6% of the incident
light is theoretically coupled from the Si waveguide to the cavity in air. Note that
the coupling can be improved with an enhanced field overlap in the slot. With water
infiltration in the cavity, the coupling is improved to 31.6%. The sensing mechanism
is based on the sensitivity of the FP resonance to the environment of the slot array
and thus the variation of the resonance condition is directly linked to the RI of the
analyte. The resonator achieves a sensitivity of 726 nm/RIU (refractive index unit) in
the liquid environment. After device fabrication, which was carried out by Armando
Cosentino (OPT Laboratory, EPFL), experimental characterization demonstrated that
the transmission spectrum of the Si waveguide shifts with the RI of different liquids.
The experimental sensitivity, 730 + 10 nm/RIU, is in good agreement with the theory.
The resolution of the RI measurement is estimated to be 5.8 x 10~* RIU from the
experimental results. Moreover, improvement of the resolution has been discussed
by sequential post-processing steps on the experimental spectrum: Fourier transform
(FT) filtering, 1%¢ order derivative implementation, and measurement averaging. The
post-processing methods are important to enhance the signal-to-noise ratio (SNR) and
reduce the measurement error in the spectral tracking. Finally, an optimum resolution
of 5.8 x 107° RIU is anticipated for the RI detection.

The AAA structured Au film is embedded in a SigN, waveguide. With an in-plane
incidence, the FP-like resonance of the Au cavity results in a reflection resonance. Thus
the resonance enables the device to be implemented for RI sensing using resonance
shifts. Within a wide RI range, the theoretical sensitivity is 764 nm/RIU around A =
1.55 pm. Furthermore, the theoretical study establishes the requirements of the device
geometry when device fabrication is considered. Due to fabrication difficulties in partial
SigNy etching control and Au cavity deposition, experimental demonstration has not
yet been undertaken.

The two devices investigated present similar sensitivities as Fabry-Pérot cavity
based sensors. In comparison to a resonator based dielectric sensor, for example, a
ring resonator or a photonic crystal based sensor, the SWC and AAA devices have
comparable sensitivities. However, the strong absorption of the metal leads to a much
lower quality factor of the resonance. Thus the resolution, in principle, is not com-
parable to a microcavity. Nevertheless, the metallic cavities exhibit field confinement
in the nano scale, which makes the nano-structured device interesting for local detec-
tion. When the SWC and AAA devices are compared with plasmonic nanoparticles,
the sensitivities are similar or even superior. The integration with dielectric waveg-
uides enables detection in configurations or positions which may not be accessible for

nanoparticle sensors.
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This thesis is dedicated to investigating a sensing platform which combines nano-
patterned metallic cavities and dielectric waveguides. In a planar configuration, the
optical functionality of the cavity is coupled to the dielectric waveguide for a simple
method of detection. Moreover, the work presented in this thesis intends to bridge
the dimension difference between photonic devices and plasmonic structures for future
developments of complex optical systems.

From the development point of view, the cavities presented here, especially the SWC
device, permit several possibilities for future enhancement. First, the characterization
setup could be optimized to simplify the post-processing steps which are performed on
the experimental transmission spectrum. Several methods have been considered: (1)
using lensed fibers for enhanced light injection and collection; (2) improving polarization
control in the system; (3) replacing the fiber injection and collection with grating
couplers so that the influence of FP resonances in the waveguide is minimized. It
is also essential to optimize the signal-to-noise ratio (SNR) of the measurement and
the measurement error. Once the resonance shift can be directly determined without
lengthy post-processing steps, the real-time tracking of analytes can enable widespread
applications in bio/chemical monitoring, such as concentration detection of molecules.
Second, cascaded cavities are a potential approach for sensor multiplexing with a single
waveguide. The placement of different cavities on one waveguide results in multiple
transmission resonances, which can be implemented for different analytes. Third, a
periodic array can be reduced to a single slot or a single aperture cavity for single
molecule detection or sample analysis with a minute volume. The minute cavity volume
enables a local variation of RI in many applications, such as nanoscale imaging.

Nanopatterned metallic structures are capable of manipulating light on nanoscale
dimensions. For example, metallic nanostructures can be used to confine light to very
small volumes, which could have a wide range of potential applications. One such ap-
plication is RI sensing, as discussed in this thesis. Other example applications include
enhancement of Raman scattering, nano lithography, and nanoscale optical microscopy.
Future exploration of useful devices requires mastery of modeling tools and the device
development processes to engineer the optical field in a sufficiently elaborate manner.
Through field engineering, the resulting effective optical properties may exceed the in-
trinsic properties of the constituent materials. For example, metamaterials (negative
refractive index materials, etc.) and optical nonlinearity enhancement are attractive
application spaces for developing novel devices. Finally, device integration is another
essential aspect in the development of optical systems. Device development based on
Si technology permits compatibility with CMOS fabrication. Furthermore, the inte-
gration of different Si based components suggests the possibility of realizing complex
optical systems, for example, photonic circuits. As for sensors, parallel sensing using
compatible sensors on the same substrate is important for the realization of portable
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and low-cost sensor systems. Above all, the design of optical devices based on engineer-
ing the interaction of light with metallic nanostructures can be a significant challenge.
However, as the RI sensing results presented in this thesis suggest, these challenges can
be overcome with the development of appropriate modeling and device design tools,
producing innovative, useful optical devices with an extremely broad range of potential

applications.
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Appendix A

Standard deviation of amplitude
noise

In this thesis, the standard deviation of the amplitude noise o4, is approximated
from a statistical analysis by Ref. [9]. Herein o, applies for the extremum position
tracking and it is related to the quality factor (@) and signal-to-noise ratio (SN R) of

the peak by:
A

Tamp = 5O(SNRO®)

The approximation process of o4y, is given in the following:

(A.1)

1. Assuming a Lorentzian shaped resonance with a maximum value at Ag.

2. Random amplitude noise from a white Gaussian distribution is added to the
resonance profile.

3. Monte Carlo simulation calculates the maximum position for the resulting profile
at Ac.

4. The deviation § of the maximum position from the actual maximum center is
governed by 6 = A, — A

Steps 2, 3 and 4 are repeated to get a set of data for deviations §.
The standard deviation o is decided based on the data set from step 5.

Q and SNR conditions are varied to check the change of the standard deviation.

o N oo

The extracted standard deviations are used to approximate its relationship with
Q@ of the resonance and SN R of the signal, shown by Eq. A.1.

Note that Eq. A.1 is applicable to RI sensors where the measured extremum value is
used to identify the spectral location of the resonant mode. In particular, this ap-
proximation is helpful for resonant RI sensors having a high Q. For a low @ system,
post-processing of the achieved spectrum will improve the standard deviation a lot.
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Appendix B

Drude model verification

In the thesis, the dispersion property of Au is modeled by the Drude model. In the
Drude model: €4, = 1.0 — wg /(w? —iwy), w is the angular frequency, the bulk plasma
~1 and the damping rate is v = 1.25 x 10" s~!. The
aim of this appendix is to verify that the selected Drude model preserves calculation

frequency is w, = 1.2 x 106 s

accuracy with respect to the Au dispersion property.

Firstly, the real and imaginary part of the Au relative permittivity are shown in
Fig. B.1 from the Drude model in comparison with the experimental values from Pa-
lik [103]. The chosen coefficients allow a fit to be in good agreement with the ex-
perimental values of the material in the wavelength range of interest (1.3 pm to 2.4
pm).

Next, the discrepancy of the relative permittivity is proven not to affect the major
property of the SWC device. By point-by-point calculation at the discrete experimental
values of €4, the transmission spectrum obtained is compared with the single Drude
model used in this thesis. Fig. B.2 shows the result for the device in Fig. 3.2. Clearly,
the use of the simplified Drude model does not modify the response of the structure
drastically.
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Figure B.1: Drude fitting of Au relative permittivity in comparison with the experimental
values from Ref. [103]: (a) Real part of the relative permittivity; (b) imaginary part of the
relative permittivity.
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Figure B.2: Calculated transmission spectrum comparison between single Drude model
fitting and point-by-point simulations for the experimental values of € 4,, (device in Fig. 3.2).
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