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Abstract :
Over the past two decades, integrated photonics have become a domain of
intense research for the development of high-performance embedded sensors.
Integrated chemical sensor structures, and especially those dedicated to gas
monitoring, are inexorably being under acute investigation for healthcare concerns
as well as industrial applications. A major issue arising from the large variety
of sensor architectures that have been developed to date is : how to accurately
analyze these sensing systems and compare them?

Firstly, this PhD dissertation proposes a classification framework for optical-
chemical sensors, followed by a review of integrated optical gas sensing architec-
tures. Secondly, this thesis details the models, designs and experimental work that
have been carried out in the realization of integrated refractometric sensors. In
particular, a specific type of refractometric structure is shown to stand out from
the presented analytical framework, and was subsequently subject to more in-depth
development more in-depth: the Long Period Waveguide Grating (LPWG).

A comprehensive model of LPWG mode coupling mechanisms is subsequently
detailed, based on Coupled-Mode-Theory, for which a perturbation approach was
used to analyze the sensing properties of these structures. By using the proposed
model, several versions of the structure were then designed, simulated and optimized
to present adequate spectral shape and sensitivities by using field superposition
enhancement and chromatic dispersion tailoring techniques, before being eventually
fabricated in the laboratory’s clean-room facility using a silicon nitride photonic
integrated circuit technology that was also developed in this PhD thesis.

The fabricated LPWG structures were next tested on a dedicated photonic char-
acterization optical probe station, demonstrating exceptionally high refractometric
sensitivities reaching a stable value of 11,500 nm/RIU over a wide spectral range
of at least 100 nm, with a temperature cross-talk as low as 0.15 nm/°C. Addition-
ally, based on the proposed model, a novel LPWG design is numerically developed
to demonstrate the possibility of implementing LPWGs with sensitivities higher
than 300,000 nm/RIU, by also taking into account and discussing the manufactur-
ing and experimental limits of the proposed structures. Ultimately, a fabricated
LPWG was employed for CO2 gas sensing by using a polyhexamethylene biguanide
porous polymer coating, thereby illustrating a practical application of the LPWG.

While the huge potential of LPWGs for sensing applications is revealed in the
proposed models and reported results, we further believe that the work detailed
in this PhD thesis could also be utilized for the realization of even more powerful
sensors, and possibly unlock new sensing applications.



Résumé :
Depuis plus d’une vingtaine d’année, la photonique intégrée est devenu un do-

maine de recherche très actif pour le développement de capteurs intégrés à hautes
performances. Les capteurs chimiques intégrés, et en particulier ceux dédiés à la
détection de gaz, font inexorablement l’objet d’une investigation poussée pour des
raisons de santé publique ainsi que pour un grand nombre d’applications indus-
trielles. Un problème majeur lié à la grande diversité des systèmes de capteurs
proposés par la communauté scientifique survient toutefois: comment analyser les
différentes architectures de façon précise et ainsi pouvoir les comparer?

Dans un premier temps, cette thèse propose un modèle de classification pour
les capteurs chimiques optiques, suivi d’une revue des architectures de photonique
intégrée dédiées à la détection de gaz. Ensuite sont détaillés les modèles théoriques,
la conception et le travail expérimental qui ont été effectués dans cette thèse pour
la réalisation de capteurs réfractométriques intégrés sur silicium. En particulier,
un type spécifique de structure réfractométrique semble être mis en avant par ce
travail d’analyse de l’état de l’art, et a par conséquent été développé de façon plus
approfondi; il s’agit des réseaux intégrés à longue période.

Un modèle détaillé du mécanisme de couplage optique mis en jeux par les réseaux
à longue période est par la suite développé. Ce modèle est basé sur la théorie des
modes couplés pour laquelle une approche perturbatoire est employée pour analyser
les propriétés réfractométriques de ces structures. En utilisant le modèle proposé,
plusieurs versions de réseaux à longue période intégrés sont conçus, simulés, puis
optimisés. C’est en contrôlant les superpositions de champs optiques au niveau
des guides d’ondes ainsi que les propriétés dispersives des modes optiques qu’il
est possible d’obtenir de hautes sensibilités de détection ainsi que des réponses
spectrales adéquates.

Ces réseaux intégrés à longue période ont ensuite été fabriqués à partir d’un
procédé technologique de nitrure de silicium spécialement développé dans la salle
blanche du LAAS. Puis ils ont été testés sur une station de charactérisation optique
conçue dans cette thèse. Des sensibilités réfractométriques aussi hautes que 11,500
nm/RIU ont été expérimentalement obtenues et sont stables sur une large bande
spectrale de 100 nm centrée sur 1550 nm, le tout avec une faible diaphonie en
température de 0.15 nm/°C. De plus, en s’appuyant sur le modèle proposé, d’autres
versions de réseaux à longue période intégrés démontrent via simulation la possibilité
d’atteindre des sensibilités d’au moins 300,000 nm/RIU, sensiblités pour lesquelles
les limites liées à la fabrications et à l’expérimentation sont abordées. Finalement,
une structure de réseaux intégrés à longue période est employée pour la détection
de CO2 en utilisant un film en polymère poreux: le PolyHexaMethylene Biguanide.

En plus du très fort potentiel des réseaux intégrés à longue période qui a été
démontré dans cette thèse avec les modèles proposés et à travers les résultats
obtenus, nous pensons également que le travail détaillé ici pourrait également servir
à la réalisation de capteurs encore plus performants, et potentiellement permettre
l’émergence de nouvelles applications.
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Introduction

Motivation

By the year 2025, marketing research estimates that over a trillion sensors will be
deployed through more than 100 billion devices connected within the internet of
things [18], potentially doubling the sensor market for environmental monitoring.
New technologies in device connectivity and artificial intelligence are driving an
industrial revolution for the sensor economy that is already effectively transforming
our societies in every major domain: manufacturing, transportation, healthcare, etc.
Currently, over 2 billion people possess a smartphone; it is thus easy to imagine
the future implementation of integrated sensing systems that can empower multi-
purpose environmental monitoring. A growing need for embedded sensors with high
performance that can be easily deployed can thus be envisioned.

Integrated sensors, usually compatible with CMOS process platforms, appear
as the most promising candidate for cost-effective miniaturized sensors that can
be mass-produced. Further, their high degree of design flexibility can potentially
enable a multitude of complex architectures to be implemented within a single
integrated system for multi-parameter sensing. Such systems are highly suitable
for environmental monitoring requiring dense sensor network(s).

Atmospheric pollution directly affects both climate change as well as population
health and is emerging as a major global concern [19]. Providing suitable sensors
for in situ gas detection and monitoring is thus a major challenge. Integrated
gas sensors could typically fulfill this role by assessing both indoor and outdoor air
quality, thereby allowing relevant data to be collected for environmental analysis and
mitigation. Integrated sensors could also facilitate gas monitoring in the industry,
for which a distributed sensor network is often used or a requisite, for example for
manufacturing process control and gas distribution.

Although historically based on electronic sensing schemes [20], integrated chem-
ical and gas sensors are rapidly migrating towards optical schemes [21] due to the
recent technological developments in integrated photonics (e.g. integrated light
sources, photoreceptors [22], optical signal processing circuits, etc). The immunity
of integrated photonic devices to electromagnetic and radiofrequency interferences
[23] as well as their intrinsic high sensitivity potential also make them very attrac-
tive for in situ measurements and monitoring in harsh environments [24]. Further,
being potentially able to incorporate the wide range of operating principles avail-
able in optical systems and their associated analytical methods, integrated optical
chemical sensors can be designed with the highest degree of originality for current
and future environmental sensing needs. This PhD, through an initial study of
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the current state of the art in integrated photonic gas sensors, aims to design, de-
velop and fabricate a novel integrated photonic architecture to achieve high sensing
performances. For this purpose, an integrated version of the widely used optical
fiber-based Long Period Grating sensor has been studied, realized and applied to
refractometry and CO2 sensing. The potential of this architecture is theoretically
analyzed and experimentally demonstrated, achieving high sensitivities while also
offering intrinsic features such as low temperature crosstalk. The experimental re-
sults obtained with these Long Period Waveguide Gratings are detailed and found
to exhibit performances comparable to the current state of the art.

Dissertation Outline

This dissertation consists in: a review of the integrated optical gas sensor systems
and methods, introductory chapters on integrated photonic design and experiments
with a particular focus on Long Period Waveguide Grating refractometers followed
by their application targeting gas sensing for CO2, and a conclusion. Current
outputs from this thesis include a conference paper (I2MTC 2020) [25] focused
on the modeling of LPWGs as well as two peer-reviewed articles (IEEE Journal
of Lightwave Technology and OSA Photonics Research) [14, 26] offering design
guidelines completed by experimental results from the fabricated LPWG versions.
A third paper is currently being submitted for consideration to a peer-reviewed
journal.

Chapter 1 provides a thorough analysis of optical chemical sensors. A classi-
fication system is firstly proposed, not only for comparison of diverse sensor types
but also to determine the most significant key parameters to consider during sensor
design. The state of the art in integrated optical gas sensors is reviewed using this
classification. From this analysis, measuring the refractive index (RI) change of a
sensing film or layer functionalized to a specific gas species appears to be one of
the most promising approaches for gas sensing using photonic integrated circuits
(PICs).

The emphasis in Chapter 2 is on PIC design, fabrication and characterization.
This chapter proposes a set of design guidelines that has been adopted in this work.
The key parameters involved in PIC design are described through the simulation
and design package, followed by the detailed photonic chip fabrication processes
that have been developed in this thesis. An optical characterization testbench is
subsequently presented and the experimental results obtained from fundamental
circuit components such as grating couplers and waveguides are discussed.

After the PIC overview, integrated refractometers are discussed in Chapter
3, with particular focus on the sensitivity and figures of merits. This chapter
also compares refractometers exploiting different sensing mechanisms and concludes
with a summary of the state of the art in integrated refractometry. In addition,
experimental results obtained with fundamental refractometric structures such as
Mach-Zehnder interferometers or micro-ring resonators that have been designed and
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fabricated in this thesis, are also provided.
Chapter 4 attempts to provide the reader with a sound understanding of

the long period grating by laying out the fundamental theoretical background in
Coupled-Mode Theory. In particular, optical gratings and their operating princi-
ples are discussed through the development of grating equations derived from first
principles, i.e. from Maxwell’s equations for electromagnetic wave propagation in
dielectric media. Based on the proposed model, the simulation of the response from
a Long Period Grating is compared to results from a commercial software. The
subsequent results obtained are discussed and demonstrate the proposed model to
be consistent. They also allow a much greater insight on the LPWG’s operating
principles to be provided and analyzed. Analytical solutions for the refractometric
figures of merit are then derived from the model and highlight multiple potential
optimization patterns that are described.

Chapter 5 describes the three versions of LPWGs that have been developed in
this thesis. The different structures are laid out, each following a specific optimiza-
tion pattern or technique. The models and fabrication processes are then detailed,
followed by the analysis and comparison of both simulated and experimental refrac-
tometric results. Temperature cross-sensitivity is also assessed. A discussion on the
manufacturing and experimental limits of the proposed structures is also included
in this chapter.

Finally, Chapter 6 presents the experimental setup and the subsequent results
obtained for an application in CO2 gas sensing by exploiting polyhexamethylene
biguanide as the sensitive permeable cladding layer for the LPWG sensor. Prelim-
inary results based on the first LPWG topology demonstrate the potential of the
structure to achieve an equivalent sensitivity of 6.8 fm/ppm.
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As evidenced by the broad range of optical chemical sensor systems reported in
multiple reviews over the past years [22, 27, 28, 29, 30], it seems almost impossi-
ble to define a comprehensive optical chemical sensor system analysis model that
encompasses all the optical chemical sensing schemes while taking into account the
wide ranging system configurations in the various sensor architectures. The main
goal here is to identify the specific characteristics of existing sensor systems and to
classify them based on a common set of system definitions. This chapter will thus
attempt to first break down the overall optical chemical sensor systems into their
individual components for analysis, in order to develop a functional generalized
model, as schematically described in figure 1.1. This analysis is undertaken as a
short essay that attempts to include the points of view of the previously published
review papers, for which certain optical chemical sensors could not be deconstructed
and analyzed according to the proposed former models.



7

Figure 1.1: Review structure

Optical chemical sensors can be functionally defined as follows: the system per-
turbation first begins by a change of the chemical analyte’s concentration in the sen-
sor’s surroundings, that next induces a modification of a material-optical property
of the Chemical-Optical transducer. The latter component is simultaneously
interacting with a light-wave from which optical properties are then subsequently
perturbed. The Optical circuit comprises the different passive components and
functions that enable transport and/or physical demodulation of the perturbed
light-wave into a readable optical measurand. The optical measurement, in turn,
can eventually be performed through various interrogation techniques to process
the measured signal and retrieve the desired information on the analyte’s concen-
tration.

The general physical sensing schemes are first described in Section 1 with
a brief introduction to absorption and luminescence spectroscopy, and refractom-
etry. The optical-chemical sensing functional model is then detailed in Section 2
where each system components is described along two axes: information physical
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transformation and support technology. Section 3 includes a brief introduc-
tion on integrated photonics, waveguide theory as well as on the general photonic
integrated circuits technology. Section 4 will conclude this chapter by describing
the state of the art of sensing systems of a particular category: integrated photonic
gas sensors analyzed through Section 2’s system analysis perspective.

1.1 Chemical-Optical Sensing Schemes

1.1.1 Absorption Spectroscopy

Optical absorption-based sensing techniques rely principally on spectroscopic
mechanisms. Each chemical species possesses a particular spectral absorption sig-
nature based on its intrinsic vibrational modes [31]. Their presence can thus be
studied through the spectral measurement of a light beam interacting with the
analyte, which may exhibit unique absorption features that are easily readable at
infrared (IR) wavelengths.

The determination of the analyte’s concentration in most sensing architectures is
generally inferred using Beer-Lambert law which relates the attenuation of the prob-
ing beam intensity transiting a specific medium to the degree of optical-chemical
interaction at signature wavelengths. The simplest versions of absorption spectro-
scopic devices are known as nondispersive infrared sensors [32] and are typically
used as gas detectors. In addition to direct IR absorption which is commonly used
in chemical analysis, UV absorption [33] or Raman Scattering [34] are alternative
techniques that can be used to detect gaseous traces.

Figure 1.2: Illustration of spectrometric absorption chemical sensing
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1.1.2 Luminescence spectroscopy

Luminescence spectroscopy is based on the probing and analysis of the photo-
emission of a particular chemical species. Fluorescence, a type of photo-
luminescence, is defined as the emission of light induced by photo-excitation of
electrons of an atom or a molecule, resulting in spontaneous radiation emission. It
is caused by the specific relaxation nature of a chemical species which has been
previously excited: rather than releasing absorbed energy non-radiatively such as
by heat dissipation, photons are instead emitted at characteristic wavelengths.

Sensor architectures based on luminescence schemes typically address the detec-
tion of biochemicals, nano-particles and gaseous molecules by using labelled indi-
cators, for which chemical affinities and spectroscopic properties have largely been
documented [35, 36]. However, these sensors might also encounter difficulty in la-
beling particular species due to the lack of chemical dye indicators. Various sensing
architectures have been designed to probe different luminescent mechanisms, ex-
ploiting fluorescence properties [37] such as intensity, decay time, phase or even
anisotropy of the emitted light to convert the presence of an analyte into a measur-
able property of the light.

Figure 1.3: Illustration of fluorescence-based spectrometric chemical sensing

1.1.3 Refractometry

The refractive index (RI) of a material is defined as the ratio between the phase
velocity of an electromagnetic (EM) wave in vacuum to that in a given material
medium. This parameter is equal to √εrµr where εr and µr are respectively the
relative permittivity and relative permeability of the medium. RI is a material prop-
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erty that is employed in multiple sensing schemes, including temperature, strain,
displacement and chemical sensing [38, 39, 40].

Figure 1.4: Illustration of refractometric chemical sensing principle

Modifications of the RI in a material induce phase delay variations in the elec-
tromagnetic wave, which can greatly alter the wave’s spatial distribution in regions
of anisotropic RI profiles. Moreover, RI is related to multiple properties (birefrin-
gence, spectral dispersion, Kerr coefficient, etc) that can produce very particular
effects on light to be exploited for sensing purposes.

Measuring RI properties however requires a specific set of optical structures to
allow the desired information to be properly converted into a measurable optical
property such as light intensity. Many high precision systems have been developed,
exploiting refractometry. The large variety of optical functions that can be im-
plemented in optical circuits and the numerous possibilities in wavelength-scaled
RI structurization of materials have led refractometers to have the widest design
diversity among optical sensors. Nevertheless, since the RI of materials is broadly
related to their chemical composition as well as their density, most refractometric
chemical sensors are poorly selective and display important cross sensitivity to other
chemical species. To counterbalance this, such sensors require the engineering of
specific optical chemical transducers, as will be detailed in the next section.



1.2. Functional Analysis of the Optical Chemical Sensor System 11

1.2 Functional Analysis of the Optical Chemical Sensor
System

1.2.1 Chemical-Optical Transducer

The chemical-optical transducer [22] is the physical component that enables the con-
version of the concentration of a chemical analyte into a change in the material’s
optical property of the transducer. The studied material optical properties are
intensive (i.e. physical property of an object that is independent of its size), such
as dielectric properties, absorption coefficients, emissivity, etc. This sub-section
describes the characteristics of these transducers that are typically engineered to
achieve both high chemical affinity and selectivity of the transducer material to the
analyte, and important optical interaction via the transducer’s structure. Quanti-
tative comparison between transducer designs is nonetheless further complicated by
the multiplicity of physico-chemical affinities that are permitted for each individual
analyte species.

1.2.1.1 Transducer Chemistry: Direct and Indirect sensors

Chemical sensors can be divided into two categories: direct and reagent-mediated
sensors. In the first category, the sensors that rely on the measurement of the
analyte’s intrinsic material optical property when available, are referred to as direct
sensors [22]. As shown in figure (1.1), a chemical transducer material is thus not
always necessary (but might be used for efficiency or selectivity enhancement) and
the conversion of the analyte’s chemical concentration into a measurable optical
property is ensured by the nature of the analyte uniquely. The perfect example of
such sensors is the direct absorption spectroscopic sensor for which absorbance of
a chemical-specific optical ray, typically in the IR region, is non-null and used to
determine the analyte’s concentration.

When the intrinsic optical properties of the analyte are not readily available for
direct and selective detection of certain chemical species on a given sensing plat-
form, the target analyte can subsequently be investigated through the use of an
intermediate reagent species whose optical properties can be measured more
easily. Such architectures are known as indirect reagent-mediated sensors [22],
where the analyte concentration is determined through the analysis of the inter-
mediate chemical indicator whose material optical properties depend on the level
of contact with the analyte [36, 30, 28]. Certain chemico-luminescent dyes are
commonly used for chemical sensing as their reaction with the analyte can lead to
electromagnetic wave (EMW) emission or absorption under certain conditions. For
instance, fluorescence-based gas sensors are generally based on pH modification of
the material (e.g. due to oxygenation), which drives the fluorescent intensity of an
indicator, such as Bromocresol purple [41] or NileRed [42] dyes. Similarly, in certain
absorption-based sensors, several chemicals whose absorbance varies with the ana-
lyte’s presence can serve as indicators [22]. In those cases, the analyte concentration
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is indirectly inferred from the label chemical response.
Note however that the sensing architecture of direct sensors can also be chemi-

cally functionalized in order to ensure selectivity or increase sensitivity to a specific
analyte. Hence, in RI measurement techniques which can potentially also be sensi-
tive to other present species, specific chemical compound(s) can be used to induce
chemically reversible bonding of a surface or volume with the analyte species of
interest [43, 36]. This can thus reduce or eliminate cross sensitivity to unwanted
species while increasing the analyte’s concentration in the sensed region.

1.2.1.2 Transducer Material: Chemical Interaction Enhancement

The chemical-optical interaction is a mechanism that should always be optimized to
achieve maximum sensitivity during the design of a chemical sensor. The transducer
is the sensor’s principal element that physically binds the analyte’s presence to the
optical system.

Chemical bonding with a chemical species can be engineered with either surface
treatment or by functionalizing a liquid- or solid-state material [22]. In the case
of gas sensing, in either direct or indirect sensing schemes, optical interaction with
the analyte can be enhanced by using solid porous media, or surface coating within
which chemical binders could be incorporated. This particular material is referred
as an immobilization matrix [22, 28, 36]. This material is generally deposited as a
thin film onto the surface of the sensor, thus forming together with the incorporated
molecular selective compounds, the functionalized opto-chemical transducer. Opto-
chemical sensitivity, selectivity, reversibility, response time and stability are the
most important properties to be taken into account to design the most efficient
sensitized layer.

1.2.2 Optical System

For the large majority of optical chemical sensors, the optical system consists of an
optical source, an optical circuit and a photoreceptor. The optical circuit can be
described by the system that converts the transducer’s optical material property
into a readable optical measurand. This includes both light transportation and
possibly an optical modulation system that shapes the perturbed optical signal to
be measured.

1.2.2.1 Passive-Active Optical Circuits

Optical sensors can generally be classified into two types. On one hand, passive
[22] (or extrinsic [28]) optical sensors are defined as sensing systems whose optical
circuit’s sole purpose is to transport the optical signal as well as serve as the contact
mean with the analyte. In these cases, the sensor performance does not depend
strongly on the complexity of the optical circuitry, but instead on the associated
optical technology quality (light source, photodetector, propagation loss...), the
chemical-optical transducer, and the analyte’s level of interaction with the optical
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wave. For instance, the simplest absorption-based spectroscopic fiber sensors are
used in passive configurations as the fiber’s optical properties are not perturbed by
the presence of the analyte.

On the other hand, in active [22] (or intrinsic [28]) optical sensors, the optical
circuit itself plays a major role in the sensing process where optical structures are
introduced to shape the perturbed light-wave into measurable components. It is
thus an integral part of the sensing element. The aim here is to actively exploit
certain characteristics of the optical measurand to enable information transfer from
the transducer to the photo-receptor. Active sensors do not directly measure the
analyte’s presence in the transducer region but instead measure the response of
an optical circuit whose sensing region (the optical chemical transducer) is per-
turbed. Optical mechanisms such as interference, diffraction, resonance leading to
dynamic optical filtering and shaping are typically used in optical systems for sens-
ing purposes. Certain sensors have also been reported to superpose several optical
functions to enhance sensitivity. An obvious example is the Vernier sensor which
superpose interference patterns to increase performance [44].

1.2.2.2 Optical Platform

For an optical sensor, the employed platform is of utmost importance. It is firstly
determined by the nature or character of the sensing application such as commercial
usage, cost, size, ease of integration and fabrication, performance expectations, etc.
Nevertheless, the physical sensing scheme often influences the choice or design of
the optical platform to be exploited.

Three platforms are utilized for developing optical chemical sensors, namely:
free-space optics, fiber optics and integrated optics. Free-space optics [45]
are based on the optical propagation of light in air or in vacuum, and generally
requires the use of optical components such as lenses, mirrors, optical modulators
(filters, polarizers), etc. Such systems are generally oriented towards ex situ mea-
surements because of the typically cumbersome setup, dimension and susceptibility
to misalignment. They generally offer relatively high sensitivity for chemical de-
tection because the optical beam can interact fully with the analyte. Fiber and
integrated optic techniques, on the other hand, are waveguide-based domains that
require engineered media for lightwave propagation. Fiber optics rely on transmis-
sion of light via glass or plastic fibers while integrated optics rely on optical transit
via waveguiding structures that are imprinted on solid substrates, usually using
lithographic techniques. Propagation in a dielectric waveguide can enable a con-
tinuously guided lightwave to interact locally with the external environment in the
vicinity of the waveguide’s surface [29], contrary to free-space optics. Sensors based
on this phenomenon are widely known as evanescent wave sensors and rely on
perturbations to the modal characteristics of the propagating lightwave when the
external surrounding of the waveguide is modified. While relatively complex to
design and fabricate, there are several unmatched advantages in the use of guided
wave optical sensing systems. Guided-wave optics offer packaging advantages that
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enable in situ measurements while guaranteeing intrinsic resistance to mechanical
and thermal perturbations. The implementation of original optical systems can also
be facilitated by wavelength-scale structuring of the guiding media. In these cases,
interference, diffraction and coupling patterns are much easier to control since they
depend on the strict guide-specific propagation parameters. This implies that the
optical effect on the resulting optical signals has an intrinsically higher stability and
reproductibility.

1.2.3 Interrogation Techniques

The interrogation technique in an optical chemical sensor can be defined by the
procedure that is performed to transform raw data obtained from the measure-
ment apparatus into information on an analyte’s concentration. The measurement
apparatus can also typically be characterized by the parameters employed in the
opto-electronic conversion system and the different devices that can be used
to facilitate or reference these measurements. The information transduction pro-
cess encompasses the analog signal modulation and demodulation that can be
introduced to enhance detection, followed by the analysis and logical processing
method that are necessary to decipher the measured data and subsequently display
the desired information in the readout.

1.2.3.1 Measurement Apparatus

The desired chemical information can be retrieved from a photonic signal by study-
ing a full range of optical properties, namely intensity, wavelength, polarization
state, temporal components and their subsequent relationships. While these opti-
cal dimensions are initially dependent on the properties of the injected light source,
they are encoded by the modulations that occur during interaction in the optical
circuit and transformed into electrically-readable information. Photoreceptors,
spectrometers or imaging systems are essential for that matter as they allow
the conversion of the optical signal into an electrical signal that can be used for fur-
ther processing and/or computation. The emission/detection bandwidth, dynamic
range, resolution, coherence, and stability, in addition to various other parameters
of opto-electronic devices have to be carefully chosen to optimize the performance
of these chemical detectors.

Optical interrogation can also permitmultiplexing several optical signals along
the same optical path(s) or sensing structure with relatively little (cross) interfer-
ence. This implies that the readout apparatus can further be designed to incorpo-
rate optical structures that can later be used for signal processing using different
techniques. For example, reference structures and channels, which do not interact
with the chemical analyte, can be used as a reference baseline at a later stage (for
post-processing data analysis) to eliminate unwanted external influences to the mea-
surement system [28] (e.g. common noises such as optical power variation, vibration
or temperature variations). Similarly, correlation spectroscopy [32] involves one or
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multiple reference gas cells that contain gases of known spectroscopic signatures, to
be compared to the measured response.

1.2.3.2 Signal Modulation and Processing

Signal modulation of some of the optical input properties may be introduced
to increase the performance of certain optical chemical sensors. Such examples
include frequency domain modulation techniques such as 2f/1f wavelength modu-
lation spectroscopy [46, 32] which aims to reduce measurement noise. Frequency
modulation can also be essential in certain sensing schemes such as photo acoustic
spectroscopy [47, 32] of gaseous species. These techniques might require specific
electronic devices such as lock-in amplifiers or different types of electrical filters.

Non-linear optical modulations, which generally require high optical intensities,
have also been used to detect chemical species. Different resonator configurations
used in Kerr-comb based gas spectroscopy [48] have been demonstrated.

Data Processing addresses the computational operations to be performed on
the raw numerical data, generally after analog-to-digital conversion, to obtain the
desired information on the analyte (e.g. concentration, volume, presence, etc) at
the output of the optical chemical sensor. It typically comprises a combination of
mathematical operations and algorithms.

While data processing can be narrowed down to a simple one-data reading and
proportional amplitude conversion into concentration information, most processing
techniques typically require more complex processes to analyze the sensor response.
An example is the data analysis of wavelength-resolved architectures where spectral
pattern shifts are tracked to assess the system perturbation, as will be describe in
detail in Chapter 3. More complex processing schemes include Vernier-based opti-
cal chemical sensors [44], or time-based measurement schemes such as fluorescence
lifetime decay which can be exploited for chemical sensing [37]. Additionally, it is
very common to de-embed the measured signal from contributions and irregularities
that are induced by certain optical circuit components, such as connectors, etc. As
an example, grating coupling and optical source irregularities are removed from a
measured spectral signal in appendix A.11.

1.2.4 Comparison by Functional Blocks

Chemical sensing architectures are typically difficult to analyze and compare, espe-
cially when they are based on different sensing schemes or target different chemical
species. This is also due, in large part, to the specific chemical behavior of var-
ious analytes. In fact, various figures of merit for each functional component in
the sensor have been proposed in the literature but are yet specific to the chemi-
cal sensing schemes employed. For example, on the one hand, some refractometric
chemical sensing schemes are largely described by the efficiency of the transducer
to change its RI due to the presence of analytes, in terms of RIU/ppm (refractive
index unit change per parts per million of analyte), while, on the other hand, the
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optical architecture performances are assessed on the basis of wavelength-spectrum
shifts for varying RIs in units of nm/RIU. This perspective will be further detailed
in Chapter 3.

Alternatively, absorption-based chemical sensors, which are generally much more
chemical-specific, can be analyzed via their chemical absorption coefficients, opti-
cal architecture’s interaction efficiency with the sensed environment, and noise-
reduction efficiency of the interrogation technique employed.

To facilitate comparison, a classification of the global sensor systems proposed
in this thesis has been developed to evaluate each sensor’s constituent functional
blocks in order to determine the advantages and limits of each system. To optimize
a chemical-sensing system, each functional block should be separately studied. In
this thesis, a chemical-optical transducer for gas sensing based on refractometry as
well as the optical architectures that can be supported by integrated photonics will
be more thoroughly developed.

1.3 What Is Integrated Photonics?

1.3.1 History of Integrated Photonics

1.3.1.1 Invention of the Laser and the Optical Fiber

In 1960, Theodore Maiman realized the world’s first laser after successfully creating
a light amplifier system producing a perfectly rectilinear ray [49]. This invention
subsequently led to the rapid growth of optical sensors in free-space as they of-
fer significant advantages [50, 45] over their conventional electrical counterparts:
immunity to electromagnetic interference, high sensitivity and selectivity together
with a large variety of mechanisms that can be exploited. Shortly afterward, be-
tween 1970 and 1972, the single-mode optical fiber was invented and while it was
initially developed for telecommunications, it rapidly made inroad into the sensing
domain. Thanks to the intrinsic characteristics of fibers, such as small size and
weight, large bandwidth, remote sensing capability, etc, typical free-space optics
issues for in situ measurement [45] such as vibrations, misalignment, atmospheric
absorption of light, could now be addressed with fiber-based optical devices. While
the most basic optical sensors had their beginnings five centuries ago [50], this field
of metrology has seen the most intense progress only over the last 3 decades with
the advent of the ubiquitous laser source and low loss optical fiber.

1.3.1.2 Integrated Optics..

Micro-technologies became available in the 1970s with the development of micro-
electronics on semiconductors, which would later revolutionize our world. This
was quickly followed by the first realization of integrated waveguides [51]. Over
the 1970s, the most prominent tutorials on integrated guided wave optics were
published by E.A. Marcatili, D. Marcuse [52], A. W. Snyder and J. D. Love [12],
focusing on waveguide propagation theory and predicting the micro-structurization
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impact on optical systems. Systems based on integrated dielectric waveguides were
demonstrated as a possibly better solution for optical circuitry than the equivalent
fiber platform, due to their compact integration, reduced stress, mass-fabrication
potential, vibration and temperature resilience. Furthermore, integrated optical
circuits can facilitate the integration of electronic control and processing devices [51]
on the same platform. For example, these functions have been directly connected
to electrical circuits on a monolithic wafer, via micro-heaters.

1.3.1.3 ..to Integrated Photonics

It was only toward the end of the 1990s that integrated optics started to follow
in the footsteps of integrated electronics that has been exerting an enormous im-
pact on our society. Integrated optics rapidly expanded during the revolution of the
telecommunications industry driven by the global outreach of the internet exploiting
fiber-based communication systems which necessitate on-chip optical mux/demux
[53]. Integrated optics research leading up to this period had been focused on micro-
structuring waveguides with wavelength and sub-wavelength features as a powerful
tool to empower original waveguide designs to achieve higher performances and to
target various application domains [50]. Subsequently, photonic crystals (1987) [54],
diffraction gratings [55], cavity resonators, interferometers and frequency combs
(2007) [56] were quickly developed on the integrated platform to perform opti-
cal signal processing such as optical filtering or modulation. This field has since
mainly focused on hybridization with other micro-technology domains to produce
integrated opto-mechanical or opto-electronic systems.

In the last two decades, following the expansion of the telecommunications sec-
tor, fabrication platforms have evolved with sufficient sophistication to allow a
higher level of integration of optical devices and functions into micro-chips, giving
birth to Photonic Integrated Circuits (PICs). To cope with the loss in the copper
wire that increases with data rate and interconnect lengths, optical communication
was rapidly developed on a large-scale, typically employing PICs in data centers
for processing purposes. To date, the continuous growth in this research domain
closely reflects the exponential expansion of the information market.

1.3.2 Optical Waveguide Theory in Integrated Optics

Waveguiding concept first appeared in the 1890s to study sound waves and was
only developed for electromagnetic (EM) waves, particularly for microwave propa-
gation within dielectric materials in the 1920s-1930s. From the 1960s, several mode
propagation theories were formulated: calculation methods were firstly proposed
in early 1960 to model mode profiles at optical wavelengths in planar waveguides
(Marcatili...). Secondly, the optical perturbation behavior of both optical fibers
(Snyder, 1972 [57]) and waveguides (Snyder and Love, 1984 [12]) have been devel-
oped based on a coupled-mode theory model, enabling various optical applications
to emerge.
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An optical mode is a solution to Maxwell’s equations applied to a dielectric
waveguide. This corresponds to the possibility for waveguides to propagate EM
waves under specific conditions imposed by the waveguide’s refractive structure. In
a waveguide, modal propagation of a wave can be described by the infinite sum
of continuous interferences of a wave with itself when it is partially reflected by
the sidewall interfaces as it propagates along the waveguide, thereby resulting in
a set of waves with a specific field distribution and propagation properties. These
shapes are intrinsic to the waveguide nature (size, pattern, material, etc) and may
be exploited in the design of bespoke sensing schemes.

1.3.3 Photonic Integrated Circuits

1.3.3.1 Functions versatility

The high degree of waveguide design flexibility in integrated photonics initially orig-
inated from the concept of "waveguide wiring" architectures, producing interferom-
eters and resonators with the aid of Y-junctions (Y-branch splitters) or waveguide
loops [51]. Integrated photonics is strongly influenced by the development of fab-
rication technologies for the micro-electronics sector. Moore’s law, which was used
to predict the scaling and miniaturization pace of functions in micro-electronics,
can also be applied to describe either the progression of PIC function integration
but also component fabrication resolution [53, 58]. The subsequent evolution in
related photonics fabrication has facilitated sub-wavelength engineering of waveg-
uides which, in turn, led to the development of numerous techniques for tailoring
the optical properties of the propagating mode(s), such as spectral bandwidth and
linewidth, polarization state, mode field, etc. This inherently contributed to ele-
vate integrated photonics as the preferred platform for the design of novel photonic
components but also for the integration of complex optical systems.

1.3.3.2 Drawbacks: Monolithic Integration and Propagation Loss

The diversification of optical architectures due to the large number of potential
applications has led to a variety of different integrated photonics fabrication pro-
cesses. Photonic circuit development principally encounters difficulties in terms
of the compatibility of materials used in the fabrication of the various neces-
sary functions/components (such as emission, light propagation and photodetec-
tion [59, 53]) to be integrated on the same PIC. For instance, for applications in
the infrared region, [51] silica-based technologies are particularly suited to signal
multiplexing-demultiplexing and monolithic integration with electronic functions;
while ion exchange on glass is more suitable to fabricate power-splitters, lithium
niobate material to electro-optical modulation functions, and semiconductors to
photo-emission/reception.

Current PICs are also suffering a serious issue: their optical performances are
scaled back by the limits in fabrication technology, thus giving rise to devices with
relatively high loss coefficients in the dB/cm order. Yet, particular technologies have
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reached propagation losses in the dB/m order [60]. PICs are typically operated in
NIR to ensure compatibility with the telecommunication wavelengths at 1550 nm
and 1310 nm for which the optical fiber has a minimum loss of approximately
0.25 dB/km and 0.4 dB/km, respectively. The high losses in integrated waveguides
typically limit optical propagation to a few centimeters and can mainly be attributed
to the material’s intrinsic absorption properties in the near infrared (NIR) (e.g. from
N-H bonds in the case of silicon nitride substrate) and scattering of light induced
by the roughness at the waveguide sidewalls either due to the lithography or etching
processes used [23].

Integrated photonics is increasingly exploited in an expanding list of applications
with high economic and societal impacts [51]. And given the rapidity at which the
different related technologies are being developed, the loss barrier is expected to
be progressively lifted [60], potentially enabling optics and photonics to be the
dominant trend in the future integrated sensor market.

1.4 Integrated Photonics for Gas Sensing

Gas sensors have recently benefited from the rise of the Internet of Things, coupled
to the expansion in the nanotechnology market and the constant development of
lab-on-chip integration tools. Applications [61] in air quality monitoring, portable
or wearable health monitoring, disease diagnosing, industrial chemical detection
and pharmaceutical production, food testing, animal and plant breeding, hazard
monitoring or even fire warning, which have previously been overlooked due to
technology unavailability, are rapidly revolutionizing the industrial world in terms
of both economic and societal impacts. The market growth in gas sensors is forecast
to reach 6.25% per year [1], with optical systems currently making up only ∼ 15 %
of the total share. With the ongoing development in the domain, there is thus
potential for optical gas sensors to capture a more significant share of the global
market. Nevertheless, the integrated chemical sensor market currently remains
oriented toward micro-electrical sensing schemes based on conductivity [20], due
in large part to the difficulty in integrating both the photonic light source and
photodetector because of material incompatibility.

1.4.1 Gas Optical Transducer

As previously explained, certain optical chemical sensing schemes require a chemo-
optical transducer. In the case of gas sensing, the transducer medium is generally
chosen for its gas-permeability and chemical affinity to the gaseous analyte(s) under
investigation as well as for its optical properties and ability to be deposited using
different techniques [62].
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Figure 1.5: 2017 Market share in gas sensing technologies [1]

1.4.1.1 Overview

The most widely reported means for fabricating these gas permeable layers for opti-
cal sensors is through the use of nano-composite materials [36]. The most common
materials that have been incorporated into integrated photonic sensing structures
include porous metal-oxides [63, 64] or semiconductors such as porous silicon [65],
and polymers [36] in the form of thin films [66, 67]. Other uncommon materials
that have been reported in integrated photonic gas sensing include silane-based
surfaces [68] or graphene-based porous materials [69]. However, as described by
Korotcenkov [36], the surface-to-volume ratio is a key parameter for reagent-based
gas sensing. Surface materials typically have insufficient surface-to-volume ratio,
thereby greatly reducing the chemo-optical transducing capacity for gas sensing.
Other multiple gas sensing schemes based on the swelling (volume change) of poly-
mer materials in the presence of gases have also been reported [62]. The chemical
engineering of both the structural and mechanical properties of porous polymers
for gas sensing is further described in Chapter 6.

While some materials present natural affinities to specific gaseous analytes, cer-
tain gases however require the presence of intermediate chemicals to facilitate or
enable chemical selectivity. In this case, porous polymers possess the advantage
of being able to immobilize certain chemical indicators or selectors into a porous
solid matrix with relative ease, while additionally increasing the contact surface
with gas significantly to enhance indicator-gas reactions. These indicators comprise
either dyes [70, 71, 36] that react in contact with the analyte, supramolecular com-
pounds called cavitands [43] that can encapsulate specific chemical species such as
gaseous methane [72], or nano-particles [73, 64] which exhibit bonding affinities to
a particular gaseous species.
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1.4.1.2 Mechanical and Chemical Characteristics in a Porous Medium

This subsection attempts to summarize Korotcenkov’s description of the importance
of the transducer’s material structure for gas sensing when a porous medium is
utilized [74]. Typically, to assess gas concentration inside a porous material, the
principal parameter is the material permeability to a specific gas [75, 36]. This
parameter depends on both the fluid’s diffusion property and chemical solubility as
follows:

Perm = D · S (1.1)

where Perm, D and S are respectively the permeability, diffusion coefficient and
solubility. Here, S can be defined as the linear empirical relationship between the
concentration of a particular gaseous species in a medium and its partial pressure.
This parameter is expressed by Henry’s law:

Cmax = kH · Ppartial with kH = S (1.2)

where Cmax is the maximum permissible gas concentration (assuming steady-state),
Ppartial is the partial pressure of the gas that is applied outside of the solvent, and
kH is Henry’s constant or solubility coefficient S. As solubility usually makes refer-
ence to liquid mixtures, this formula can also be applied in the case of solid porous
medias, for which solubility coefficients are usually different from those of their liq-
uid counterparts [36]. A porous medium’s solubility to a particular species can be
enhanced by using chemical dopants, [43, 36, 76]. The diffusion parameter deter-
mines the gas concentration dynamics. The porousness of the porous matrix, which
relates more to the material micro-structure rather than its chemical properties,
can usually be evaluated by studying the material pore diameters and the effective
surface area per volume of the material [77]. These parameters can be modified
through micro-structure and chemical engineering to increase the sensitivity, selec-
tivity and reactivity of the chemo-optical transducer [77].

1.4.1.3 Integrated Gas Optical Transducers in the Literature

Table 1.4.1.3 summarizes the different kinds of chemo-optical transducers that have
been employed in integrated optical gas sensors.

The following sections discuss the different integrated optical gas sensing sys-
tems for the three main sensing schemes based on, namely, absorption, fluorescence
and refractometry. It is, however, unrealistic to fairly compare the different sensor
architectures since the overall limits of detection of the reported sensors mainly de-
pend on the chemical nature of the analyte and the performance of the measurement
apparatus. A non-exhaustive list of published integrated gas sensors designs and
experimental results is investigated according to the proposed classification model,
to outline different figures of merit and optimization patterns corresponding to each
sensing scheme. The limits of integrated photonics for the implementation of these
sensors are then discussed as well to show the need for compatibility between the
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Ref Year Sensed
gas species

Gas absorbent
material

Gas
selector

Optical
scheme

[63] 2017 CO ZnO thin films Refractometry
(SPR)

[68] 2016 Propane Silanisation with
Methoxysilane

Refractometry
(Interferometry)

[69] 2016
Ammonia,
Methanol,
Ethylene

Graphene oxide - Refractometry
(SPR)

[78] 2018
NH3
Cl2
SO2

Polyethylene terephthalate Methyl-red or
chlorophenol-red Fluorometry

[73] 2019 CO2 PDMS ZIF-8
nanoparticles

Refractometry
(Interferometry)

[67] 2009 VOCS poly(3-alkylthiophenes) - Absorption

[79] 1999 VOCS,
Toluene

Calix-4-resorcinarene
polymer network

Refractometry
(SPR)

[80] 2008 Xylene PDMS - Refractometry
(Interferometry)

[72] 2015 Methane PDMS
-SAN Cryptophanes Refractometry

(Interferometry)

[66] 2020 CO2 Polyethylenimine Refractometry
(SPR)

[70] 2013 VOCS Polyvinylpyrrolidone
(PVP) Nilered Refractometry

[71] 2012 Toluene PDMS Nilered Fluorometry

[81] 2011 CO2
Silicon

Photonic Crystal Absorption

[82] 2017 Toluene,
Acetone

polyesteramid &
Poly(2-vinyl pyridine)

Refractometry
(MRR)

[64] 2007
CO ,
NO2 ,
H

InxOyNz
Metal Oxide

gold
nanoclusters

Refractometry
(SPR)

[83] 2014
DMPP,
Acetone,

NB

hyperbranched
carbosilane
polymer
HCSFA2

HFIP
groups

Absorption
(MRR)

Table 1.1: Examples of published matrices and chemical selectors for gaseous species
in integrated photonic sensors
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integrated platform properties and the gas sensing scheme.

1.4.2 Absorption-based Integrated Gas Sensors

Figure 1.6: Infrared absorption spectra of various molecules from Hitran database
[2, 3]

The most widely reported optical gas sensors are absorption-based devices due
to their inherent simplicity. Most of them can provide information on the concen-
tration of the analyte through interaction between the gas and the evanescent wave
generated by a propagating optical mode within a specific region of a waveguide.
As highlighted in the literature [84], the waveguide design is considered to be the
key element for the realization of these sensors. An optimized or a "good" waveg-
uide design generally aims at increasing the overlap of the optical propagative field
and the sensed region through the optimization of two design parameters: (1) the
evanescent field ratio (EFR) that denotes ratio of the evanescent field to the total
power of the propagating mode, and (2) the optical path length over which the
waveguide is exposed to the environment. They form the main figures of merit that
are used to characterize the design potential.

Nonetheless, these sensors can encounter several technological barriers in prac-
tice. Because of their intrinsic absorption properties, most gas molecules absorb
in the mid-infrared region (MIR) where the highest sensing performance is often
achieved [3] as seen in figure 1.6. Gas sensors operating in this spectral region would
therefore not benefit from telecommunication fabrication standards of components
in NIR wavelengths (1310-1550 nm). The materials employed in integrated pho-
tonic platforms typically exhibit transparency features over a specific wavelength
range as seen in [5, 59] thus strongly favoring specific optical platforms for the
detection of certain gases. The high waveguide losses in integrated optics are po-
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tentially also a major problem for the optimization of absorption-based sensors, as
their performance proportionally depends on their optical path length. For this
reason, absorption based gas-sensors require a high quality waveguides fabrication
process. The propagative loss coefficient of fabricated waveguides is thus a key
parameter for comparing those sensors architectures. While most research here is
focused on waveguide design, other architectures have been proposed to enhance
gas-optical interaction with multi-pass cells [85], resonators [83] or photonic crystals
[86]. Photoacoustic gas spectroscopy has also been previously integrated on silicon
for the detection of methane [87].

Figure 1.7: Overview of various waveguide materials employed in integrated optics
and their corresponding transparency ranges [4, 5]

Table 1.4.2 summarizes the different integrated optical gas sensors and their
associated performance parameters, which are EFR, optical length, and optical
loss. Because the optical absorbance varies between analytes, it is observed that
the limits of detection of different analytes are not entirely correlated to their figures
of merit.
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Ref Year Gas LOD EFR Loss
(dB/cm)

Length
(mm) Materials λ

(µm)
Optical
scheme

[88] 2017 CH4 - 47% 8.6-
10.3 - Si-SiO2 3.39 slot wg

[84] 2017 CH4 - 55% 2-3 - Si-SiO2 3.39 strip wg
[89] 2016 NH3 5 ppm 43% - - Si-SiN 3 slot wg

[90] 2017 CH4
C8H18

- - - - - - plasmonic
slot wg

[91] 2018 CO2 0.5 % 19.5 % - 10 Si-SiN 4.26 strip wg

[92] 2018 CO2 10 % 3.3% - 1 Si-SiN 4.27 strip wg
and heater

[93] 2016 CH4 NO 14.2-
1.6 ppm 5% 2.5 17 Ge-Sb-Se 7.7 strip wg

[94] 2017 CH4 100 ppm 25.4% 2 10 Si-SiO2 1.65 strip wg

[95] 2019 CH4 1%-330 ppm 12.5 8 5 Ge-Sb-Se 3.31 spiral
strip wg

[96] 2020 - - - - SiN-SiO2 2.7-3.4 strip wg

[85] 2017 CH4 C2H6
C3H8

- - - 1.33 Si-SiO2 3.2-3.4 tapered multi
path cavity

[86] 2016 CO2 20 ppm - - - Si-SiO2 6.5 photonic crystal
slab surface

[83] 2014
DMPP,
Acetone,

Nitrobenzene

0.002, 140,
1.5 ppm - 6 2 SiN-SiO2 1.423 MRR

Table 1.2: Examples of existing integrated absorption-based gas sensor parameters
and their related performances

1.4.3 Fluorometric Integrated Gas Sensors

Integrated fluorescence gas sensors rely on the emission of light from a chemical in-
dicator doped into the transducer that reacts in the presence of the gaseous species.
The emitted optical intensity and/or spectral characteristics are then detected by
a suitable photodetector and subsequently processed to obtain the desired informa-
tion on the gas species under investigation, as illustrated in figure 1.8.

The adopted sensing scheme is generally conditioned by the chemical properties
of the analyte and the available fluorescent indicators. Various gas-reagent indi-
cators have been used for fluorescent excitation in integrated photonic schemes, as
presented in Table 1.4.3. Fluorescence mainly occurs in the visible optical spectrum,
thus implying the preference for silicon [97, 98, 71], organic materials [99, 42], or
hybrid compositions [100] for possible integration with photo-emitters and photo-
receptors able to operate in this spectral range. Typically, a porous polymer layer
doped with the fluorescent dye is used as the sensing element to detect the gas
species.

Fluorescent optical schemes are usually designed to maximize the optical exci-
tation of the fluorescent dye or dopant in the porous matrix but also for optimal
recovery and measurement of the emitted intensity. The optical architecture typi-
cally relies on three intrinsic fluorescence mechanisms:

1. the emitted fluorescence intensity is proportional, to a certain degree, to the
optical excitation of the fluorescent dye. Several designs have been proposed to
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concentrate the excitation beam onto the transducers for maximal excitation
[97, 98];

2. fluorescent materials typically emit isotropically in all directions, which ren-
ders it difficult to efficiently collect the emitted fluorescence intensity. Exist-
ing solutions generally rely on circular waveguides [99] or planar photodiodes
[100] to maximize photo-receptor contact with the chemical transducer and
thus increase optical recovery;

3. it can be difficult to discriminate the diode-emitted intensity from the actual
fluorescence intensity without a spectrometer. In this case, optical filtering
can be used as an efficient solution to remove or isolate the source-emitted
optical intensity before collection by the photoreceptor(s) [97].

Figure 1.8: Illustration of an integrated fluorescence-based sensor for chemical sens-
ing. Adapted from [6]

Fluorescence-based sensors are well suited for implementation in sensor arrays
or networks [98] and simultaneous multi-analyte detection because of the inher-
ent simplicity of the interrogation technique (intensity-based measurement in most
cases) and the possibility to coat the sensor surface with different chemical indicator-
based materials by micro-printing, for example. The similar excitation wavelengths
for fluorescent dyes allow single-source optical systems to power arrays of different
sensing elements, which is a major advantage for integrated planar systems.
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Ref Year Gas LOD adsorber
layer

Luminescence
indicator materials λ

(nm)
Optical
scheme

[99] 2011 CO2 0.5% Polystyrene
2% Cou-marin 545T +

0.25% Macrolex
Fluorescent Red

PET 460-
600 circular wg

[97] 2007 O2 0.4% Polyurethane
/PDMS pinacyanol iodide Silicon 590-

626 polymer wg

[98] 2004 O2 0.62% PDMS Ru(dpp)3Cl2
Su8

/Silicon 470 Ridge wg

[100] 2002 O2 1% -

ruthenium
tris∼4,7-diphenyl–1,
10-phenanthroline

chloride

ITO
/Silicon 600 Layers

coupling

[71] 2012 Toluene - PDMS NileRed Silicon 465 Silicon
suspended wg

[42] 1993 Ammonia ∼ppb PtOEPK
/PS

Bromcresol
Purple

B-270
glass

B-270
glass wg

[41] 2007 O2 - PDMS
platinum(II)

octaethylporphyrin
ketone

PtOEPK 590
/760

Micro
patterns

Table 1.3: Examples of existing integrated fluorescence-based gas sensor parameters
and performances

1.4.4 Refractometric Integrated Gas Sensors

Refractometric gas sensors are based on the measurement of the refractive index unit
(RIU) change of a sensed region (e.g. top surface of a photonic chip via evanescent
wave) induced by the presence or variation in concentration of a gas species [101, 76].
Gas species at atmospheric pressure and temperature have RI superior to vacuum
that can be calculated by using the gas density and mean polarizability in Lorentz-
Lorenz equation [102]. As a result, integrated refractometric system designs are
not constrained by the use of a particular operating wavelength, and can therefore
benefit from a wider range of fabrication technologies, photo-emitters and detectors
[103].

The RI of a porous layer hosting different gas species can empirically be inferred
from the Arago-Biot equation where:

ntot = npm +
∑
i

Vi
Vtot
· ni with

∑
i

Vi = Vtot (1.3)

where npm is the RI of the porous medium without gases, Vi the volume filled by a
gas i in the porous media, Vtot the total volume of the medium and ni the RI of a
pure gas at given pressure and concentrations [104]. Henry’s law in equation (1.2)
can be introduced to give:

ntot = npm +
∑
i

Si · ṼiPpartial,i · ni with
∑
i

Ppartial,i = Ptot (1.4)
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Figure 1.9: Illustration of an integrated refractometric sensor for chemical sensing
based on Mach-Zehnder interferometer [7]

where Ṽi, Si and Ppartial,i are respectively the gas species i’s individual molar vol-
ume, solubility in the porous medium and partial pressure. Finally, Dalton’s law
of partial pressures can be introduced to show that the RI of a porous medium can
be calculated as

ntot = npm +
∑
i

Si · Ṽi · Ptot · xi · ni with
∑
i

xi = 1 (1.5)

where xi is the molar fraction of the gas mixture outside the medium. It can be
inferred from equation (1.5) that the refractometric sensitivity of a porous
layer depends not only on the difference in RIs of the gas constituents and their
concentrations, but, more importantly, on the solubility difference of each species
in the porous medium. The solubility profile therefore not only defines the gaseous
sensitivity but also the selectivity of the transducer layer in refractometric sensing
schemes. The transducer used in these schemes typically employs polymers [105,
106] that can be doped to enhance the sensitivity and more significantly reduce
crosstalk to other gas species [72, 73].

Last, not not least, one of the most significant advantages of refractometric sens-
ing in integrated photonics is the potential exploitation of light with wavelength-
scale structurization [103] of waveguides. Numerous optical integrated architec-
tures have been proposed to assess RI variations of a porous layer in the presence
of an analyte, including those based on interferometers [72], resonators [105], sur-
face plasmon resonance (SPR) [69], photonic crystals and diffraction gratings [106],
which will be discussed in detail in Chapter 3. Table 1.4.4 references multiple
integrated gas sensors based on refractometry that have been reported.
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Ref Year gaz LOD
ppm

Chemical
transducer

Transducer
coefficient materials λ

(nm)
Optical
scheme

Optical
design
sensitivity

[105] 2016 CO2 20 PHMB 6e-9
RIU/ppm Silicon 1552 MRR 26000

πrad/RIU

[72] 2015 CH4 17 SAN+
Cryptophane

2.67e-9
RIU/ppm Si3N4 1550 MZI 3549

πrad/RIU

[73] 2019 CO2 3130 PDMS+
ZIF-8 - Silicon 660 bi-modal

interf -

[106] 2016 VOCS - Poly-
siloxane - Silica on

Silicon 1550 Bragg
grating

449.63
nm/RIU

[69] 2016
Ethylene,
Methanol,
Ammonia

- Graphene
oxide

1.3e-6,
7e-6,
28e-6

RIU/ppm

Au 500-
1000 SPR -

Table 1.4: Examples of published integrated refractometric gas sensors parameters
and performances
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Research in integrated photonics design has been expanding exponentially for
the past decades. This is clearly demonstrated by the number of published articles
which has been multiplied by nearly 50 folds over the last 25 years, as illustrated
by figure (2.1). After the development of photonic building blocks such as straight
and curved waveguides, micro-rings, gratings and Y-Junctions, to name a few, it
has now become obvious that silicon micro-structuring could be used for designing
numerous optical functions: coupling, filtering, multiplexing-demultiplexing, and
modulation (e.g. geometry, RI profile), etc, resulting in a powerful tool for complex
photonic applications and systems.

This chapter details the photonic software and experimental methods
that have been employed in this thesis to design both the photonic circuits and
the related components, fabricate and characterize the photonic chips, as well as
perform analysis on the subsequent experimental results.
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Figure 2.1: Number of ‘hits’ using a search of published articles on the database
Web of Knowledge, with topic keywords "integrated photonics OR silicon photonics"

The first section reports the design guidelines and computational resources
that have been used to realize photonic integrated structures and circuits. Fun-
damental photonic components such as waveguides and grating couplers are first
designed and modeled for later applications in optical chip coupling and guidance
since these fundamental functions can have a significant impact on the signal qual-
ity and, in the worst case, can hinder the targeted photonic response. Subsequently,
the fabrication process is detailed with a discussion on the structural patterning
concerns in integrated optics. In particular, a specific exposure procedure, denoted
Field Beam Moving Stage (FBMS) Electron-beam lithography for waveguide fab-
rication is demonstrated to prevent stitching errors that usually occur during PIC
patterning over large fields. Lastly, a customized probe station is developed and
demonstrated to facilitate the optical characterization of the fabricated optical
structures, paving the way for advanced photonic response tailoring [23, 107]. The
grating couplers and waveguides designed in this work are then fully characterized
in order to satisfy future needs in de-embedding photonic signals to extract only
the optical response of the device under test.

The methodology developed for the photonic integrated circuits and/or struc-
ture development is summarized in figure 2.2.

2.1 Integrated Photonics Design and Simulation

As previously mentioned, fundamental photonic components to inject, couple and
guide light are necessary to fully characterize any complex photonic devices via a
dedicated testbench based on an optical probe station. After a preliminary discus-
sion on the technical choices (technology material, process, etc) and the compu-
tational software tools employed for the design of integrated photonic structures,
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Figure 2.2: Development process for integrated photonic structures and applications

details on the optical characteristics of fundamental components such as grating
couplers and waveguides, are discussed.

2.1.1 Guidelines for Photonic Chip Design

Various parameters should be taken into account when designing PICs. It is gener-
ally necessary to carefully account for the chip packaging options, experimental con-
ditions, component requirements and application objectives. In fact, as discussed
in Chapter 1, the platform material properties are fundamental for fabricating cer-
tain components to target specific applications. Additionally, a test plan should be
carefully set in advance to define all the measurements that are required to not only
completely characterize the photonic components but also the process. This may
involve, as a result, the integration of supplementary photonics circuits.

2.1.1.1 Material Platform

In this thesis, Silicon Nitride (SiN) has been selected as the guiding material
for the following reasons: (1) together with Silicon On Insulator (SOI) materials,
they are transparent at standard telecommunications wavelengths (1260 - 1625 nm)
[108], which enable possible integration with telecommunication systems; (2) the
technology is CMOS compatible, thus potentially facilitating mass manufacturing
of the photonic structures; (3) both the SiN-SiO2 medium-sized RI contrast and
in-house fabrication processes provide high flexibility of design, especially for de-
vices operating on RI micro-structurization; and (4) the technology is available in
many foundries as well as in the LAAS cleanroom facility. SiN-based photonics
is currently emerging as an alternative technology to the SOI platform [109], as it
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offers interesting features that can be exploited for the development of new original
architectures.

2.1.1.2 Optical Coupling

Several techniques can be employed for light coupling between a PIC chip and an
optical fiber for optical characterization of structures. Butt or edge-coupling [110]
is a widely used technique that relies on the alignment of a fiber tip to be in contact
with the polished or cleaved side of a photonic chip bearing the cross-cut integrated
waveguide. This technique is nevertheless complicated by the large difference be-
tween the fiber and integrated waveguide cross-sections and cleaving difficulty. As
illustrated in figure 2.3, this difference can consequently lead to misalignment and
optical leakage, which can however be partially corrected by employing waveguide
tapers [111] or micro-lenses at either the PIC or fiber end to improve the coupling
efficiency.

A chip-integrated grating coupler can also be employed to enable surface cou-
pling. This can greatly facilitate photonic circuit characterization [23], but comes
at the cost of a much degraded coupling efficiency, since grating couplers gener-
ally exhibit higher transmission losses (∼3-10dB) [112, 113]. Nevertheless, the im-
pact of these losses on the photonic circuits can be partially neglected when using
wavelength-resolved systems. Bragg grating couplers are thus employed in this
thesis to enable ease of characterization of the implemented photonic structures.

2.1.2 Photonic Circuit Simulation and Design

The technological process, system packaging and the experimental specifications
can strongly influence each phase of the PIC design. At the component level,
the specific optical, material and thermal behaviors of a single structure are studied
using photonic propagation modeling and optimization techniques. At the circuit
level, light propagation is studied in terms of spectrally-distributed loss and phase
delay that typically depend on the component properties. The optical contributions
of the waveguides and structures to the injected signal are subsequently calculated,
forming the PIC model principally constituted of operators and scattering matrices.
Finally, at the layout level, the overall circuit pattern of the PIC must respect the
fabrication and characterization requirements. These include structure locations
and software format that must respectively fit into the probe station and comply
to the characteristics of the lithographic equipment. Numerous tutorials for PIC
designs have been proposed over the years to enable rapid introduction to the
domain for novices [23].

2.1.2.1 Waveguides

The waveguide is the fundamental building block in all photonic circuits and is
generally used for connecting or linking photonic components. The RI profile and
dimensions of the waveguide thus have a very high impact on the circuit design as
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Figure 2.3: Electric field of fundamental modes of (a) 400 nm×800 nm SiN waveg-
uide and (b) single mode fiber (SMF-28), with SiN waveguide mode for scale

they define the optical mode shape, propagation constants, minimum bending radius
and evanescent field ratios, which are the most important properties to account for
in guided-wave applications. However, for fabrication purposes, equal consideration
should also be given in advance to other associated integrated photonic components
sharing certain waveguide parameters (e.g. core thickness and width, material).

In this thesis, the optical mode calculations are principally performed with the
Lumerical Inc. Software, using its Finite Difference Eigenmode (FDE) solver.

Here, the RIs for Silicon Nitride (SiN) nSiN and Silicon Oxide (SiO2) nSiO2

are experimentally measured with an ellipsometer at ∼ 1.97 and ∼ 1.45, respec-
tively, at 1550 nm. The waveguide cross-sectional dimensions are then set at
400 nm × 800 nm to ensure single mode propagation for cladding RIs ranging
from 1 to 1.6 RIU, assuming that the cladding can be either air, SiO2, polymers
such as PDMS or SU8 with respective RIs of 1, 1.45, 1.4, and 1.58. Figure 2.3
compares the simulated electric fields and associated RI profiles of the waveguide’s
fundamental mode and that of a single-mode fiber (SMF-28) for 1550nm wavelength
propagation. The effective index (EI) (i.e. principal propagation constant which is
associated with the phase velocity of a given mode) of the waveguide’s mode (fig-
ure 2.3(a)) designed with the aforementioned dimensions, is estimated to be ∼1.7
at 1550 nm.

Bend-induced waveguide losses that are due to coupling to radiation modes
can also be estimated [114] by using the imaginary part of the calculated EIs in
mode calculation models incorporating scattering boundaries that can account for
waveguide curvature. Before the actual mode calculation process, the Lumerical
mode solver typically adopts a conformal mapping of the RI profile [115] to simulate
curvature. Figure 2.4(a) shows the simulated propagation losses due to coupling
to radiation modes versus bend radius, indicating that a 50 µm bending radius
is largely sufficient to limit radiation losses. Additionally, the modal mismatch
between the curved and straight regions of a waveguide has been shown to possibly
perturb propagation in PICs. Nevertheless, adiabatic transition can be achieved
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Figure 2.4: (a) Simulated propagation loss versus bend radius, simulated with FDE
with conformal mapping, and (b) 2.5D FDTD simulation of Bezier-apodized waveg-
uide curvature with 50 µm average bending radius

by using an elaborate curvature design. A widely used technique which is simple
to introduce in photonic wiring circuit designs is to use curve apodization, for
example, by using Bezier curves [116]. To model the behavior to curvature (or
bending), the 2.5D Finite-Difference Time-Domain (FDTD) technique is a rigorous
and effective method to study wave propagation. FDTD is a numerical modeling
technique that is used for studying systems that rely on solving a set of time-
dependent differential equations. In photonics, it is accepted as a powerful and
rigorous method for simulating the propagation of electromagnetic (EM) waves
through different types of wavelength-scale optical structures. The principal FDTD
modeling methods are: 2D, 2.5D or 3D, which should be chosen according to the
specifications of the optical structure studied. Here, 2.5D FDTD is based on a 2D
model of the beam propagation in the waveguide which incorporates a global index
profile in the third dimension. Figure 2.4(b) illustrates the optical field propagation
in a bend region (top view) for a Bezier-apodized curved waveguide obtained using
2.5D FDTD simulation.

Note, however, that the actual propagation losses for typical optical modes
in straight waveguides usually depend on the material’s intrinsic optical absorption
and on the rugosity of waveguide interfaces, both of which are fabrication-dependent
parameters.

2.1.2.2 Grating Coupler

Modeling of grating couplers also requires important consideration at the structural
level. The coupling efficiency and bandwidth of grating couplers are key parameters
as they define the PIC’s operating spectral range. The coupling mainly depends
on the following properties: first, (1) the Bragg condition applied on a fiber-chip
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Figure 2.5: Illustration of the cross-section and key parameters of a full-etched
binary grating coupler

coupling system [112, 113]:

neff,grating − nc sin(θ) = λ/Ω (2.1)

where the EI of the grating can be determined by its RI profile and fill factor
for guided propagation; then, (2) the grating’s coupling strength, which typically
depends on the RI contrast of the integrated waveguide materials, the fill factors
and grating length superposition to the fiber core diameter interface, should be
adjusted to optimize coupling; (3) destructive interference at the bottom oxide sub-
strate should be obtained to prevent optical leakage into the substrate; and (4) con-
structive interference between the lead-in/lead-out fiber tip and the grating surface
should be obtained as well. Fully etched grating couplers, which also benefit from
the advantageous single-step lithographic fabrication process, are thus employed in
this research to couple light in and out of the waveguides. Their performances can
typically be analyzed in terms of (1) their maximum coupling efficiency, i.e. ratio of
input to output light, and (2) their spectral bandwidth, that should be maximized
to support broadband coupling.

To facilitate light coupling into the grating, standard SMFs with fiber tips pol-
ished to an 8◦ angle to the normal, also known as angled physical contact, are
employed. The subsequent Bragg condition imposes a grating period of approxi-
mately 1 - 1.2 µm for coupling around 1550 nm. Hence, additional modeling work is
used here to further refine the coupling behavior: 2D-FDTD simulation is applied
on a grating coupler structure shown in figure 2.6, and a parametric analysis is
performed to obtain an optimized pattern. Figure 2.7 illustrates the coupling effi-
ciency of the grating coupler at 1550 nm for different values of grating parameters,
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Figure 2.6: (a) Perspective of a grating coupler model, and (b) 2D FDTD simulated
coupling profile at resonance

namely, grating period, fill factor, bottom oxide thickness and cladding thickness
(for an SiO2 cladding). These are obtained for a structure proposed in figure 2.5.

The grating period and duty cycle are subsequently adjusted to 1.14 µm and
0.55, respectively. Similarly, interference patterns are observed in figures 2.7 (c) and
(d) for different thickness of bottom oxide and top cladding. Low insertion loss is
obtained for constructive interferences at the cladding and destructive interference
at the bottom oxide, for which thickness values are respectively set at 1.1 µm and
2.1 µm. The maximum simulated coupling efficiency and -3 dB transmission band-
width are approximately 38% and 80 nm, respectively, for an excitation wavelength
of 1550 nm . Additionally, near-symmetry of the scattering parameters has been
achieved thus implying that the coupling transmission behavior is reciprocal.

2.1.3 Design Layout

The PIC layouts have been designed using the KLayout editor software, a free layout
drawing tool for nano-techs that supports multiple scripting languages (Python,
Ruby, etc) and provides the user with a very large and flexible panel of drawing
functions. The photonic chip layouts have been produced using a combination of
(1) personal scripts written in Ruby and Python, and (2) L. Chrotowski’s open
source photonic design libraries downloaded from github [23]. The layout process
begins with the PIC floor plan which defines where each of the devices or optical
functions of the chip will be located, as well as the placement of the primary input
and output optical ports, i.e. grating couplers, to suit PIC packaging requirements.
The masks for all the devices or optical functions are next drawn, according to
the parameters from the simulated models. These devices are then connected via
Bezier-apodized waveguides, whose maximum curvatures are verified. The final
layout is subsequently compiled by using multiple dedicated programs in order to
comply the lithographic machine requirements.
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Figure 2.7: Grating coupler transmission characteristics for fiber-to-waveguide cou-
pling at 1550 nm as a function of (a) grating period, (b) fill Factor, (c) bottom
oxide thickness, and (d) cladding thickness.

2.1.3.1 Floor Plan for Optical Chip Coupling

In this work, a simplified optical probe station using fiber arrays has been developed
to couple light into the optical chip through grating couplers (see figure 2.14 in
Section 2.3). The fiber array (later shown in the experimental setup, figures 2.14 and
2.15) consists of a bundle of optical fiber ends arranged in one or two dimensional
arrays simply by placing each fiber into v-grooves fabricated on a solid surface to
ensure a periodic spacing (typically 127 µm or 255 µm). Such fiber arrays allow
a relatively fast and easy positioning of the fiber cores with respect to the grating
couplers on the PIC. This is carried out using active alignment which consists in
measuring the quality of the transmission (typically through an alignment structure
comprising a pair of input-output grating couplers) during the alignment process.
This technique is comparatively more efficient than the lengthy process of separately
positioning two fibers at the input and output grating couplers of the chip without
any real feedback (i.e. only manual inspection via a camera).

2.1.3.2 Lithographic Requirements

The layout also needs to exactly fit the constraints imposed by the lithographic pro-
cess. In particular, the resist properties (material type, photosensitivity, thermal
and mechanical behaviors, etc) as well as the lithographic resolution and pattern-
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Figure 2.8: Layout pictures of (a) basic waveguides and grating couplers of fabri-
cated photonic chips n◦ 1 - n◦ 2, (b) fabricated photonic chip n◦ 4 with alignment
structures, and (c) fabricated photonic chip n◦ 6. Further details are given in ap-
pendix.

ing techniques should be taken into account to better predict their impact on the
PIC performances. In this work, MaN2405 was used as a negative resist that is
compatible with the RAITH electronic lithography equipment.

Here, the sub-type of the drawings must specifically correspond to the format
supported by the Raith lithographic exposure modules. Each module specifies the
exposure procedure and requires that the given geometries fit a specific format. As
will be described in the following sections, normal and FBMS modes have been
utilized in this thesis.

Figure 2.8 shows the related components of the designed layouts for PICs n◦ 1,
n◦ 2, n◦ 4, and n◦ 6. Typical grating coupler pairs are also used as connectors for
both the refractometric structure wiring and various structures that are introduced
in the next chapters. The layout content is detailed in appendix A.1 for each
fabricated chip n◦ 1 - n◦ 7.

2.2 Fabrication of Integrated Photonic Chips

2.2.1 Overview

Numerous processes have been utilized for the fabrication of photonic circuits. As
previously mentioned, SiN-based technologies can significantly benefit from the
techniques employed in CMOS process. In this section, the SiN process developed
in this thesis is detailed. It has been conceived in close collaboration with LAAS’
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Figure 2.9: Illustration of typical electron-lithography process for integrated waveg-
uide fabrication with negative resist

cleanroom engineering team to successfully fabricate operational PICs while taking
into account the related equipment specifications. As illustrated in figure 2.9, the
fabrication of waveguides and photonic devices is achieved through multiple succes-
sive steps of (1) material deposition, (2) lithography, (3) material etching,
and (4) cleaning.

The most widely employed techniques for depositing solid materials are chemical
vapor deposition (CVD), epitaxy and sputtering. The optical, mechanical and
thermal properties of the deposited films usually depend on the technique utilized.
Consequently, in order to inform the photonic models with the properties of the
deposited films (e.g. RI) and parameters (e.g. thickness, non-uniformity, etc), it is
necessary to accurately characterize the deposited films.

The patterning of photonic structures can typically be performed using different
lithographic techniques which possess various exposure behaviors and resolutions.
The achievable resolution mainly depends on the source wavelength and its distance
from the surface to be exposed. These include step-and-repeat optical lithography
systems (steppers) either at "standard" wavelengths (e.g. 436 nm ("g-line"), 405 nm
("h-line") and 365 nm ("i-line")) or deep ultraviolet lithography (e.g. 248 nm ("KrF")
and 193 nm ("ArF")), or extreme ultraviolet lithography EUV (e.g. 13.5 nm) or,
lastly, electron-beam lithography, for which the electron wavelength can be esti-
mated at the picometer level. Finally, inscribing the patterns onto the previously
deposited substrate is generally carried out by continuous chemical etching in a wet
or plasma environment. Nanoimprint lithography technology that combines pat-
terning and shape-transfer is also an alternative solution for high-resolution PIC
fabrication [117] over large areas without stitching errors. NIL, however, requires a
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mold to imprint patterns onto the resist by mechanical deformation but can enable
mass-manufacturing of high-resolution patterns.

To summarize the whole fabrication procedure, the conceived fabrication pro-
cess for SiN photonic circuits firstly consists in depositing SiO2 and SiN materials
onto a previously cleaned silicon 4-inch wafer using Plasma-Enhanced Chemical
Vapor Deposition (PECVD). The wafer is subsequently sliced into multiple rectan-
gular pieces. A negative resist coating is next deposited by spin-coating, followed
by E-beam pattern exposure and development of the resist. The generated resist
structure then serves as a layout mask for engraving the SiN by using a Reactive-Ion
Etching (RIE) process. The chip is finalized by removing the remaining unwanted
resist with wet chemical and plasma cleaning. The process is further described in
the following subsections.

2.2.2 Plasma-enhanced Chemical Vapor Deposition

Plasma-Enhanced Chemical Vapor Deposition, as opposed to Low-Pressure Chem-
ical Vapor Deposition (LPCVD), can enable thick films to be deposited on a wafer
using plasma technology. On the one hand, LPCVD is a slow and costly tech-
nique that uses heat (SiN growth typically requires a temperature between 700◦C
and 850◦C) to initiate the reaction of a precursor gas with the solid substrate
while maintaining a sufficiently low gas pressure to both improve the deposited
thickness and material uniformity as well as prevent other parasitic chemical reac-
tions to occur. As a result, compared to PECVD, LPCVD generally incurs higher
mechanical stress within the deposited layer, thus limiting the film thickness to
approximately 300 nm - 400 nm [118]. PECVD, on the other hand, is a low tem-
perature technique (SiN growth typically requires a temperature that is lower than
300◦C) and thus exhibits much lower thermally induced mechanical stress in the
substrate. Although PECVD could potentially result in lower film uniformity and
material quality compared to LPCVD, as well as contribute to relatively higher
intrinsic material optical absorption at the 1550 nm telecommunication wavelength
if poorly operated [119, 118], its low temperature advantage and low cost process
far outweigh the potential inconveniences. Consequently, for fabrication simplic-
ity and cost effectiveness, PECVD is employed over LPCVD to obtain the desired
waveguide thicknesses in our prototypes.

The equipment used for SiN and SiO2 deposition is the ApSy PECVD 100.
After cleaning the silicon wafer with O2 Plasma, SiO2 is deposited for 3.15 mins
using plasma at 750 mT-300 W-380 kHz-300◦C with a SiH4/N2 mixture. The
film’s RI and average thickness are then respectively measured with an UVISEL
ellipsometer to be 1.475 @450 nm (estimated at 1.45 @1550 nm) and approximately
2 µm, as summarized in table 2.1. The SiN layer is next deposited over 3.10 mins
using a 650 mT-185 W-380 kHz-300◦C plasma with a SiH4/NH3/N2 mixture. Its
RI @1550 nm and average thickness are next estimated to be 1.97 and 405 nm,
respectively. Two wafers have been produced and then diced into square pieces of
2×2 cm2 by water jet-cutting, with prior deposition of protective resist to avoid
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Material Average Maximum Minimum Uniformity
SiOx (nm) 1993,4 2119,4 1778,03 0,087
SiNx (nm) 404,5 417,2 392,0 0,031

Table 2.1: Thickness profiles of the deposited films

surface damage during the process.

2.2.3 E-Beam Lithography

Electron Beam Lithography (EBL) can achieve sub-10 nm patterning resolution
by relying on accelerated electron sputtering onto electron-sensitive resists. This
resolution, currently unmatched by conventional optical lithographic techniques, is
highly interesting for integrated photonics requiring subwavelength patterns. Nev-
ertheless, while EBL is particularly well adapted to address PIC prototyping with
high-resolution and at relatively low-cost, the photonic structures and the associ-
ated circuit design should ultimately be made to conform to conventional techniques
available in Multi-Project-Wafer fabrication dedicated to PIC manufacturing (e.g.
via Europractice partners: IMEC, CEA-Leti, LioniX, etc).

The computer-controlled EBL equipment comprises (1) an electron gun that
supplies and accelerates electrons to (2) a column system made of electromag-
netic lenses that, in turn, shape and focus the electron-beam, to finally sputter
the photonic chip that is placed on (3) a mechanical stage that is mainly used for
macro-displacement under the electron column. EBL allows direct custom writing
as it does not require any mask layer as opposed to photolithography. The beam
is scanned in a sequential manner over the areas to pattern. Therefore, process-
ing large surface areas can subsequently limit the exposure speed, rendering this
technique unsuitable for mass-manufacturing (unless multi-parallel writing devices
are employed). As previously explained, the resolution in optical lithography is
mainly limited by the diffraction limit which, in turn, depends on the exposition
wavelength (i.e. the De Broglie wavelength). The equivalent De Broglie wavelength
for 10 - 100 keV of electron energy (energy typically emitted by EBL) is calculated
to be approximately 5 - 20 pm, while the minimum EBL resolution is on the order
of nanometers. The large difference (∼ 3 orders of magnitude) between the EBL’s
attainable resolution and the electron wavelengths can be attributed to three major
factors:

1. the spherical and chromatic aberrations of the lenses tend to complicate
proper focusing of the beam. Several systems have been proposed to cor-
rect these problems [120].

2. electron-scattering is caused by both elastic and inelastic electron-material
interactions. This results in electrons diffusing into the resist, thus statistically
broadening the exposed area: this is known as the proximity effect.
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Figure 2.10: (a) Image of RAITH150 equipment in LAAS cleanroom [8], (b)
overview of RAITH software [9], (c) E-beam operating schematic [10]

3. resist swelling and contraction occur during the development process and tend
to slightly distort or even induce cracks in the resist layer.

Similar to [121], prior calibrations of the resist and exposure parameters (resist
coating tests, dose adjustments, etc) are performed to achieve optimized patterning
with the desired structure dimensions. These calibrations also enable one to deduce
slight deformation that should be applied on the waveguide layouts to compensate
the proximity effect. This adjustment is also known as proximity effect correction
[9].

In most cases, the EBL process the layout by dividing it into multiple writing-
fields, also called working areas, for which exposure is iteratively performed. The
working areas are defined by the capacity of the electron optics to scan the surface
without moving the mechanical stage that supports the exposed substrate. Usually
much smaller than the area required by PICs, these working areas can generate
stitch errors due to the imprecision of mechanical alignment between adjacent re-
gions. This would normally cause mismatch of the waveguides at the interface and
produce relatively high optical losses. Typical methods to reduce the effect of this
fabrication flaw in the lithographic process include over-exposure at the working
area junctions, enlargement of the areas at the interfaces, or minor extension of
the working field’s printing size to slightly superimpose on adjacent structures at
the junction. However, these procedures are strongly dependent on the exposure
parameters thus rendering it difficult to reduce the mismatches consistently. In this
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thesis, the RAITH150 EBL offers a very specific pattern process known as Fixed
Beam Moving Stage (FBMS). This writing mode enables certain types of pattern to
be stitch-free by continuously exposing path-type structures over long distance with
repetitive sweeping of the beam location to control path width, which is also ex-
pected to smoothen the waveguide curvatures. This operating mode, which requires
its own calibrated exposure parameters and layout file formatting, is subsequently
used for linking photonic components with waveguide patterning.

2.2.3.1 Sample Preparation Procedure for MaN2405 Coating

1. Chip blowing with N2 gun
2. Flush with acetone
3. Flush with de-ionized (DI) water
4. Dry with N2 gun
5. Dehydrate for 2 mins @200◦C (ESSILOR Hotplate)
6. Plasma O2 cleaning (Diener Electronic)
7. Hexamethyldisilazane (HMDS) primer deposition using OBDUCAT HMDS

equipment - silanization facilitates resist adhesion to the chip surface
8. MaN2405 spin coating: 300 µL, 5000 rpm/60 s.
9. Dry for 2 mins @90◦C
10. Electra92 spin coating: 5000 rpm/60 s - Electra is a protective resist used

for charge dissipation during electron exposure. It is observed that post-coating
drying could cause cracks to form here.

2.2.3.2 Electron Beam Lithography Parameters on MaN2405

1. set the column and electron gun parameters to: 20 kV acceleration voltage,
37 pA current, step size 10 nm

2. Set the writing fields at 127 µm and map origin so that no grating couplers
are in between writing fields.

3. Set the exposure dose at 112 µC/cm2 for normal exposure mode and with a
dose factor of 1.25 for FBMS mode

4. Verify the exposure order
5. Set a 40 nm field decalibration in order to limit stitching error: Use a UV

Zoom factor of 1.0003 in the "Writefield Alignment" window

2.2.3.3 maN2405 development

1. Develop in pure MF CD 26 for 50 s
2. Rinse in DI water for 1 min
3. Dry with N2
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Figure 2.11: Scanning Electron Microscope (SEM) images of (a) normal exposure
mode mismatch at working field junctions and (b) resulting waveguide cleave due to
stitching effect after resist stripping, (c) FBMS exposure mode with small sweeping
stripes on the resist and (d) resulting waveguide showing no cuts, and (e) resist after
development on a normal/FBMS waveguide junction showing (f) minor waveguide
dimensional variations
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2.2.4 Reactive Ion Etching

Reactive ion-etching (RIE) is a dry etching technique commonly used in micro-
fabrication. A plasma is firstly created by a strong radio-frequency EM field and
induces ion collision with the wafer surface. Depending on the plasma’s chemical
nature, reaction can lead to anisotropic etching of the material on the surface, which
is used here to transfer the resist patterns onto the substrate. Here, the Etchlab200
machine has been used to engrave SiN to form the photonic structures and waveg-
uides. An integrated interferometer allows in situ tracking of the etching process
by detecting the laser interference associated with the depth. In our RIE process,
the main plasma gas flow rates for CHF3 and O2 are, respectively, 50 cm3/min and
3 cm3/min, while the plasma bias power is 100 W and the etching chamber pressure
is 70 mTorr. The fabricated devices are illustrated in figure 2.12.

Figure 2.12: Images of fabricated devices of chips n◦ 1 and n◦ 2: (a) optical micro-
scope (OM) image of grating coupler pair for chip in/out coupling, (b) OM image
of spiral waveguide designed for waveguide loss measurement, (c) SEM image of
fabricated grating coupler, and (d) SEM image of fabricated broadband coupler
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2.3 Integrated Photonics Experimental Characteriza-
tion

2.3.1 Overview of Experimental Setup

Figure 2.13: Illustration of experimental setup

The measurement setup developed for characterizing photonic structures consists
of a broadband light source (BBS) , an optical spectrum analyzer (OSA) , a probe
station with a fiber array and the chip under test, as illustrated in figure 2.13. As
previously mentioned in Section 2.1.3, the fiber array incorporates a set of SMFs
bound and held together by a support at one end, with each fiber core separated
by a pitch of ∆ = 127 µm. Each structure to be characterized is connected to
the respective input/output port of a grating coupler which allows the injection
and recovery of the interrogating light through the fiber array positioned on top
of the chip-integrated grating coupler pair. The coupling efficiency of the grating
coupler generally depends on the polarization state of the injected optical mode
which can randomly vary during propagation along the fiber. In order to ensure
correct polarization of the injected light, polarization controllers and/or polarization
maintaining fibers have been used in this thesis.

The fiber array is mounted onto XYZ motorized linear stages (ZABER) driven
by a dedicated LabVIEW program for alignment purposes, as shown in figure 2.14.
The alignment procedure relies on a few steps and is similar to that in [107]:

1. the PIC is placed on the sample holder stage with the correct orientation

2. a rough alignment of the PIC-fiber array is achieved by rotating both the
sample stage and fiber array (yaw adjustment)
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Figure 2.14: Picture of optical characterization setup

3. the fiber array is moved closer a few tens of micrometers to the sample stage,
as seen in figure 2.15

4. a visible laser connected to the fiber array outputs and a microscope camera
are used for angle adjustments and positioning of the fiber array on top of a
pair of grating couplers

5. the laser is replaced by the IR source and finer alignment performed through
feedback of the measured transmission of the components being aligned (sim-
ilar to figure 2.12 (a)) or the functions under characterization

A bespoke algorithm is then incorporated into the program to enable automatic
scanning of the entire chip’s photonic structures or components via this feedback
scheme. To ensure temperature stability, the chip is placed on a Thorlabs mount
integrating a Thermo-Electric Cooler (TEC). The TEC additionally enables tem-
perature tuning to study the temperature-induced spectral responses of these struc-
tures.
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Figure 2.15: Enlarged image of the fiber array alignment with respect to the PIC
chip

2.3.2 Optical Characterization of Grating Couplers

Multiple grating couplers with various grating pitches have firstly been fabricated,
taking into account potential discrepancies of both the material and structural pa-
rameters from the simulated models. As shown in table 2.2, a blue shift of the
coupling resonance pattern is observed in the measured transmission, when com-
pared to simulated values. An SEM scan suggests this difference to be mainly
attributed to a low electron-lithography exposure of the grating couplers, thus re-
sulting in a reduced grating fill factor. It is also observed that the resonance centre
could slightly shift as a function of the fiber array-grating coupler alignment. This
slightly complicates the de-embedding procedure of the responses of the photonic
structures. In addition, it has been decided to use SU8 coating instead of SiO2 as
the surface cladding for the future chips to facilitate chip fabrication and anticipate
future modifications (such as window openings on waveguides or changes in cladding
thickness). Maximum transmission is obtained by further optimization of the fiber
array-to-chip angles and the associated contact areas, leading to a maximum cou-
pling efficiency of - 6.5 dB, as shown in figure 2.16. However, in this thesis, all the
measurements are performed with a safety gap between the fiber array and PIC (to
prevent damage to both) so that coupling losses are slightly higher. Figure 2.17
displays the measured topography of the coupling efficiency of the grating coupler,
showing that a micrometer precision is necessary for a relatively optimal coupling
efficiency to be obtained.
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Grating Simulated center Simulated Measured center Measured estimated
coupler n◦ resonance (nm) bandwidth (nm) resonance (nm) bandwidth (nm)

1, period=1.12µm 1528 100 1520 86
2, period=1.14µm 1547 100 1539 90
3, period=1.16µm 1563 110 1549 92

Table 2.2: Measured transmission spectral parameters of the realized grating cou-
plers

Figure 2.16: Typical transmission spectra of a grating coupler : (a) simulated, and
(b) measured

Figure 2.17: Topography of coupling efficiency of grating coupler

2.3.3 Optical Characterization of Waveguides

Once the grating couplers are characterized, the waveguide losses have to be deter-
mined for circuit scaling. This is carried out by measuring the transmission of the
designed waveguides of different lengths varying between 100 µm and 3 cm. The
waveguide losses for Chip n◦ 1 and Chip n◦ 2 are found to be higher in the case of
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normal mode exposure during fabrication as compared to other chips fabricated un-
der FBMS continuous exposure with respective propagation loss values at 15 dB/cm
and 5.5 dB/cm. This is due to the higher number of waveguide mismatches induced
in the waveguide coils for the normal exposure mode. The 5.5 dB/cm loss for FBMS-
exposed waveguides, however, remains high in comparison to typical SiN waveguides
which exhibit < 1 dB/cm losses for high-end waveguides [122, 118] or, recently, to
the order of 1 dB/m [60] for unconstrained waveguides. A possible solution for
reducing the relatively high propagation losses is to anneal the photonic chip (at
1150◦C) as it has been demonstrated to considerably reduce N-H absorption in the
SiN layer and smoothen waveguide sidewalls [118]. This solution is, however, not
readily employable in the LAAS cleanroom as well as the time constraints involved
to implement the new process. Another potential solution is to use a Damascene
reflow process to exploit the structural properties of SiO2 for SiN waveguide man-
ufacturing [123]. This, however, complicates the fabrication process as well as it is
unsuitable for some original structures that have been developed in this thesis.
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This thesis focuses on integrated refractometers, among other optical
schemes, for the development of integrated gas sensors. The rapid technologi-
cal progress in micro-technologies is continuously unlocking new possibilities to
micro-engineer materials and structures, both at the wavelength and sub-wavelength
scales. As suggested in Chapter 1, among the three main optical gas sensing schemes
(absorption, fluorescence and refractometry), refractometric schemes demonstrate
the highest potential for original design possibilities. Moreover, refractometers
present the widest range of applications since the RI is a common property for
all materials, and can thus be exploited for diverse sensing applications, such as
pressure, temperature [39] or chemical sensing [101, 124]. The advancement in re-
fractometric technology can therefore potentially have higher impact on the sensing
industry compared to the other sensing schemes previously described.

A brief overview of the different optical schemes that are used for refractomet-
ric sensing in integrated optics is presented in this chapter. The chapter opens
with a short theoretical treatment of the refractometric sensitivity, followed by a
discussion on the tools and figures of merit that are widely employed by the
photonics community to assess the performances of various refractometric designs.
Secondly, the five main refractometric sensing structure types employed in
integrated optics are described, namely interferometers, resonators, plasmon-
ics, diffraction gratings and photonic crystals. A selection of simulation and
experimental results from state-of-the-art conventional structures that have been
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realized in this thesis is then displayed for each type of integrated refractometer.
Finally, a non-exhaustive list of reported integrated refractometers is analyzed and
discussed. Overall, this chapter proposes a model for analyzing the individual com-
ponents and/or functions generally employed in integrated refractometers, both to
give insight on optimization patterns and methods that can be exploited for
the development of specific refractometers, and to underline the advantages and
drawbacks of each refractometer type.

3.1 Refractometric Performances

3.1.1 Waveguide Sensitivity

Most integrated refractometric sensors are based on the variation of the effective
index (EI) of an optical propagating mode induced by the change in RI of the sensi-
tized layer placed in the vicinity of the waveguide surface. Similar to sensors based
on the optical absorption of evanescent waves (EW) which operate on maximizing
the evanescent field ratio (EFR) to the total mode field, a common optimization
method of refractometric schemes is to maximize the dependence of the EI on the
surrounding region’s RI to be detected. Subsequently, this influence factor, gen-
erally known as the waveguide refractive sensitivity for a given mode, i, can be
expressed as:

Γi (λ, neff,i) = ∂neff,i
∂nc

(λ, neff,i) (3.1)

This equation quantifies the ability of the waveguide structure to modify a
mode’s EI neff,i when the RI of the surrounding cladding medium nc is caused
to change. Note that it is a common misconception to consider the field overlap
ratio to the sensing region of a waveguide as being equal to the waveguide refractive
sensitivity. By using the modal interference conditions for constructive interference
in waveguides, an analytical formula for the waveguide evanescent refractometric
sensitivity in 1D step-index models can be found to be [125, 126]:

∂neff
∂nc

= nc
neff

PC
Ptot

[
2
(
neff
nc

)2
− 1

]ρ
(3.2)

where Ptot and PC respectively denote the total optical power and its fraction that
propagates in the cladding, and ρ denotes polarization being equal to 0 for TE
modes and 1 for TM modes. The demonstration for TE polarization is given in
appendix A.4. This shows that the refractometric sensitivity is not only dependent
on the power fraction in the cladding used as a sensing region, but also depends
directly on parameters that are primarily dependent on the waveguide materials’
index contrast. Marcatili’s method for calculating EI of 2D models from 1D modal
calculations can similarly be applied to obtain analytical formulas of the waveguide
sensitivity for 2D models.
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3.1.2 Chromatic Dispersion and Group Index

By analogy to waveguide sensitivity, it is obvious that any change of wavelength of
the propagating modes can perturb the modal interference conditions and induce
changes in the waveguide’s mode power distribution, and therefore "see" its EI vary
with the wavelength: this is the waveguide dispersion. The intrinsic material RI
dependence with wavelength, defined as material dispersion, should also be taken
into account to achieve higher model accuracy. The overall contribution is known
as chromatic dispersion [127, 128] and induces the propagation constant to vary
with the wavelength in many different ways. This phenomenon is present in most
waveguides and affects the optical behavior of many RI-based architectures and sys-
tems. Chromatic dispersion particularly intervenes in the sensing analysis of most
optical refractometers as they generally rely on the characterization of the spectral
shift of an optical signature whose spectral position depends on EI. The first-order
chromatic dispersion information of a waveguide’s mode at a given wavelength is
generally contained in the group index (GI), as given by [129]:

ng(λ) = neff (λ)− λ∂neff (λ)
∂λ

(3.3)

which is generally used to analyze the instantaneous sensitivity of refractometric
schemes. Higher-order dispersions are mostly utilized in more specific applications
such as those based on the optical pulse-broadening Kerr-effect or in more advanced
analysis.

3.1.3 Refractometric Sensitivity and Figure of Merit

As explained in Chapter 1, it is difficult to distinguish the efficiency of the optical
scheme from the overall performance of the sensing system. For instance, the RI
limit of detection (LOD) of a refractometer partially depends on the the equipment
used to characterize the device, such as the measurement apparatus, source and
coupling performances, noise resolution, precision, etc, which is not relevant for
qualifying the intrinsic performance of the refractometric design. For this reason,
different parameters commonly used for evaluating the performance of refractomet-
ric schemes have been proposed in the literature.

On the one hand, in the case of a single wavelength intensity-based measure-
ment, the RI influence on the transmitted intensity, namely Sint = ∂(I/I0)/∂nsens,
can be evaluated in dB/RIU. One of the main issues of highly sensitive refractomet-
ric schemes based on intensity is that the operational range of the sensor is greatly
reduced in most cases. On the other hand, for spectrally-based systems, the spectral
sensitivity Sλ = ∂λshift/∂nsens defines the ability of a structure’s spectral response
to shift with RI variation induced by environmental perturbation. Spectral interro-
gation techniques typically relies on tracking a spectral feature or characteristic (e.g.
peak, dip, etc) of the sensor’s spectral response, which could result in an increased
measurement range compared to the intensity-based method (depending on the
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performance of the optical spectrum analyzer, for example). Note, however, that
Sλ primarily focuses on the spectral position analysis only and thus neglects other
aspects: hence, the broader the spectral signature, the more difficult it is to track
its position accurately. For this reason, the sharpness of the spectrum’s peak(s) is
an appropriate parameter for comparing refractometric schemes. Related parame-
ters such as the Full-Width Half-Maximum (FHWM) , and other derivatives such
as quality factor or Free Spectral Range (FSR) for sine-shaped spectral responses
are commonly used figures of merit which characterize the broadness of the spectral
features. Together with the spectral sensitivity, these parameters form the principal
Figure Of Merit (FOM) which can be defined as

FOM = Sλ
FWHM

(3.4)

in units of RIU−1. FOM can also be related to Sint around certain measurement re-
gions for intensity-based measurements. Note that FOM alone can provide precious
insight into the potential LOD of a refractometer. However, the determination of
the pattern’s position can be facilitated by curve-fitting using appropriate mathe-
matical functions such as the Lorentzian. Such methods tend to integrate values
over the measurement spectra, therefore reducing the effect of the measurement
noise and consequently implying that Sλ becomes all the more important for com-
paring refractometric performances.

3.2 Refractometric Sensing Schemes

In this section, the operating principles of the main refractometric sensing schemes
are presented. In particular, Mach-Zehnder interferometers as well as micro-ring
resonators are also fabricated during this thesis to characterize the process technol-
ogy and also to serve as reference. Note: most theoretical formulas that are given
here for the different figures of merit of the sensing schemes are first-order approx-
imations based on Taylor Series. After having briefly introduced the main different
refractometric schemes that can be employed in integrated photonics for the realiza-
tion of refractometers, each section proposes a non-exhaustive list of the respective
integrated photonic structures that have been simulated and/or realized by the sci-
entific community between 2016 and 2020. The objective here is to summarize the
different sensor schemes that have been proposed to expose trends. Approximately
80 different structures operating in the NIR have been analyzed and figures of merit
such as spectral sensitivities or spectral shape sizes have been extracted and com-
pared from information reported in the articles. The sensors are classed according
to the refractometer "family" and subtype as previously described, while outlining
the specific core concept for each architecture.
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3.2.1 Interferometers

Interferometers are devices based on the superposition of two (or more) coherent
light beams to generate interference patterns which are dependent on the optical
phase difference between the interfering beams. The interferometer can be employed
for studying any parameters that can induce a relative optical path difference
(OPD) (e.g. displacement, distance, propagation constants, RI variation, etc).
Typically, a "sensing" wave propagates through the sensed region, which modifies
its optical path, and interferes with an "unmodified" or a reference wave whose
path length remains constant. Historically used for measuring distance variations,
interferometers can also be applied to chemical sensing, as the OPD depends on the
RIs of the media surrounding the sensing beam.

In guided-wave optics, a modification of the EI of a propagative mode via the
EW leads to the creation of an optical phase delay that can be detected and mea-
sured by an interferometer. The main interferometric schemes used for refractom-
etry in integrated photonics are based on the Mach-Zehnder interferometer (MZI)
and multimode interferometers. MZIs have the simplest design: a light beam is first
split into an arm going through the sensed region and a reference arm, typically
using Y-splitters or broadband couplers, and then recombined after propagation.
Figure 3.1 illustrates simulated and experimental results obtained from MZIs that
have been designed, fabricated and tested as refractometers in this thesis (see ap-
pendix A.1.6). The phase difference typically induces sine-shaped spectral patterns
that shift as a function of the OPD variations (due to EI variations that are induced
by external perturbations). The MZI’s spectral sensitivity can be approximated by
[130]:

Sλ,int(λ, i, j) = λ
Γi(λ)Li − Γj(λ)Lj
ng,iLi − ng,jLj

(3.5)

where i and j are the two excited modes of the two optical paths, and Li and Lj
the respective path lengths (assuming Li refers to the sensing arm).

Multimode interferometers, on the other hand, are based on the continuous
coupling and interference occurring in a wave guiding structure that supports at
least two propagative optical modes. In this case, the phase difference between the
two modes primarily originates from the intrinsic difference between the GIs (or
ng) of the two modes, since Lj = Li.

As deduced from equation (3.5), performance optimization techniques typically
focus on either phase-matching of the propagative constants or enhancement of the
waveguide’s refractometric sensitivity. In spectral interrogation methods, increasing
the sensing path length is mainly used to reduce the FSR (or equivalently the
FWHM) of the transmission spectra which can be defined as:

FSRint(λ, i, j) = λ2

ng,i(λ)Li − ng,j(λ)Lj
(3.6)

Interferometers are generally considered as tools of first choice for refractometric
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Figure 3.1: A typical integrated Mach-Zehnder interferometer design: (a) propagat-
ing fundamental mode in a strip waveguide simulated with Lumerical mode solver,
(b)-(c) layouts and OM images of fabricated Mach-Zehnder interferometers for re-
fractometry, (d) illustration of integrated strip Mach-Zehnder interferometer, (e)
simulated spectral response of a designed MZI, and (f) measured spectral responses
of a fabricated MZI for coated liquids of different RIs

applications in integrated optics not only for their simplicity of design and fabrica-
tion, but also because they potentially offer the highest sensitivities in the market.
Table 3.2.1 summarizes the performances of the state-of-the-art of MZIs used as
refractometric sensor from 2016 to 2020. The principal drawbacks of integrated
MZI structures are: (1) the high waveguide loss that limits the optical arm length
achievable on which the LOD greatly depends, but also (2) the spectral period-
icity of the transmission pattern, which can complicate pattern tracking without
continuous real-time measurement for highly sensitive architectures.
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3.2.2 Resonators

Resonators are essentially used as filters in optical telecommunications for signal
multiplexing/demultiplexing because of their ability to separate wavelengths with
high selectivity. They can also be used as refractometers displaying very sharp
spectral features. In integrated photonics, they are typically implemented as micro-
ring waveguides, also known as Micro-Ring Resonators (MRRs) [146, 147, 148, 149,
150], or in the form of waveguide cavities, such as Fabry-Perot Resonators [151, 152].
An optical ring resonator is obtained by forming a closed loop waveguide into which
light can be coupled and is expected to make multiple round-trips. Figure 3.2
displays simulated and experimental results of MRRs that have been designed,
fabricated and tested as refractometers in this thesis (see appendix A.1.6).

Fabry-Perot resonators (FPRs), contrary to MRRs, are based on the multiple
reflections of a lightwave within an optical cavity enclosed by two or more reflec-
tors. In both cases, the multiple round-trips of the optical beam result in self-
interferences. Thus, resonance occurs when the loop properties satisfy the condition
for constructive interference, for which the optical transmission is principally driven
by the propagation constants. In this case, the RIs of the surrounding medium can
be retrieved by analyzing the resonance spectral shifts. Although these resonator
architectures also function on the principles of optical interferometry, they can
nevertheless be distinguished from conventional interferometers here because they
present specific behaviors that lead to different response patterns requiring differ-
ent optimization methods. In particular, their spectral sensitivity and FSR can be
defined as [153]:

Sλ,res(λ) = λ
Γ(λ)
ng(λ) (3.7)

FSRres(λ) = λ2

ng(λ)Lloop
(3.8)

where Lloop denotes the length over which the optical beam undergoes a complete
round-trip propagation either in the loop for MRRs or the cavity in the case of
FPRs.

Resonator performances however also depend on the cavity’s coupling, propaga-
tion loss and reflector quality in case of FPR. In fact, these parameters will define
the spectral sharpness of the resonance features, which is the main strength of res-
onators. They make up for their inherently limited sensitivity by their potential to
achieve sharp resonance characteristics with structures of relatively small footprints
(or dimensions). Table 3.2.2 summarizes the performances of the state-of-the-art of
MRRs used as refractometric sensors from 2016 to 2020. Among the different ring
resonator architectures, complex and original designs have been reported for refrac-
tometry, involving "exotic" shapes such as disk resonators [154], spiral resonators
[155] or even designs based on whispering gallery modes [154]. FPR designs are,
however, complicated by the difficulty to efficiently integrate reflectors. Resonator
architectures are usually much more dependent on the quality of the fabrication
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technology although they generally offer a much smaller footprint, thus making
them highly promising candidates for multi-analyte sensing which could be imple-
mented in sensor arrays.

Figure 3.2: Micro-ring design as the typical integrated resonator: (a) propagating
fundamental mode in a strip waveguide simulated with Lumerical’s mode solver,
(b) optical field distribution in the MRR out of and in resonance simulated with
Lumerical’s Finite-Difference Time-Domain solver, (c) design layouts and OM im-
ages of fabricated MRRs, (d) illustration of integrated strip MRR, (e) simulated
spectral response of an MRR designed for different surface RIs, and (f) measured
spectral responses of a fabricated MRR for measuring coated liquids of different RIs
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3.2.3 Plasmonics

Figure 3.3: Hybrid plasmonic waveguide design for typical integrated plasmonic
refractometer: (a) illustration of a hybrid plasmonic waveguide cross section, (b)
simulated optical field of plasmonic mode, (c) simulated optical field of fundamen-
tal dielectric waveguide TM mode, (d) illustration of integrated hybrid plasmonic
waveguide, and (e) fundamental mode loss versus wavelength for different surface
RIs. Note: simulations have been performed with Lumerical’s mode solver

Surface Plasmon Resonance (SPR) [172, 173, 174, 175] is exploited as the basis
for numerous chemical sensors. SPR is based on the physical principle of resonant
oscillation of free conduction electrons excited at the interface of two specific media
(generally one dielectric and one metallic) by lightwave of a particular wavelength
and angle of incidence. The optical coupling to a surface plasmon wave is defined
by the relationship [176, 174] : 2π/λ · ncsin(θ) = RE(kSP ) where RE(kSP ) is the
real part of the surface plasmon’s (SP) propagation constant and θ the incident
angle.

In integrated optics, plasmonic resonance is typically generated either us-
ing Kretschmann-based configurations [79] or with hybrid plasmonic waveguides
[177, 178]. Refractometric measurements are generally performed by studying the
reflectivity (or transmissivity in the case of a waveguide) of the device. Figure 3.3
simulates preliminary results from a typical plasmonic refractometer that has been
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designed for illustration purpose.
SPR techniques can enable very sensitive probes to be developed for boundary

perturbations and, while they are mainly directed toward bio-sensing [174] through
the use of antigens-activated surface coating, they have also been widely demon-
strated for gas sensing applications [63, 69, 79, 66]. However, despite their high
sensitivity to the external environment, related to the large amplitude plasmon-
induced evanescent field, SPR-based sensors exhibit very low Q-factors, which can
complicate tracking of the resonance peak(s) and limit the sensor performance. SPs
are also typically very lossy [174], which significantly limits the propagation length
over which they can be used to interact with the external environment. Lastly,
they rely on very strict manufacturing processes involving metals (thus increasing
their fabrication difficulty) which render their integration on dielectric photonic in-
frastructures more complex. Nonetheless, plasmonic devices, with their promising
properties, have been utilized in combination with multiple sensing schemes, such
as interferometers [132] or resonators [148], to achieve a higher degree of optical in-
teraction with the external environment. Table 3.2.3 summarizes the performances
of the state-of-the-art on SPR used as refractometric sensors from 2016 to 2020.



64 Chapter 3. Integrated Refractometers

R
ef

Ye
ar

T
yp

e
Sp

ec
ifi
cs

Se
ns
iti
vi
ty

(n
m
/R

IU
)

FO
M

M
at
er
ia
ls

W
av
el
en

gt
h

ra
ng

e
R
I
R
an

ge
sim /f
ab

[6
9]

20
17

SP
R
-in

t
R
efl

ec
ta
nc

e
st
ud

y
of

G
O

co
at
ed

go
ld

44
9,
63

11
G
ra
ph

en
e-
A
u-
Si

50
0-
90

0n
m

1-
1.
44

fa
b

[1
75

]
20

20
SP

R
-in

t
gr
at
in
g-
as
sis

te
d
co
up

lin
g

&
ba

se
d
on

Fa
br
y-
Pe

ro
t
C
av

ity
18

20
29

3,
15

Si
-A

g-
Si
O
2

∼
24

03
.8
nm

∼
1.
33

sim

[1
73

]
20

17
SP

R
-in

t
na

no
-s
lit
s

st
ru
ct
ur
ed

m
et
al

la
ye
r

10
20

61
4

M
G
F2

-S
iO

2-
A
g

13
00

-1
50

0n
m

1.
33

-1
.8

sim

[1
77

]
20

19
SP

R
-h
yb

na
no

-c
av
ity

ba
se
d
on

hy
br
id

pl
as
m
on

ic
W
g

78
7,
5

26
.3

M
oS

2-
B
C
B
-P

M
M
A

∼
17

01
nm

1-
1.
24

sim

[1
78

]
20

16
SP

R
-h
yb

H
yb

rid
Pl
as
m
on

ic
W
g

14
23

12
8

Si
-A

g-
Si
O
2

∼
14

72
nm

1-
1.
01

sim

[1
79

]
20

16
SP

R
-h
yb

R
ec
ta
ng

ul
ar

ca
vi
ty

Fa
no

re
so
na

nc
e

15
50

20
G
ol
d-
Si
O
2

15
50

-1
63

0n
m

∼
1

sim

[1
80

]
20

17
SP

R
-in

t
Pl
as
m
on

ic
gr
at
in
g

11
40

27
1

G
ol
d-
G
aN

∼
15

50
nm

1.
33

-1
.3
7

sim
[1
81

]
20

20
SP

R
-in

t
Pe

rio
di
c
na

no
st
ru
ct
ur
es

10
00

30
0

G
ol
d-
PM

M
A

∼
13

40
nm

∼
1.
33

sim

[1
82

]
20

18
SP

R
-h
yb

Si
de

-C
ou

pl
in
g

to
2
fa
no

-c
av
iti
es

12
95

54
,1
3

A
g-
A
ir

∼
13

00
nm

1-
1.
2

sim

[1
83

]
20

17
SP

R
-h
yb

na
no

-h
ol
es

ar
ra
y

ab
ov
e
in
te
gr
at
ed

ph
ot
od

io
de

12
00

14
al
-A

ir
11

00
-1
60

0n
m

∼
1

fa
b

[1
84

]
20

20
SP

R
-h
yb

pl
as
m
on

ic
cr
ys
ta
lf
or
m
ed

by
na

no
ga

p
til
e
ar
ra
y

21
6

-
Si
-S
iO

2-
A
g

14
50

-1
65

0n
m

1.
5-
1.
65

fa
b

[1
85

]
20

17
SP

R
-in

t
Pl
as
m
on

ic
sq
ua

re
d

re
so
na

to
r
w
ith

na
no

-r
od

s
23

20
20

A
g-
A
ir

∼
22

79
nm

1
sim

Ta
bl
e
3.
3:

Li
st

of
re
ce
nt

in
te
gr
at
ed

pl
as
m
on

ic
st
ru
ct
ur
es

fo
r
ap

pl
ic
at
io
ns

in
re
fr
ac
to
m
et
ry



3.2. Refractometric Sensing Schemes 65

3.2.4 Diffraction Gratings

Figure 3.4: Bragg reflector design in typical integrated grating: (a) propagating
fundamental mode in a strip waveguide simulated with Lumerical’s mode solver,
(b) SEM picture of a fabricated BG waveguide, (c) layout of the fabricated BG, (d)
illustration of integrated strip BG waveguide, (e) EigenMode Expansion simulation
of the spectral response (in transmission) of a designed BG waveguide, and (f)
measured spectral responses (in transmission) of two fabricated BG waveguides

Diffraction gratings are periodic structures that are used to manipulate light
to perform numerous optical functions. In integrated optics or fiber optics, they
are usually implemented via periodic modulation of the RI profile of the waveguide
core. Gratings diffract light at specific wavelengths so that different mode coupling
functions can be obtained. These functions can generally be associated with three
types of gratings, each depending on the grating’s modulation period:

1. Bragg gratings (BGs): they serve mainly as wavelength-selective reflectors.
BGs are typically modulated with short periods that satisfy the Bragg con-
dition λBragg = 2neffΩ, where Ω is the grating period, and can therefore be
used as refractometers if neff is made sensitive to the sensed region. They
exhibit average-level sensitivities but can be designed to have high quality
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factors as their spectral transmission features can be modified using various
apodization functions [186], such as phase-shifted BG modulations.

2. Grating couplers: these are usually used for in-coupling of an incident beam
to the surface of a photonic chip [113]. For the coupling to occur, the phase
match between the grating and the incident beam must satisfy the condition
neff − ncsin(θ) = λ/Ω where nc is the cladding RI, and θ the beam’s inci-
dent angle. This property renders grating couplers suitable as components to
realize refractometers, or even gas sensors [187].

3. Long period gratings (LPGs): these structures can couple selected co-
propagative modes at specific wavelength(s). This operation takes place when
a phase-matching equation is satisfied between the two modes to couple, given
by: neffj − neffl = λres

Ω , where j and l are the two modes to couple, and λres
is the resonant wavelength. In LPGs, grating periods are generally multiple
times longer than the excitation wavelength. Typically used in fibers to al-
low optical energy to be coupled from the core mode to cladding modes that
can interact with the external environment, LPGs can offer specific optical
properties and these have been investigated for the design of high sensitivity
refractometers in this thesis.

Table 3.2.5 summarizes the performances of the state-of-the-art of diffraction
gratings used as refractometric sensors from 2016 to 2020.

3.2.5 Photonic Crystals

The propagation of electrons in a semiconductor is controlled by the interaction of
electron waves with the crystal lattice of the material, forming electronic bandgaps
that prohibit certain energy levels to be occupied. By analogy, photonic crystals
(PhC) are micro/nano-structures that prohibit the propagation of certain electro-
magnetic waves through the principle of photonic bandgaps. PhCs are structures
defined by macroscopic periodically arranged media of different dielectric constants
where diffraction and interferences at their boundaries form the main mechanisms
at the origin of their wavelength-selective transmission behavior.

As certain gratings can typically be approximated to 1D-PhCs, the unique prop-
erties of the multi-directional PhCs allow a very specific spectral tailoring that can
be used for the design of integrated refractometers, and thus gas sensors. Most
of these devices are based on 1D or 2D PhC waveguides [188], sometimes forming
PhC cavities [189, 190, 191], or are based on free-space reflection from PhC surfaces
[192]. Figure 3.5 shows simulated refractometric results of a PhC waveguide. The
theoretical expressions of PhCs sensitivities and quality factors typically depend on
the optical architecture, but is generally similar to those of resonators [193].

The main PhC properties that can generally be exploited for refractometry are:
firstly, in PhC waveguides, the group velocity of the propagating waves can be
manipulated to increase the penetration of the field into the cladding. This causes
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a stronger interaction of the mode field with the analyte, which is a key advantage
for better ease of integration to other refractometric schemes. Additionally, PhC
cavities can exhibit very high quality factors, which can potentially enable high
precision measurement. Similar to Bragg gratings, the introduction of local defects
for phase-shifting is a method generally adopted for apodization of the spectral
features. The main limitation for the commercialization of such sensors is, however,
related to the need for both precision and resolution in the fabrication process of
such structures. The design specificities for spectral tailoring of PhCs are still the
subject of very active research in the scientific community.

Like PhCs, meta-materials are micro-structures that operate on the periodic
micro-structuration of specific media for photonic manipulation. The main differ-
ence being that the lattice parameters are much smaller than the wavelength of
light so that diffraction is negligible [194].Yet, while meta-materials are a recent
field of research, their capacity to modulate RI to negative values makes them very
promising candidates for integrated refractometry [195]. Table 3.2.5 summarizes
the performances of the state-of-the-art of PhCs used as refractometric sensors
from 2016 to 2020.

Figure 3.5: Waveguide design based on PhC: (a) surface profile of PhC waveguide,
(b) optical field profile of waveguide for injected bandstop wavelength simulated
with Lumercial’s FDTD solver (cf [11]), (c) optical field profile of waveguide for
injected bandpass wavelength, (d) schematic illustration of integrated PhC waveg-
uide, and (e) simulated transmitted spectral response of PhC waveguide for different
surface RIs
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3.2.6 State of the Art discussion

It can be observed in figure 3.6 that while interferometric and plasmonic sensors
exhibit the highest sensitivities, they are typically associated with large or periodic
spectral signatures, which can potentially complicate accurate readings of their
spectral position and shift. Resonators and photonic crystals, while inherently
limited in sensitivities, demonstrate high quality factors, which translate into very
sharp spectral patterns. Although these can facilitate accurate determination of
the resonance position, they are nevertheless comparatively more dependent on the
manufacturing quality. Finally, diffraction gratings can potentially demonstrate
spectral profiles of either types and appear to be flexible structures, which suggest
an important potential for the design of high performance refractometers. In the
rest of this thesis, the development of a grating waveguide type is presented: the
integrated long period grating, or long period waveguide grating (LPWG) .

Figure 3.6: Spectral sensitivity versus inversed FWHM for five integrated refrac-
tometer types in NIR
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4.1 Operating Principles of Long Period Gratings

This section focuses on the theory and principles behind Long Period Gratings
(LPGs) with the aim to provide the tools and insight as to the choice of this par-
ticular structure for development into efficient integrated refractometers for gas
sensing.

4.1.1 Brief History of the Long Period Grating

Beginning in the 1960s, research on the optical fiber was mainly devoted to reducing
the optical attenuation in long fibers to cater to the fast developing field of optical
telecommunication. The final aim then was to develop optical fibers as the superior
component in the telecommunication sector as an alternative to the electrical wire
in terms of price and performance (this was finally achieved in the 80s).

The optical losses in a fiber were found to be mainly related to manufacturing
imperfections. The resulting non-uniform RI profile along the propagation axis of
the early as-fabricated optical fiber was identified to be the cause of energy losses.
This is largely due to diffraction that induces coupling to radiation modes. Fur-
ther investigation led to the understanding that modulating the RI profile could be
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used to enhance the exchange of energy between the different optical modes sup-
ported by a waveguide. In fact, in the years 1972-1974, Snyder, Taylor and Yariv,
independently theorized on the power transfer between optical modes by means
of internal waveguide perturbations and reviewed the main practical applications
[57, 212]. In 1978, the photosensitivity in Germanium-doped optical fibers was first
reported, enabling RI profile structuring of the fiber. This was rapidly followed,
in the same year, by the demonstration of the first fiber Bragg grating (FBG) by
Hill et al [213]. This FBG was used as a reflection filter, where contra-propagative
mode coupling was induced by a periodic modulation of the fiber core (index) that
had been inscribed by UV laser interference patterning. This was followed by the
demonstration of the first LPG in 1990 by Hill et al to perform inter-modal energy
exchange between fiber modes LP01 and LP11 [214]. However, the term "long period
grating" was only connotated several years later in 1995 [215][216] after extensive
analysis as these latter gratings, while similar to the original FBG, were composed
of a much larger RI modulation pitch that was required for inter-modal coupling.
Since then, numerous applications relying on this mechanism have been proposed
for telecommunication [217] (filters, polarization couplers, multiplexers) and sensing
applications [218]. Various technical approaches have also been proposed to fabri-
cate LPGs in guided-wave media, in particular, to facilitate manufacturing LPGs
in an optical fiber. These include local corrugation [219], tapering [220], laser ir-
radiation, UV inscription, arc discharge [221], and, lately, lithography as will be
presented in the following sections.

4.1.2 Coupled Mode Theory for Long Period Gratings

Solutions to Maxwell equations can typically be obtained by using the Eigenmode
approach. This technique can be employed to significantly facilitate the under-
standing and modeling of the energy distribution and propagation of a mode within
an optical waveguide, for which transverse and longitudinal electric and magnetic
profiles can be separately formulated.

Snyder [57], and Taylor and Yariv [212] later proposed the use of a classical
method for the analysis of vibrational systems coupling, widely known as Coupled
Mode Theory (CMT) , to be applied on the mode equations to model optical
coupling in perturbed waveguides. This approach was detailed a decade later by
Snyder and Love in Optical Waveguide Theory [12], fully theorizing the optical ef-
fects of waveguide modulations (periodic structuring, apodization, etc) exerted on
waveguides and predicting the future manipulation of the coupling effects. This
section will review the mathematical demonstrations of the LPG’s coupling mecha-
nism, beginning with Maxwell equations to the simplified LPG coupling conditions.
To summarize the following section, the Lorentz reciprocity theorem [222] together
with Ostrogradski’s divergence theorem are firstly formulated for optical waves to
demonstrate modal orthogonality in a waveguide, from which (orthogonality)
perturbation is shown to possibly enable energy coupling. The model is then ana-
lyzed to derive the mode coupling equations that depend on the perturbation pro-
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files. Finally, the resonance conditions as well as coupling rates are described
for the case of co-propagative mode coupling.

4.1.2.1 Reciprocity Theorem and Modal Orthogonality

Helmholtz’s reciprocity theorem states that a ray of light and its reverse ray en-
counter matched "optical adventures". This can be related to the Lorentz reciprocity
theorem that can be used to demonstrate the orthogonality of bound, radiative and
leaky modes in waveguides [12]. The Maxwell curl equations [223] in dielectric
material are given by

∇× E = −µ∂H
∂t

∇×H = J + ε
∂E

∂t
,

(4.1)

where E is the electric field vector, H the magnetic field vector, ε the permittiv-
ity, µ the permeability and J the electric current density. Since electromagnetic
(EM) waves are oscillatory systems, the curls can also be expressed in the complex
frequency domain using Fourier transform formulation:

∇× E = iωµH

∇×H = J − iωεE,
(4.2)

where ω is the angular frequency of the EM wave.
Using vector identities, the generalized Lorentz reciprocity theorem, can then

be retrieved as given by [222]

H · (∇× E)− E · (∇×H) = ∇ · (E ×H) (4.3)

for each vector E and H. When two different EM wave systems 1 and 2 are studied,
substituting equation (4.2) into equation (4.3) and considering the permeability µ
as being equal to the free-space value µ0 everywhere result in a vector identity of
the form [57, 12]:

∇ · [E1 ×H2 − E2 ×H1] = iω(ε2 − ε1)E1 · E2 + E2 · J1 − E1 · J2 (4.4)

We now suppose a dielectric guided-wave system whose geometry supports sev-
eral modal solutions by considering a dielectric lossless medium (material is recip-
rocal with ε = ε∗). The solutions to the propagation in a z-invariant waveguide
takes the form of a discrete set of modes j for which optical fields can be described
as

Ej(x, y, z, t) = ej(x, y)ei(βnz−ωt),
Hj(x, y, z, t) = hj(x, y)ei(βnz−ωt)

(4.5)
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where βj is the modal propagation constant of a mode j, and ej and hj are the
corresponding electric and magnetic mode profiles. The mode profile can be further
described by the transverse and normal field components as [12]

ej(x, y) = etransverse,j(x, y) + ez,j(x, y) · ẑ
hj(x, y) = htransverse,j(x, y) + hz,j(x, y) · ẑ

(4.6)

where ẑ is the unit space vector parallel to the waveguide [12]. The modal propaga-
tion can be seen as a continuum of cross-sectional solutions to Maxwell’s equations
along z-axis.

For simplicity, the normal field components of bound modes are neglected from
here, without loss of generality. Note that the following calculations could incor-
porate normal components and still remain valid [57] but may require the use of a
conjugated field form to ensure that the field norm is real.

Next, Ostrogradski’s divergence theorem is applied on a volume of infinitesimal
thickness to result in the general integral vector property F that is defined as [12]∫

S
∇ · F dS = ∂

∂z

∫
S
F · ẑ dS +

∮
L
F · n̂ dl (4.7)

This two-dimensional form of the divergence theorem can be used to study the
relationships between cross-sectional profiles of modes j and k. By firstly writing
F = [Ej ×Hk − Ek ×Hj ] 1 in equation (4.7), the linear integral part is null when
taking the infinite cross-section of the geometry, as it is supposed that the modes
fields are the result of bound modes whose optical fields decay exponentially away
from the guiding region. We then obtain the vector identity between bound modes
j and k such that∫

S
∇ · [Ej ×Hk − Ek ×Hj ] dS = ∂

∂z

∫
S

[Ej ×Hk − Ek ×Hj ] · ẑ dS (4.8)

We next consider a waveguide region free from optical sources in order to study
mode relationships. Hence, Jj = Jk = 0 and since the studied modes are solutions
to the same cross-section profile of the waveguide, εj = εk = ε(z), then the right
term of equation (4.4) is equal to zero. Now, by substituting the stationary term of
equation (4.5) into equation (4.8), the left term of equation (4.8) becomes null and
we obtain [12] 2:

(βj + βk)
∫
S

(ej × hk − ek × hj) · ẑ dS = 0 (4.9)

Because the relationship between a forward-propagating mode k and its back-
ward propagating counterpart -k can be described by [12]:

1This function relates to the Poynting vector used to describe power flux
2Note that in complex vector space we have (c∗V1)·V2 = c∗(V 1·V 2) and (c∗V1)×V2 = c∗(V1×V2)

where c denotes complex conjugate of c
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e−k = ek , h−k = −hk , βk = −β−k (4.10)

Equation (4.9) can be rewritten in the form

(βj − βk)
∫
S

(ej × hk + ek × hj) · ẑdS = 0 (4.11)

By subtracting and adding both equations (4.9) and (4.11), the relationship between
each bound mode supported by the waveguide demonstrates mode orthogonality as
follows[12]3dS : ∫

S
ej × hk · ẑdS =

∫
S
ek × hj · ẑdS = 0 if j6= k (4.12)

which can subsequently be normalized to [12]

1
2

∫
S
êj × ĥk · ẑdS = 1

2

∫
S
êk × ĥj · ẑdS = 0 if j6= k or 1 if j=k (4.13)

where êj,k and ĥj,k are respectively the normalized electric and magnetic fields of
modes j and k.

Modal orthogonality demonstrates that not only the modes form a basis from
which any EM field propagating in a waveguide can be developed as a finite linear
combination of its base vectors (modes), but also that they do not interfere. This im-
plies that a perturbation of this orthogonality due to waveguide non-uniformities, for
example, could subsequently lead to possible interference/coupling between modes.

4.1.2.2 Coupling Equations and Perturbational Approach

Now, accounting for the conservation of energy, the total transverse fields Etotal,t
and Htotal,t within a waveguide can be described as [12]

Etotal,t(z) =
∑
j

[bj(z) + b−j(z)]êt,j +
∑
j

∫ ∞
0

[bj(z,Q) + b−j(z,Q)]êt,j(Q)dQ,

Htotal,t(z) =
∑
j

[bj(z)− b−j(z)]ĥt,j +
∑
j

∫ ∞
0

[bj(z,Q)− b−j(z,Q)]ĥt,j(Q)dQ,

(4.14)

where bj and b−j denote forward and backward propagating modes, respectively,
containing modal amplitude and phase dependence, and the right integral denotes
the continuum of radiation modes Q. Radiation mode coupling will be ignored

3Note: To normalize, we either need the vectors to be real here, or a conjugated version of the
theorem [224] can be applied by defining the dot product of complex vectors V1 and V2 as an
inner product, therefore respecting < V1, V2 >= < V2, V1 > =

∫
S

V2V1
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as we assume a slowly varying waveguide approximation. Further, b(z) can be
decomposed into the modal amplitude and phase variation as follows:

b±j(z) = a±j(z)e±i
∫ z

0 βj(z)dz (4.15)

where a is the modal amplitude that is constant in unperturbed waveguides for a
given mode.

We now consider a perturbation to the dielectric profile so that ε is z-dependent.
The objective is to determine the z-dependent coupling characteristics as the wave
propagates into the perturbed waveguide or perturbed region of the waveguide. As-
suming a system with solely one excited mode k when a perturbation is introduced,
we aim to determine the mode energy distribution to calculate Etotal andHtotal. The
following dielectric profile ε(x, y, z) at z differs so that ε(z) 6= ε(z+ dz) at (z+ dz),
which, assuming energy conservation, results in the right term of equation (4.4)
becoming non-null:

∇ · [Ek ×HTotal − ETotal ×Hk] = iω[ε(z + dz)− ε(z)]Ek · Etotal (4.16)

where Ek,t and Hk,t are the transverse fields of the studied mode k. We now
integrate over an infinite surface perpendicular to z both sides of equation (4.16) to
obtain:∫

S∞
∇ · [Ek ×HTotal −ETotal ×Hk]dS = iω

∫
S∞

(εz+dz − εz)Ek ·Etotal · dS (4.17)

Substituting the stationary part of equation (4.5) and equation (4.8) into equa-
tion (4.17), and the properties of the inner product in complex plane, we have:

∂

∂z

∫
S∞

[êk ×HTotal − ETotal × ĥk] · ẑe−iβkzdS

= iω

∫
S∞

(εz+dz − εz)êk · Etotale−iβkzdS

giving:

( ∂
∂z
− iβk)

∫
S∞

[êk ×HTotal −ETotal × ĥk] · ẑdS = iω

∫
A∞

(εz=dz − εz=0)êk ·EtotaldS

(4.18)

Next, by substituting equation (4.14) into the left term of equation (4.18) and
taking into account orthogonality of modes for a given waveguide cross-section in
equation (4.12), we obtain:
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( ∂
∂z
− iβk)

∫
S∞

[êk ×

∑
j

[bj(z)− b−j(z)]ĥj

−
∑

j

[bj(z) + b−j(z)]êj

× ĥk] · ẑdS
= ( ∂

∂z
− iβk)

∫
S∞

[êk × [bk(z)− b−k(z)]ĥk − [bk(z) + b−k(z)]êk × ĥk] · ẑdS

= ( ∂
∂z
− iβk)[−4 b−k(z)]

(4.19)

Using the mode conventions of equation (4.10), the coupled mode equations for
contra-propagative and co-propagative modes can respectively be found as

db−k
dz

+ iβ−kb−k = i

4ω−
∫
S∞

(εz+dz − εz)ê−k · EtotaldS

dbk
dz
− iβkbk = − i4ω+

∫
S∞

(εz+dz − εz)êk · EtotaldS
(4.20)

where angular frequency w+=-w−. Finally, by substituting equation (4.14) into the
right term of equation (4.20), the general coupled mode equation can be found as
[12]

dbk
dz
− iβkbk = i

∑
j

[Ckjbj + Ck−jb−j ] (4.21)

with coupling coefficients in the form of

Ckj = −ω4

∫
S∞

(εz+dz − εz)êt,k · êt,jdS k 6= j, Ckk=0, (4.22)

An alternative form of equation (4.22) based on the RI profile can be found by
introducing ε = ε0n

2 and ω = 2πc/λ such that:

Ckj = π

2λ

(
ε0
µ0

)1/2 ∫
S∞

(n2
z+dz − n2

z)êt,kêt,jdS k 6= j, Ckk=0, (4.23)

where nz is the z-dependent RI profile and λ is the excitation wavelength.

4.1.2.3 Coupling Rate and Phase-Matching Condition

Let us now consider a multimode waveguide whose core is sinusoidally modulated
along z with a profile described by

n2(x, y, z) = n2
0(x, y) + δn2(x, y) ∗ sin

(2πz
Ω

)
, (4.24)

with a core modulation period of Ω. Figure 4.1 illustrates several examples of sinu-
soidal modulation of step-index waveguides. Note, also, that graded-index waveg-
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uide modulation could also be analyzed in a similar manner.

Figure 4.1: Examples of sinusoidally modulated step-index waveguides. Left to
right: modulation in cylindrical waveguide, side modulation and surface modulation
of a strip waveguide

To analyze the coupling between two modes k and j, equation (4.24) is intro-
duced into equation (4.23). The z-profile of the coupling coefficient is then found
to be of the form Ckj(z) = C̄kjsin(2πz/Ω). Here, we aim to study the modal
amplitude of each mode along z. Substituting equation (4.15) into the coupled
mode equation (4.21), and expanding the coupling coefficient using Euler’s identity
sin(x) = (eix − e−ix)/2i, we obtain the following system of differential equations:

dak
dz

= aj(z)
C̄kj
2
[
eiz(

2π
Ω +βl−βk) − e−iz(

2π
Ω +βk−βj)

]
dal
dz

= ak(z)
C̄jk
2
[
e−iz(

2π
Ω +βk−βl) − eiz(

2π
Ω +βj−βk)

] (4.25)

We set βk > βj , ak(z)z=0 = 1 and aj(z)z=0 = 0 and define the normalized modal
power P = |a|2. The differential equations can then be solved to obtain [12]

Pk(z) = 1− F 2 sin2
(
C̄kj
2F z

)
and Pj(z) = F 2 sin2

(
C̄kj
2F z

)

with F = 1√
1 + ( 2π

Ω +βj−βk)2

C̄kj
2

(4.26)

The results are plotted in figure 4.2 illustrating that the exchange of energy
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Figure 4.2: Illustration of the coupling profiles obtained for different values of the
oscillatory terms in equation (4.25) [12]: (a) neglects the fast-oscillation terms, and
(b) displays the effect of several values of the fast-oscillation terms on the coupling
profile

depends on three main parameters:

1. Maximum coupling can be obtained when the modulation period satisfies the
condition 2π

Ω +βl−βk = 0. In other terms, the Phase-Matching Condition
can be given as

neffi − neffj = λres
Ω (4.27)

where neffi,j denote the respective effective indices of modes i and j to couple,
Ω the grating period and λres the center wavelength of the LPG’s spectral
pattern at which resonant energy transfer between modes is enabled.

2. The coupling coefficients determine the rate at which energy exchange is per-
formed around resonance. The higher the coupling coefficient, the shorter
is the distance for maximum coupling to occur. The minimum length for
complete energy exchange between two modes at resonance can generally be
approximated by Lopt = π/C̄kj . It can be deduced from equation (4.23) that
the main contributions to the coupling strength, given by C̄kj , are the modu-
lation amplitude and the optical field superposition in the modulated region,
as previously detailed in [25].

3. Lastly, as illustrated in figure 4.2(b) [12], minor coupling oscillations of higher
frequencies can be observed to superpose onto the main coupling resonance
contribution. These are due to the "high frequency" oscillatory term in equa-
tion (4.25), i.e. eiz(

2π
Ω +βj−βk), when βj > βk. In most cases, this can be

neglected as the oscillation amplitudes are inversely proportional to its fre-
quency.
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Additionally, it is suggested from the previous demonstration that other types
of modulation profile with a suitable periodicity Ω that could satisfy the phase-
matching condition could possibly lead to mode coupling. This can be explained by
the modulation function that can be decomposed into a Fourier Series and expressed
as

n2(z) = n2
0 +

∞∑
m=1

am cos
(2π

Ω mz

)
+
∞∑
m=1

bm sin
(2π

Ω mz

)
(4.28)

with am and bm the Fourier coefficients. In case of odd functions, the cosine term
is null. The coupling coefficients thus depend on these coefficients as well as the
supported mode shapes (cf equations (4.23) and (4.24)).

In the context of this coupling behavior, LPGs are considered interesting can-
didates for the development of optical filters, as the coupling phenomenon is wave-
length dependent. The phase-matching condition also influences or determines the
diffraction angle of gratings and can thus be used to describe grating couplers and
Bragg gratings. Moreover, it explains why longer periods are required to couple
modes in long period fiber gratings (LPFGs) as they possess very close effective
indices (EIs).

4.1.3 Simulation and Modeling Techniques for LPGs

4.1.3.1 Finite-Difference Time-Domain Techniques

Due to the difference in scale between its important longitudinal size and small
width-modulation amplitude and wavelength, LPG simulations with standard tech-
niques usually require large computing resources. In fact, LPFGs can generally size
to several centimeters in length while their core are typically modulated over periods
of hundreds of micrometers associated with micrometer-level amplitude variations
and an RI varying over 10−3 RIU. Running parametric and optimization simu-
lations would thus require high computing resources due to both the size of the
LPGs and the mesh refinement constraints. Consequently, Finite-Difference Time-
Domain (FDTD) or beam propagation method (BPM) are not suitable for fast and
accurate simulation of LPGs. Nevertheless, these modeling techniques can provide
interesting visual insights into the propagative coupling effects of LPGs. Figure 4.3
illustrates the longitudinal optical field profile of an LPWG on and off resonance,
simulated with FDTD. Here, on resonance, the optical power is continuously trans-
ferred from the fundamental mode to a higher order mode.

4.1.3.2 EigenMode Expansion

EigenMode Expansion (EME) is an alternative method that has been intensively
used to model integrated LPGs in this thesis. It is an efficient solution for ana-
lyzing periodically-modulated structures supporting bounded modes. In EME, the
structure is firstly divided into slices transverse to the axis of propagation. The
optical field of the supported modes is then calculated for each cross-section. Radi-
ation modes here are taken into account by using simulation boundaries for which
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Figure 4.3: Optical intensity distribution seen from top surface: (a) on-resonance,
showing a complete exchange of energy with HE7 mode, and (b) off-resonance,
showing a negligible exchange of energy © 2021 IEEE

discretized expressions of radiation modes can be calculated. From this, scattering
matrices are obtained from Maxwell equations applied on discrete boundaries, at
slices interfaces. Then, an iterative field distribution is resolved along the prop-
agation axis of the structure to study modal energy exchange. Because of the
post-mode-calculation analysis which allows the setting of the structure’s longitu-
dinal profiles after the cross-sectional modal study, it is possible to optimize the
LPG in terms of length and periodicity with relative ease.
While this modeling technique is widely employed among the photonic community,
it is brought to light in this thesis that most commercial algorithms present some
limitations that need to be addressed for accurate modeling of integrated waveguide
coupling architectures such as LPG refractometers. In particular, two main issues
might arise and prevent accurate simulation of the photonic circuits’ wavelength
responses:

1. High-order (≥ 2) chromatic dispersion is usually neglected which prevents
correct analysis of spectral characteristics and behaviors of certain structures.
This could be critical, especially for highly sensitive LPG refractometers.
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2. Variations of coupling coefficients over the spectrum are not taken into ac-
count, which can induce important variations in extinction ratios and trans-
mission spectrum. This would typically affect integrated optical structures
more than fiber components.

To circumvent these issues, custom algorithms using EME Lumerical solvers have
been designed for all simulations in this thesis.

4.1.3.3 Coupled Local-Mode Theory for Long Period Waveguide Grat-
ing

Although the tools previously described are useful to simulate LPG response, these
techniques still lack the ability to provide accurate insight on the photonic archi-
tecture’s behavior, especially when certain parameters can affect simultaneously
different properties of the structure’s response. This subsection aims to summarize
the published results in [25] where the modeling of a simple version of an integrated
LPG was performed with EME and subsequently compared to a numerical solution
of the Coupled Local-Mode Theory (CLMT) .

In practice, waveguide modulations cause the propagating mode shapes to vary
along the propagation axis, hence modal equations might not be sufficiently accurate
solutions to the Maxwell equations. Local modes are born from the concept that
mode solutions of non-uniform waveguides can be used as approximations in finite
regions [12]. The slowly varying waveguide approximation can also be used to
more accurately model waveguides for which the mode field deformation induced
by strong RI profile variations cannot be neglected. The main consequence here
is that the propagation constants and coupling coefficients amplitudes may vary
nonlinearly during propagation, and should be calculated for each cross-section of
the waveguide before being injected into the coupled mode equations, henceforth
denoted as CLMT equations.

We consider here a width-modulated strip waveguide structure, integrated on a
Silicon-Nitride photonic platform, that supports a fundamental mode and several
higher order modes. The structure will be developed in more detail in the next
chapter. As previously explained, the structure is firstly sliced into multiple cross-
sections for which modal analysis is used to obtain the mode profiles of the electric
and magnetic fields. The coupling coefficients and propagation constants are then
retrieved from the modal analysis and injected into a bespoke Matlab script to
solve a set of the CLMT equations. EME is subsequently performed using Lumerical
software to calculate scattering parameters and model the exchange of energy during
propagation of the modes for comparison. Figure 4.4 shows the coupling behavior of
the fundamental mode to several (selected) higher order modes during propagation,
modeled using EME or CLMT for different mode coupling or wavelengths. Very
similar results can be observed, which suggest the validity and accuracy of both
models.

However, as discussed in detail in [25], each modeling method presents specific
features. EME is a commercially available method that incorporates numerous add-
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Figure 4.4: Example of normalized mode power versus propagation length for mode
coupling of the fundamental mode to two higher order modes, HE7 and HE9, in an
LPWG for different wavelengths, as simulated by CLMT and EME © 2021 IEEE

ons like parametric sweep, spectral study or includes modal analysis, which greatly
facilitates optimization. EME also does not necessitate a slow-varying waveguide
approximation to operate. On the other hand, CLMT is a more rigorous appli-
cation of the coupling mechanism and provides relevant insight on the structure’s
behavior. By introducing the modulation profile’s mathematical function into the
coupling equations, the coupling coefficients can be derived to show that the cou-
pling strength depends mainly on (1) the electric field superposition at the waveg-
uide modulated interface for step-index modulations, (2) the modulation amplitude,
and (3) the difference in EIs between coupled modes [25]. CLMT can thus greatly
facilitate optimization of the waveguide design. Lastly, grating apodization simula-
tion is facilitated by CLMT because the longitudinal modulation profile can be set
separately from the transverse coupling coefficients.

4.1.3.4 Model for CLMT-induced Losses

As previously discussed, integrated waveguides tend to propagate modes at a much
higher loss due to optical absorption and scattering that occur at the waveguide
interfaces. This is due to the roughness and N-H bonds induced during waveguide
fabrication. Modal propagation losses can be added to the CLMT model, by intro-
ducing modal scattering coefficients into the coupled mode equations. Both losses
are proportional to the mode’s optical amplitude [225], which modifies the general
differential coupling equations (4.21) to become

dbk
dz
− iβkbk = i

∑
j

[Ckjbj + Ck−jb−j ]− i ∗ bk ∗ α (4.29)
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Figure 4.5: Mode power energy exchange versus propagation length for (a) modes
of equal propagation losses, (b) modes of unequal propagation losses, and (c) modes
of unequal propagation losses with low coupling strength

where α is the general loss coefficient.

Figure 4.5 plots the overall coupling behaviors for lossy waveguides. Fig-
ure 4.5(a) shows that, for a symmetrical loss behavior, the total mode intensity has
the same behavior as that of a propagating non-coupling mode. Figure 4.5(b) shows
that asymmetrical lossy behavior leads to irregular (oscillatory) energy loss over the
propagation length. Figure 4.5(c) illustrates modes with lower coupling strength,
which increases coupling perturbations due to propagation losses and asymmetrical
behaviors. This further highlights the coupling dephasing and incomplete energy
exchange (respectively indicated by arrows) that occur at each oscillation. Cou-
pling losses should therefore be considered during the design of LPWGs in order to
obtain qualitative extinction ratios.
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4.1.4 Spectral Parameters

In addition to the position of the resonance on the spectrum given by equa-
tion (4.27), other LPG spectral features such as Full-Width Half-Maximum (FWHM
or 3dB resonance bandwidth) or extinction ratio are, in most cases, critical. The
FWHM of resonance dips/peaks that can be measured in the transmission spectra
of LPGs can generally be derived from equation (4.26) by solving for half power
transmission to obtain [40]:

FWHM ≈ 0.8λ2
res

Lopt ·∆ng,j,k(λres)
(4.30)

where ∆ng,j,k = ng,j − ng,k. As described by equation (4.30) incorporating various
group indices (GIs), the chromatic dispersion of the modes, propagation constants
and optical profiles are wavelength dependent. Thus, to accurately determine the
resonance spectral features would technically require the analysis of the modes as
a function of the wavelength throughout the bandwidth of interest.

However, it is possible to numerically investigate the spectral characteristics of
LPGs, in general, using different approximations. For example, over several simu-
lation tests carried out, it is found that Lumerical approximates the propagation
constant’s dependence on wavelength with a first-order regression of the chromatic
dispersion calculated at a single wavelength. However, this approximation becomes
erroneous for systems that rely on dispersion enhancing techniques, as higher order
dispersion contributions become significant. This concerns certain types of LPGs
as will be described in the next sections.

4.2 LPG Theory for Refractometry

In this section, the use of LPGs for refractometric applications is described and
theoretically analyzed. The subsequent optimization methods employed to improve
the performance of the LPGs are also discussed.

4.2.1 Refractometric LPGs

The perturbation of an LPG refractometric system typically occurs through the
interaction of the evanescent field of a mode with the target analyte, or external
environment. This very interaction results in the modification of the propagation
constants of the mode as a function of the RI variation associated with the con-
centration variation of the analyte. As defined by equation (4.27), the central
wavelength of the resonance λres largely depends on the EI difference of the cou-
pling modes. Changes in the LPG response can subsequently occur by performing
mode coupling to a perturbed optical mode. LPGs have mainly been implemented in
fiber platforms for their capacity in "unburying" inner core fields to induce relatively
strong interaction with the external medium to be sensed. LPFG refractometers
rely on the coupling between the fundamental core mode and a cladding mode; while
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Figure 4.6: Illustration of fundamental mode coupling to cladding mode by an
LPFG (left) [13], and the associated increase in field interaction with external media
(right)

the core mode’s EI is relatively insensitive to external influence, selected cladding
modes can, on the other hand, interact substantially with the external medium or
perturbation.

LPG refractometric sensors have been employed for numerous applications in
the chemical sensing domain [226]. For example, solution concentration sensors are
typically employed for saline [227] and glucose concentration [228] measurements
due to the abundance of chemical processes that involve these two particular an-
alytes. Further, since fiber LPGs can easily be deployed for in situ monitoring,
they have been utilized to detect hydrocarbons [229] and monitor Volatile Organic
Coumpounds (VOCs) in water [230]. In addition, LPGs have also been engineered
to detect more complex bio-molecular analytes such as proteins [231], antibiotics
[232], DNA [233] or even microorganism such as bacteria [234] and viruses [235].
These measurement schemes, however, require more elaborate chemical selectors,
such as nano-particles [231], molecularly imprinted molecules [232], antigens [235]
or antibodies [234] to functionalize the sensors.

Temperature sensing can also be achieved with LPGs, by either exploiting the
difference between the intrinsic thermo-optic coefficients of the cladding and core
materials or by coating the external region/surface with a material exhibiting high
thermo-optic coefficient that can be sensed using an evanescent wave sensor config-
uration.

In the field of mechanical engineering or materials science, LPFGs have been
principally been implemented for strain [236] and structural bend sensing [237]. The
strain and torsion induced in the fiber lead to perturbation of the coupling mode
parameters by the piezo-optical effect which can subsequently be demodulated to
obtain the desired information.

An important point to be discussed is the particular property of the LPG re-
sponse that is progressively created during the propagation of the coupling modes.
For example, contrary to resonators or inteferometers (e.g. MZI), spectrum shifts
are not the result of accumulated phase changes that are transcribed into interfer-
ence patterns at multi-path junctions, but are actually due to the accumulation of
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progressive coupling interferences which, in turn, depend on phase matching. This
consequently enables LPGs to measure multiple RIs simultaneously while most in-
terferometers only monitor the average RI "encountered" during propagation. A
particular application of this feature is liquid level sensing [238] where the extinc-
tion ratio, which can simply be determined by measuring the transmission intensity
at resonance, depends on the LPG length that is immersed in the target liquid.
Further investigation of this property with different numerical models suggests that
the correct operation of multi-RI analysis would require specific environmental con-
ditions. The analysis shows that LPGs comprising multiple sequentially separated
length sections with different external RIs can, in fact, scramble the optical re-
sponse. This property could also be potentially utilized in the future for novel
application areas if more reliable demultiplexing algorithms could be developed.

4.2.2 Analysis of LPG Refractometric Performance

The spectral sensitivity of evanescent wave LPG sensors is usually assessed by the
resonance spectrum shift per unit change in RI of the external region. In order to
clearly identify the main LPG parameters involved in the spectral sensitivity with
the final aim to optimize the LPG structures, an analytical formula of the sensitiv-
ity that is derived from the previously demonstrated phase-matching condition as
described by equation 4.27 is developed and proposed.

Suppose that an LPG of period Ω can support two modes j and k with EIs
neff,j,1(λ, next,1) and neff,k,1(λ, next,1), respectively, where 1 represents a system
with external index nsens,1. We also assume that the coupling coefficients are non-
negligible at resonance, and are obtained for a wavelength λres,1, defined by the
phase-matching condition in equation (4.27). A disturbance of the external condi-
tions now induces a change in the external RI from next,1 to next,2 that subsequently
leads to variations in the modes’ EIs, the values of which have been described at
the beginning of the chapter during the definition of the waveguide sensitivity.
The newly obtained resonance position on the transmission spectrum now becomes
λres,2. Since the grating period has not changed, the phase-matching equation can
thus be written as follows:

Ω = λres,1
neff,j,1 − neff,k,1

= λres,2
neff,j,2 − neff,k,2

(4.31)

It is assumed here that the perturbation is sufficiently small so that a first order
Taylor approximation for each mode’s EI can be used and expressed as:

neff,n,2(λres,2) = neff,n,1(λres,1) + ∆λres

∂neff,n,1
∂λ

(λres,1) + ∆next

∂, neff,n,1
∂next

(λres,1)
(4.32)

with ∆λres = λres,2 − λres,1 and ∆next = next,2 − next,1.
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By injecting equation (4.32) into equation (4.31), we then obtain:

∆λres

∆next

=
λres,2

(
∂neff,k
∂next

− ∂neff,j
∂next

)
∆neff + λres,1

(
∂neff,k
∂λ − ∂neff,j

∂λ

) (4.33)

Now, by assuming λres2/λres1 ≈ 1, the LPG’s spectral sensitivity in terms of waveg-
uide sensitivity and GIs can be simplified to

∆λres

∆next

(λ) = Sλ = λ
∆Γj,k(λ)

∆ng,j,k(λ) (4.34)

where Γj , Γk, ng,j and ng,k are respectively the waveguide sensitivities and GIs of
modes j and k.

It should be noted that the resulting formula containing the difference in GIs as
well as the waveguide sensitivities of two optical modes is highly similar to that of
interferometers (see equation (3.5)). In fact, the LPG’s FWHM (equation (4.30))
is also very similar to that of an MZI in transmission as can be derived from equa-
tion (3.6). One can conclude that LPGs behave similarly to interferometers whose
response has been apodized to suppress spectral periodicity with continuous and
selective interference.

An alternative expression for the LPG sensitivity can be found using equa-
tion (4.27):

S(λ, j, k) ≈ ∆Γj,k(λ) · Ω · γj,l(λ) (4.35)

where γj,k, also known as the dispersion factor, can be defined as [239][240]

γj,k(λ) = ∆neff,j,k(λ)
∆ng,j,k(λ) (4.36)

Finally, the Figure of Merit (FOM) can subsequently be calculated to be:

FOM = Sλ
FWHM

= ∆Γj,k(λ) · Lopt
0.8λ (4.37)

showing that the performances of LPGs are ultimately limited by the interaction
length during propagation.

4.2.3 Performance Optimization Methods

This subsection proposes an overview of the optimization methods that can be
applied to increase either the FOM and/or sensitivities in LPG refractometric sen-
sors, based on the previous formulas. The related LPG’s design requirements are
discussed as well.
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Figure 4.7: Resonance spectra in transmission of LPWG simulated with EME for
various grating lengths

4.2.3.1 Length Optimization

Length optimization has an effect on the LPG performance as it can be used to
reduce the FWHM of coupling resonances and, hence, increase the FOM. However,
as shown in figure 4.4, the elongation of the LPG’s modulated length results in
recoupling of the optical modes. Simple length extension can effectively be used
to reduce the FWHM of the central pattern, but increasing the length can rapidly
lead to instability of the extinction ratio and merging of interference patterns, as
illustrated in figure 4.7. For this reason, the LPG length increment should be ac-
companied by an inversely proportional reduction of the coupling coefficients. This
can be implemented, for example, by decreasing the grating modulation amplitude
or the optical field superposition of the coupling modes at the modulated interface.
This optimization scheme is critical as it can potentially enable LPG performances
to be easily multiplied.

4.2.3.2 Modal Interaction with the Sensing Region

In fiber LPGs, core modes couple to cladding modes. The interaction coefficient
between the optical fields and the external sensing region is generally very low, of
the order of 0.001-0.01 (typically 0.004) for conventional fibers [241] and slightly
higher ( 0.013) for analyte-filled photonic crystal fibers [242]. Integrated photonic
waveguides, on the contrary, typically exhibit high RI contrasts together with an
intrinsic structural flexibility, which can facilitate the optimization of this sensitivity
parameter. Waveguide sensitivity is typically optimized by increasing modal leakage
for one coupling mode while reducing it for the other coupling modes. This is,
however, complicated in LPG design since coupling modes are also required to
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be partially overlapping for efficient coupling. Different concepts have thus been
proposed to increase the waveguide sensitivity in LPWGs, including partial covering
of the waveguide [243, 26], employing slot waveguides [243] or the use of porous
waveguides [14].

4.2.3.3 Phase-Matching Turning Point

The phase-matching turning point (PMTP) optimization method consists in engi-
neering the modal dispersion characteristics of a waveguide structure to bring the
GIs of coupling modes closer together at a specific wavelength. As shown in equa-
tion (4.34), an equalization of the coupling modes’ GIs in the denominator term
∆ng,i,j(λ) can theoretically result in an infinite sensitivity.

Generally, chromatic dispersion is different for each mode, so that it is sometimes
possible to have the coupled modes’ GI values intersect for specific wavelengths, as
illustrated in figure 4.8(a). This intersection or cross-over point for a pair of GIs is
known as the Dispersion Turning Point (DTP) or Phase-Matching Turning-Point
(PMTP). When the LPG’s period is set accordingly for coupling to occur near
the DTP wavelength, two resonance patterns can appear and will shift in opposite
directions on the spectrum in accordance with the changes in the external RI. The
spectral sensitivities of these resonances are extremely high around the DTP, but
will decrease exponentially as the resonances shift away from the DTP, as illustrated
in figure 4.8(b). This optimization method is typically performed by displacing the
DTP near the wavelength of interest. In practice, this is achieved by adjusting or
tailoring the waveguide structure to tune the chromatic dispersion of the coupling
modes in order to counteract or balance their EI difference within the spectral
window of interest. Both material and waveguide dispersions have to be taken into
account. Nevertheless, the high index contrast intrinsic to the integrated nature of
the waveguide enables the overall dispersion to be dominated only by the modal
geometry so that material dispersion can be neglected [244].

Nonetheless, three major disadvantages of this optimization technique can be
observed:

1. The FWHM of the resonance also depends on the GI difference between the
coupling modes, implying that enhancement of the sensitivity proportionally
multiplies the resonance spectral width, which can, in turn, complicate spec-
tral reading. Consequently, it also limits the maximum sensitivity that can
be read at the DTP, where the two resonance patterns start to merge.

2. The improvement of the sensitivity is very localized on the transmission spec-
trum. This is due to the high chromatic dispersion difference between modes,
causing ∆ng,i,j as well as γ to significantly vary with λ, thereby rapidly scram-
bling the sensitivity enhancement. The estimation of the RI of the external
analyte will therefore be more complicated to achieve. In addition, because
of the very high localized sensitivity, the achievable measurement range is
considerably reduced.
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3. The realization of such optimization requires simultaneously tuning the res-
onance around the wavelength of interest as well as the DTP, both of which
rely on similar parameters. This can potentially complicate the design process,
particularly in integrated optics where fabrication defaults are more frequent.
While commonly used for optimizing LPFGs [245], this technique has also re-
cently been proposed in integrated optics with a bi-modal asymmetric channel
waveguide [246]

.

4.2.3.4 Proposed Approach based on Reduction of EI Difference of
Modes with Similar Dispersion Profiles

Equation (4.35) shows that the sensitivity is proportional to the period when the dis-
persion contribution to the sensitivity can be neglected. In fibers, due to the low in-
dex contrast (typically ∼5mRIU contrast), propagation constants of coupling modes
are found to be intrinsically close. As a consequence, from the phase-matching con-
dition of equation (4.27), the LPFG periods Ω are typically found to be within
100 - 1000 µm for coupling in the NIR [66, 245, 230]. Based on equation (4.35),
this explains why while there is little interaction with the external environment in
LPFGs, their typical sensitivities (demonstrated) are within competitive levels in
normal coupling regimes (without PMTP), as shown in table 4.2.4.

Contrary to PMTP optimization, which enables high γ dispersion coefficient
to be obtained around the wavelength of interest and within only a very narrow
spectrum, the objective here is to simultaneously bring the coupling modes’ EIs
closer together while maintaining or ensuring a similar dispersion behavior between
these modes so that γ ∼ 1. Achieving these conditions should theoretically enable
the sensitivity to be both constant over a wider spectral range (if second and higher
order dispersions are negligible) and significantly enhanced due to the decrease if the
group index difference. As illustrated in figure 4.8(c), waveguides which support
modes j and k fulfilling the condition ∆ng,j,k = ∆neff,j,k can lead to relatively
stable sensitivities which are inversely proportional to ∆neff . Note however that
the sensitivity is also proportional to λ, which implies that, for instance, over a
100 nm optical spectral band centered at 1550 nm, the sensitivity is expected to
vary by 7 %.

Also note that, by solving dSλ
dλ , a truly stable Sλ can thus be obtained from

coupling modes which satisfy the spectral profiles described by ∆neff = C1 · λC2 ,
where C1 and C2 are constants associated with λres and Sλ. This optimization
scheme depends entirely on the intrinsic properties of the waveguide which would
require the use of higher level algorithms to be obtained.

Similar to PMTP, the proposed sensitivity enhancement technique also incurs an
increase in FWHM, but it is simpler to implement on the integrated platform since
it allows a greater flexibility for waveguide dispersion control. As proposed in the
following chapter, certain waveguide architectures inherently favor this optimization
concept.
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Figure 4.8: Illustration of the spectral sensitivity as a function of both GI and
EI differences for different profiles of chromatic dispersion. Left column: spectral
profiles of different propagation constants, and right column: resulting expected
sensitivity behavior

4.2.4 State of The Art in LPGs

This subsection includes a non-exhaustive list of different refractometers based on
LPGs implemented on both the fiber (Table 4.2.4) and the integrated photonic
platforms (Table 4.2. The objective is to provide insight on the potential of LPGs
as refractometers as well as to highlight the main optimization schemes and archi-
tecture trends utilized.

As can be observed, the grating sizes are of centimeter order for LPFGs and
millimeter order in LPWGs. This is mainly due to the high propagation losses of
integrated optics. The sensitivities of LPGs are on average relatively higher than
other integrated refractometers while simultaneously exhibiting FWHMs on the or-
der of nanometers. It can also be observed that the highest sensitivities are usually
obtained with PMTP optimization; however, the corresponding FWHMs are also
subsequently larger. In addition, with PMTP optimizations, the FWHMs can vary
significantly and are sometimes impossible to retrieve from the measured trans-
mission spectrum because of merging of the spectral patterns around the phase-
matching turning point . In those cases, the spectral sensitivity also varies signif-
icantly with the sensed RI, indicating that the given sensitivity value is generally
overestimated since it is estimated only around the PMTP, and thus should be
considered carefully.
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Ref Architecture
specificity

Grating
Length (mm)

Sensitivity
(nm/RIU)

FWHM
(nm)

Optimization
Pattern

[247] Cascaded LPFGs
w rotary modulation 22.5 27.77 ≈ 10 -

[248] Cascaded LPFGs
w rotary modulation 245 58 ≈ 100 -

[249] Clad-etched
Cascaded LPFGs 28 262 ≈ 20 WG S

[250] Clad-etched
tilted modulation - 507 ≈ 10 WG S

[251] Gold nanorods
coating - 167 ≈ 20 WG S

[252] Gold nanopcs
coating 37 759 ≈ 40 WG S

[253] Sol-Gel
coating 20 1067 ≈ 15 WG S

[240] - 50 1500 - PMTP

[254] Methane
sensor 50 1500 ≈ 20 PMTP

[255] SiO2 nanopcs
coating 30 1927 ≈ 5 WG S

[256] PhC fiber 50 243 ≈ 10 WG S

[257]
SMF CO2

Laser radiation
fiber tapering

2.4-4,8 30 ≈ 40 -

[258] Modified
cladding 25.4 660 - WG S

[259] Tilted
Gratings 55 602.86 ≈ 40 -

[260] Surface Plasmon
Resonance - 425-686.8 ≈20-30 WG-S

[261]
Phase Matching
Turning point
optimization

30-50 887–2146 - PMTP

[262] Arc-Induced &
dynamic study 15-30 112.3-6391.7 - PMTP

Table 4.1: Reported LPFG characteristics and performances

Ref Waveguide
material

Architecture
specificity

Grating
Length (mm)

Sensitivity
(nm/RIU)

FWHM
(nm)

Optimization
Pattern

our work [14] SiN Polymer wg
coupling 1 240-1900 5 WG S

[263] BK-7 glass Rib wg 1.915 240 3 -

[243] SiN Strip-Slot wg
coupling 2 1970 7 WG S

[246] Si asymmetric
wg strip wg 1.5 5078 20-30 PMTP

Our work [26] SiN Rib wg 7.75 11500 25 index
tailoring

Table 4.2: Reported LPWG characteristics and performances
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5.1 Overview

This chapter describes the three different architectures of LPWG refractometers
that have been designed, simulated, fabricated and tested in the course of this PhD.
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Current outputs from this research include two corresponding peer-reviewed journal
papers [14, 26] and one conference paper [25] that can be found in the Appendix at
the end of the manuscript for consultation. Chapter 5 here will focus on synthesizing
the objectives for each LPWG version in accordance with the previous chapter as
well as summarizing both the simulated and experimental results obtained.

The first section describes the design, fabrication and testing of the first LPWG
version denoted as LPWG n◦1, whose structure is similar to that used in fiber
LPGs as the coupled modes propagate in different materials. The principal aims
are to optimize modal interaction with a porous medium for gas sensing. The
main purpose here is to assess experimental issues related to LPWGs and better
prepare for future gas sensing schemes. This section introduces the spectral study of
multi-mode coupling and spectrum shift as a function of the grating period. It also
presents the preliminary refractometric results obtained. A second LPWG version
(LPWG n◦2) then alternatively focuses on a more innovative design based on the rib
waveguide [263]. The objective of the proposed structure is to increase the device
sensitivity with a new dispersion-based optimization technique, as opposed to the
more commonly used PMTP optimization technique. Experimental results obtained
demonstrate a very high and constant sensitivity of more than 10,000 nm/RIU over
a very wide dynamic range of 100 nm. The third section then presents a detailed
simulation model of a simple LPWG architecture based on a modulated broadband
coupler. This LPWG version, denoted as LPWG n◦3, is found to exhibit figures
of merit and sensitivities as high as 8000 and 300,000 nm/RIU, respectively. A
parametric study on the proposed structure is also performed to assess the effect of
the fabrication variability on the sensitivity and on the resonance spectral positions.

5.2 LPWG n◦1

The two main objectives of this initial work are to (1) evaluate the fabrication and
experimental issues that are inherent in integrated LPGs, and (2) propose a simple
and flexible structure with optimized waveguide sensitivity for later gas sensing
applications.

The first LPWGs have been designed to couple the fundamental mode of a
Silicon Nitride (SiN) core waveguide to a higher order mode propagating in the
cladding region. This latter region is fabricated in a different material with an
RI lower than the core index, similar to most LPFGs, as previously illustrated in
figure 4.6. However, contrary to LPFGs for which the functionalized gas-sensitive
layer only interacts with the cladding mode’s evanescent wave, here we aim to
directly propagate a coupling mode in the porous layer. This would theoretically
allow to greatly enhance the sensing waveguide sensitivity of the cladding mode Γi =
∂neff,i/∂nsens in gas sensing schemes independently of the waveguide geometry.

The corresponding conference and journal papers are respectively [25] and [14].
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5.2.1 Structure

The proposed LPWG architecture consists of an SiN (Si3N4 with RI = 1.97) width-
modulated core waveguide covered by a multimode cladding waveguide [14], as il-
lustrated in figure 5.1(a). A smooth sinusoidal width modulation is chosen to allow
continuous and smooth coupling contrary to binary gratings where the waveguide
is partly etched and can thus potentially induce loss of energy at the grating inter-
faces. In addition, the width modulation can be directly designed on the waveguide
pattern, hence no additional process step is required.

Figure 5.1: (a) illustration of LPWG structure, (b) cross-sectional material profile
of LPWG, and (c) optical fields of propagative modes, © 2021 IEEE

To characterize the intrinsic properties of the designed LPWG, SU8, an epoxy-
based negative photoresist commonly used in photolithography and waveguide fab-
rication [264], is initially employed as the cladding material. In fact, SU8 exhibits
high optical transparency and an RI of 1.57 at 1550 nm, which are very similar
to Styrene Acrylo-Nitrile (SAN) (RI 1.56) [66] and Polyhexamethylene biguanide
(PHMB) (RI 1.55) [105] that are found to be promising polymer candidates for gas
sensing. For a given cross-sectional dimension, the following relationship between
the RIs of the materials permits separate confinement of the core and cladding
modes: ncore > neff,1 > nclad > neff,n > nsub > nair, with ncore = nSi3N4 = 1.97
the core index, neff,1 the EI of the core’s fundamental mode, nclad the cladding
index, neff,n the EI of the nth order cladding mode to couple, nsub the index of the
bottom SiO2 layer and nair the air index.



5.2. LPWG n◦1 97

The SiN waveguide is designed with a cross-sectional dimension of 1000×400 nm
incorporating a modulation width of ± 300 nm (see figure 5.1(b)). Preliminary ex-
perimental tests using waveguides of different widths have shown that no particular
increase in optical propagation loss is expected for both maximas or minimas of the
waveguide width over a full modulation period. The cladding cavity dimensions
are designed to be 1.1 µm thick and 32 µm wide, for a 1 mm long sensor, thus
allowing to support multiple propagative cladding modes which can be coupled to
the fundamental core waveguide mode.

5.2.2 Modeling

Figure 5.2: Simulated transmission spectrum of 1 mm long LPWG showing coupling
between fundamental core mode and odd cladding modes. Insets illustrate various
field profiles of coupled odd HEi modes © 2021 IEEE [14]

The optical fields of the core and cladding modes, propagation constants and
coupling coefficients have been calculated by using COMSOL, Lumerical mode
solvers and Matlab. Figure 5.1(c) displays the optical mode profiles of propaga-
tive modes of the structure. Coupling resonances between the fundamental mode
and individual cladding modes are estimated to be obtained at 1550 nm for dif-
ferent periods around ≈10 µm. This coupling ultimately depends on the selected
mode(s) to be coupled to, and can be calculated using the EIs of the modes and the
phase-matching equation (4.27). Using EME and CLMT, the coupling coefficients
are calculated to achieve an optimal coupling length of approximately 1 mm for
the chosen parameters. However, since each cladding mode has a different prop-
agation constant as well as different field superposition to the fundamental mode,
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the coupling resonances are expected to occur at different wavelengths and rates,
as shown in figure 5.2. Additionally, note that only odd modes can couple to the
fundamental mode here since the structure’s symmetry cancels out the even mode
coupling coefficients.

5.2.3 Fabrication and Process Characterization

Figure 5.3: Layout of LPWG n◦1 © 2021 IEEE

For simplicity of fabrication, the cladding waveguide cavity, as seen in fig-
ure 5.1(b), is delimited by incorporating SiO2 slabs using Hydrogen Silesquioxane
(HSQ) resist, whose constitution and RI are found to be very similar to those of
SiO2 after curing. The HSQ slabs are designed to be 3 µm wide and at least 0.6 µm
thick to prevent multimode optical leakage as well as to ensure ease of coating
and electron-patterning. Figure 5.2 shows simulated coupling resonances that are
spread over a 250 nm spectrum, which greatly exceeds the measurement bandwidth
of the optical spectrum analyser or OSA (of ∼100 nm) employed. To circumvent
this issue, LPWGs with slightly different periods between 8 - 10 µm have been de-
signed on the chip layout, as seen in figure 5.3, so as to induce a virtual shift of the
coupling spectrum. Complete layouts can be found in the appendix for photonic
chips n◦ 3 - n◦ 6.

A standard process is used for the fabrication of the SiN grating couplers, and
FBMS is used for the connected waveguides. However, because the modulated
region cannot be exposed using the FBMS exposure mode of the e-beam due to
computational issues, the e-beam’s normal mode is instead used with appropriate
exposure parameters. These parameters have precedently been tested to reduce
the waveguide mismatch that may occur at work-area junctions, as explained in
Chapter 2. Following MaN2405 resist development and SiN waveguide patterning
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with RIE, HSQ is deposited by spin coating for 1 min at 5000 rpm and cured for
2 min at 80◦C. Note that an electra resist overcoating is employed to reduce charge
effects. EBL of the HSQ slabs is performed using FBMS exposure mode with a
750 µC/cm2 dose and an acceleration voltage of 30 kV. The development stage is
carried out with 25 % TMAH for 1 min followed by water and methanol rinsing.

Figure 5.4: Photos of LPWG n◦1 :(a) OM overview of photonic circuits and LPWGs,
(b) OM image of grating couplers and related components, (c) SEM image of the
modulated region of LPWG n◦1, and (d) zoom of the modulated region showing
slight variations in waveguide widths © 2021 IEEE [14]

Figure 5.4 shows OM and SEM images of the LPWGs fabricated for character-
ization and evaluation. A slight translation shift in figure 5.4(c) between the two
patterned layers of the LPWG structure can be observed. This is attributed to a
minor misalignment (overlay error) of the HSQ layer with the pre-patterned align-
ment marks. No waveguide mismatch has been observed at the work-area junctions.
The SEM scan also shows the waveguides to be slightly larger than expected, due
to a minor over-exposure of the waveguide patterns. The HSQ slabs are measured
to be 1.1 µm thick by profilometry. Finally, SU8 is deposited by spin coating at a
spin rate of 1700 rpm. This layer is also found to be 1.1 µm thick, as measured by
profilometry.

5.2.4 Optical Characterization

As mentioned earlier, the theoretical transmission spectrum of the LPWG structure
containing the first order resonance dip of every cladding mode is too large (∼ 250
nm) to be measured over a single wavelength scan by the dedicated OSA. To solve
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this issue, a set of LPWGs with identical cross-section and modulation amplitude
but comprising different periods is first fabricated, followed by a virtual reconstruc-
tion of the combined spectra. To virtually reconstruct the entire coupling spectrum,
the LPWGs’ individual spectral contributions are firstly isolated by de-embedding
the signal from contributions from the grating couplers and waveguides. The pro-
cessed signals are next respectively shifted spectrally by values corresponding to
the individual grating periods. Note that the LPWGs are found to exhibit little ad-
ditional energy loss when compared to non-modulated waveguides of equal length.
Further, no loss of data nor spurious overlapping during the spectral reconstruction
has been observed. After the baseline correction, the LPWGs’ transmissions are
reassembled to result in the reconstructed spectrum plot as shown in Figure 5.5(b).

Figure 5.5: Transmission spectra for a 100-period long LPWG: (a) simulated with
parametric adjustment, and (b) reconstructed from measurements © 2021 IEEE

Contrary to figure 5.2, shorter dips (of 1 - 3 dB amplitudes) have been observed
between the main dips (3 - 10 dB amplitudes). They could be attributed to the slight
asymmetry of the structure which disrupts the nullification condition of the optical
modal field product at the lateral interfaces for even modes. This consequently
leads to a minor rise in the coupling coefficients of the even modes, thus allowing
partial coupling to these same even modes. Subsequently, when fabrication defaults
such as asymmetry or waveguide width defects are reintroduced into the model, a
very similar spectra can be found as illustrated in figure 5.5(a). Both the simulated
and experimental results exhibit very similar FWHM of ∼5 nm but with slightly
different extinction ratios. This is due mainly to the strong dependence of the
coupling coefficients on the wavelength, thus manifesting as coupling amplitude
flaws during the virtual reconstruction.

5.2.5 Refractometric Performance

It is difficult to directly assess the refractometric performances of the cladding
section that is intended to function as the gas sensing layer. They have instead



5.2. LPWG n◦1 101

Figure 5.6: Measured spectrum of HE9 and HE15 mode resonance of LPWG using
SU8 as cladding for different deposited concentrations of water and glycerol mixture
© 2021 IEEE [14]

been evaluated via two indirect methods.
The first method relies on the study of the refractometric performance in a

surface configuration, from which the resonance shifts could be measured for liquids
of different RIs. The liquids under investigation are poured onto the chip surface.
This technique would however lead to a much lower sensitivity than that achievable
in refractometry of the bulk layer for gas sensing applications. Nevertheless, the
responses could be compared with the simulated model.

Here, water and glycerol mixtures of different proportions are prepared to obtain
varying RIs. The RIs are assessed using the initial RIs of water and glycerol around
1550 nm [265], and then applied on different LPWGs. The resonance shifts of the
mode coupling dips are tracked and illustrated in figure 5.6 for the HE9 and HE15
modes. The measured surface sensitivities are then evaluated with Lorrentzian
curve fitting and compared to simulation in table 5.1. The measured surface sen-
sitivities, spectral bandwidths and extinction ratios are found to agree with the
simulated model. This also suggests that the cladding refractometric performance
should also agree with the simulated value when employed in later gas sensing
experiments.

The second method consists in assessing the dependence of the resonance po-
sitions of the cladding index by temperature tuning, as the cladding material pos-
sesses a thermo-optic coefficient that is much higher than that of the core and the
substrate. The temperature behavior of the sensor is firstly simulated with EME
using the thermo-optic coefficients of SiN, SiO2 and SU8, whose values at 1550 nm
are, respectively, ∼24.5 µRIU/K, 9.5 µRIU/K [266] and −130 µRIU/K [267]. The
temperature sensitivity of the LPWG model is estimated to be ∼330 pm/K and is
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Simulated Measured Simulated
surface surface bulk

sensitivity sensitivity sensitivity
(nm/RIU) (nm/RIU) (nm/RIU)

HE9 198 195 1920
HE11 214 206 1915
HE13 231 227 1910
HE15 251 240 1820

Table 5.1: Calculated and measured sensitivities

similar for each mode resonance. To experimentally assess the temperature depen-
dence, the photonic chip is placed on top of a Thorlabs laser diode mount with an
integrated thermo-electric cooler (TEC). This enables temperature variation and
stability control of the photonic circuits. In this method, the TEC temperature
is swept from 15◦C to 30◦C by 5◦C steps. A linear interpolation of the measured
resonance wavelength values is then applied and leads to a temperature sensitivity
of 340 pm/K, which is similar to the simulated value. From the temperature depen-
dence analysis, the bulk sensitivity is approximated to be ∼1900 nm/RIU, which is
in good accordance with simulation results (see table 5.1).

5.2.6 Discussion

Figure 5.7: Raw transmission spectra of a perfectly coupled LPWG, with zoom on
the central resonance region for optimal coupling (top left) and slight over-coupling
(bottom left) generated by temperature change



5.3. LPWG n◦2 103

From the experimental results, it is observed that the main limiting issues of
LPWGs are static dimensional deviations (i.e. cross-sectional errors that are con-
sistent on the waveguide) and propagation losses. However, the specific fabricated
structures are deemed to be sufficiently resilient so that these errors are not critical
and would only lead to minute spectral shifts and inaccuracy in the estimation of
extinction ratios. These errors could otherwise be critical for other highly sensi-
tive LPWG architectures since the resonance wavelength could be out of the optical
spectrum range for example, as will be seen in the next sections. Off-align errors also
lead to minor irregularities of the LPWG responses. Note, however, that stitching
errors can be erased by writing field overlay. The estimated sensitivity and FOMs
for gas sensing are calculated to be, respectively, 1900 nm/RIU and 400 RIU−1,
which are considerably high values for 1 mm structures when compared to other
gratings or interferometers (see table 3.2.1).

Finally, the cladding is replaced by gas-porous polymers such as SAN and
PHMB, using straightforward spin coating, and exhibited very similar spectral re-
sponse, paving the way for later gas sensing experiments, as will be demonstrated
in Chapter 6.

Additionally, it is possible to experimentally obtain LPWGs with optimal cou-
pling if the structural parameters are correctly set. In such cases, the extinction
ratio becomes maximal, as seen on figure 5.7. A small variation in temperature can,
however, disrupt the optimal coupling condition and, in case of slight over-coupling,
can lead to a deformation of the resonance shape, as illustrated in figure 4.7.

5.3 LPWG n◦2

This section focuses on a second LPWG version that alternatively aims to enhance
its refractometric sensitivity by reducing the value of the denominator in the theo-
retical formula for spectral sensitivity [26]: Sλ = λ∆Γj,k(λ)/∆ng,j,k(λ).

As previously explained in Chapter 4, this enhancement is typically achieved
by PMTP optimization, which relies on using GI tuning. A noticeable problem
with PMTP optimization is that the sensitivity enhancement significantly drops as
the resonance shifts away from the PMTP, thereby considerably reducing the RI
sensing or dynamic range (see figure 4.8). This is due to the large difference in
chromatic dispersion between modes which causes ∆ng,i,j to greatly vary with λ,
thus causing the sensitivity to collapse.

Therefore, in order to maintain sensitivity enhancement over a wide spectral
window, we propose an LPWG structure whose propagative modes possess not
only close GIs but also very similar dispersive chromatic behaviors. The design
guidelines for these LPWGs’ cross-sectional structures are as follows:

1. The GIs of the core and slab modes must be in very close proximity to induce
high sensitivity and significantly extend the measurement range.

2. The difference in chromatic dispersion between the two coupling modes should
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Figure 5.8: (a) illustration of LPWG structure, (b) LPWG cross-section material
profile (c) optical fields of propagative modes HE1 and HE7

be as low as possible in the spectral region of interrogation. This means aiming
for ∆ng ∼ ∆neff in the measurement window.

3. The overlapping of the modal fields at the modulated interface must be tuned
for coupling rate optimization [25, 224].

4. The modal interaction with the external region must be as strong as possible
for the slab modes and almost null for the core mode.

Additionally, contrary to the first batch of fabricated LPWGs described in the
previous section, an evanescent wave sensing configuration is preferred here to fa-
cilitate direct refractometric measurements. Temperature sensitivity should also be
considered in the architecture’s design for further optimization. Further details are
described in the corresponding paper [26].

5.3.1 Structure

The proposed structure consists in a partially covered SiN hybrid rib-strip waveg-
uide that hosts a fundamental mode in the central region and multiple higher order
modes in the slab region, as illustrated in figure 5.8. The main advantage of this
architecture lies in the intrinsic properties of rib-strip waveguides that respect the
proposed guidelines. Since the optical profiles of the coupling modes are principally
confined in the same material,

1. with respect to the structure geometry, the EIs and GIs of supported modes
can be potentially induced to be very close and, hence, to behave similarly
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Figure 5.9: EI difference and variation of ∆Γ of coupling modes as a function of
slab etch depth e with wslab = 30 µm and wcore = 1.65 µm at 1550 nm. e is set at
35 nm and hslab = 365 nm. Dashed lines: selected e with corresponding ∆neff and
∆Γ.

over a broad wavelength range, as will be demonstrated in the next subsection.
Additionally, material dispersion can be neglected in this case

2. also, both modes are expected to be almost equally affected by temperature
due to their co-propagation in the same material; the structure is thus inher-
ently less prone to temperature crosstalk [268, 263].

Further, similar to the first fabricated version of LPWGs, the optical mode profiles
partially superpose at the core region (see figure 5.8(c)) and can therefore be mod-
ulated for coupling. The central region’s lithographic resist primarily employed to
etch the core modulation profile can also be conveniently used here as a cover to fur-
ther reduce the influence of the external environment on the EI of the fundamental
mode. This is performed by using HSQ as resist for central region patterning.

5.3.2 Modeling and Parametrical Study

A parametric study is performed with Lumerical mode solvers and purpose-built
scripts on the different structural parameters (core width and thickness, slab width
and thickness) as illustrated in figure 5.8. First, the background RI is set around
1.33, as we aim to later experiment with water-based mixtures. The difference
between the core and slab thickness, defined as the etch depth "e", is found to
not only be the main contributor to the slab modes’ waveguide sensitivity (Γ), as
shown in figure 5.9, but also to highly influence coupling parameters and modal
propagation behaviors.

In this study, e is set at 35 nm in order to minimize the EI difference between the
fundamental mode and the higher order slab mode (∆neff = neffHE1−neffHE7).
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Figure 5.10: Simulated effective and group indices of modes HE1 and HE7 showing
similar dispersion for LPWG with e = 35 nm, wcore = 1.65 µm and wslab = 30 µm

The slab width (wslab), on the other hand, allows to tune the propagation constants
of the higher order modes. For wslab = 30 µm, simulation results shown in figure 5.10
demonstrate that the GIs of the selected modes are not only very close together
but also exhibit similar chromatic behaviors. As ∆ng is approximately constant
over a relatively wide spectral range of 500 nm around 1550 nm, Sλ or spectral
sensitivity is expected to remain relatively constant in this window. Sλ at 1550 nm
is estimated to be ∼11,000 nm/RIU. The period for HE1 to HE7 mode coupling
to occur at 1550 nm is, in turn, estimated to be approximately 77.5 µm using
equation (4.27).

Further analysis plotted in figure 5.11 suggests the core width wcore to be the
cross-sectional dimension that most contributes to the coupling coefficients, as it
affects the modulated interface position with respect to the optical fields of the
coupling modes. This parameter is used here to control the grating’s optimal cou-
pling length Lopt and resonance FWHM. Hence, an FWHM shorter than 25 nm has
been selected for experimental purposes in order not to exceed the apparatus’ mea-
surement window limit of 100 nm. While wcore also slightly influences the GI and
dispersion of the fundamental mode, it has been set at 1.65 µm as a good trade-off
without increasing ∆ng nor altering the respective sensitivities of the modes to the
external RI. Consequently, the FWHM is estimated at 25 nm for a grating length
of 7.5 mm.

5.3.3 Fabrication and Characterization

Fundamental mode coupling in the rib waveguide is performed using 50 µm long
strip-rib tapers at both ends of the LPWG [269]. In addition, as a safety margin
against fabrication errors, several LPWGs with varying periods have been designed
to ensure that LPWG resonances could be observed within the measurement spec-



5.3. LPWG n◦2 107

Figure 5.11: Coupling parameter and estimated full coupling length as a function
of wcore for e = 35 nm and wslab = 30 µm at 1550 nm. wcore is set at 1.65 µm.
Dashed lines: selected wcore with corresponding Lopt and FWHM.

tral window, as shown in figure 5.12(a). In order to address the effects of fabrication
tolerances on the LPWG performance, dimensional variations of the LPWG archi-
tecture with a normal distribution are introduced into the model. The widths and
heights are varied in 3000 simulated models with a standard deviation or SD) of
3.8 nm and 1.3 nm, respectively, selected from an analysis of the manufacturing
variability in silicon photonics lithography [17]. The overlay error between the slab
and core layers is also introduced into the model with an SD of 300 nm. From the
simulation results, it is found that ∼75% of the LPWGs exhibit resonance within
the 1500 - 1600 nm range with a sensitivity variation as low as 3%. Further, the
difference in thickness between the core and slab regions is also observed to be the
highest contributor to and responsible for 90 % of the resonance shifts (see appendix
A.8).

The fabrication procedure, as illustrated in figure 5.12(b), involves two litho-
graphic processes:

1. the HSQ is firstly exposed as a pattern layer for the strip-rib waveguide core re-
gion, as well as for grating couplers and connecting waveguides. This prevents
overlay errors from affecting the strip-rib’s fundamental mode conversion

2. after development, the second exposure process is directly applied with
MaN2405 to define the slab mode region. A first RIE step is carried out
after which a second one is used to partially etch the slab region. Both etch-
ing steps are measured by closed loop laser interferometry to control the etch
depth
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Figure 5.13 displays SEM images of a rib-strip LPWG, highlighting a slight
asymmetry that is due to a minor overlay error as seen in figure 5.13(d). However,
when this error is reintroduced into the simulated model, a small resonance shift of
only ∼20 nm is obtained.

Figure 5.12: (a) Layout of the fabricated LPWGs, showing (1) strip-rib converter,
(2) LPWG modulated core layer and (3) grating couplers, and (b) illustration of
rib-strip LPWG fabrication process
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Figure 5.13: SEM images of integrated photonic components: (a) strip-rib con-
verter, (b) grating coupler, (c) LPWG section, and (d) minor misalignment between
strip and rib waveguides shown here at the beginning of the tapering region for the
sake of clarity

5.3.4 Refractometric Performance

Commercially available liquids of calibrated RIs from Cargill are employed and
mixed into different proportions to simulate indices varying between 1.33 and
1.35 RIUs. These RIs are first measured using a Hanna HI 96801 refractometer
with a resolution of 0.2 mRIU. The optical liquids are then deposited on top of the
chip to induce coupling resonance to be subsequently tracked over a spectral window
of 100 nm. Resonance features which have been observed during optical character-
ization exhibit a 3 dB bandwith of 25 nm and an extinction ratio of 10 - 12 dB,
as shown in figure 5.14(b). These are very similar to the simulated values in fig-
ure 5.14(a) which plots the corresponding transmission spectra after de-embedding
and normalization. Baseline comparison to strip waveguides of the same length
actually reveals lower rib-waveguide propagation losses that are assumed to be due
to lower side-wall rugosity-induced scattering.
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Figure 5.14: (a) Simulated and (b) experimentally measured normalized resonance
spectra at surface RIs of 1.3388 and 1.34, and (c) corresponding resonance wave-
lengths displaying a relatively constant sensitivity of 11,500 nm/RIU.

Figure 5.14(c) plots the simulated and experimental resonance wavelengths of
the LPWG against the analyte’s RI, from which the sensitivity, calculated as the
slope, can be extracted. Here, the experimentally measured sensitivity is estimated
to be Sλ ≈11,500 nm/RIU. More significantly, it is found that Sλ remains almost
stable (i.e. constant) over 100 nm, in good agreement with the simulated value.

5.3.5 Temperature Sensitivity

To study the influence of temperature on the structure, the thermo-optic coefficients
of SiN and SiO2 are introduced into the simulation model, similar to the first LPWG
section, from which a very low temperature sensitivity of 150 pm/K is then obtained.
Such a low value is to be expected since the coupled modes travel in the same
materials and are thus subject to the same influence.
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Figure 5.15: (a) Experimental transmission spectra, and (b) simulated and mea-
sured resonance wavelength variations versus temperature of the LPWG

To experimentally determine the temperature sensitivity of the LPWG sensor,
the temperature of the TEC mount is tuned from 15 to 30°C, similar to previous
Section 5.2.5. However, it is impossible here to directly measure the temperature
sensitivity of the sensor in free space (i.e. without an external "cladding" medium)
as the mode resonance would then not fall within the limits of the target spectral
range around 1550 nm. In order to correctly measure this sensitivity without ex-
ceeding the spectral limits, the temperature dependence of the calibrated RI liquid is
pre-characterized using a commercial refractometer inside a temperature incubator
before being applied on the LPWG. The measured resonance wavelength shift due
to the temperature induced variation of the liquid’s RI is finally subtracted from the
combined total resonance shift (from both the RI liquid and LPWG sensor) detected
over the investigated temperature range. This thus enables the intrinsic temper-
ature dependence of the LPWG sensor to be obtained, as shown in figure 5.15.
The measured temperature sensitivity is found to corroborate the simulated value,
which predicts a low intrinsic LPWG temperature dependence of ∼150 pm/K.

5.3.6 Discussion

A sensitivity of ∼11,500 nm/RIU with an FOM of 400 has been demonstrated with
the proposed LPWG over a large measurement spectral window of 100 nm. Despite
the unoptimized photonic waveguide manufacturing process, the measured LPWG
coupling properties are found to be very similar to the simulated ones. In fact, the
proposed architecture is less prone to certain structure’s dimensional variations such
as uncertainty in the RI of deposited materials, since both coupled modes propagate
in very similar conditions sharing various structure parameters. This implies that
they can be assumed to be equally affected by this kind of defects. In addition,
as already mentioned, the temperature crosstalk is relatively low (∼0.15 nm/K),
especially when compared to the high refractometric sensitivity.
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Finally, the anisotropy of the sensed medium’s RI induced by a heterogeneous
coated liquid has been observed to generate irregularities in the transmission spec-
tra, as seen in figure 5.16. This has been generated by using poorly mixed oils
and has resulted in double resonance spectral shapes. This effect, however, rapidly
vanishes with progressively improved liquid blending, but might be of more concern
for LPWGs of higher sensitivities.

Figure 5.16: Transmission spectrum of a rib-strip LPWG with liquid-analyte RI
anisotropy

5.4 LPWG n◦3

In this section, the numerical analysis of an LPWG based on a pair of waveguides is
performed to illustrate the importance of performance scalability of LPWG archi-
tectures for refractometric applications1. A detailed parametric analysis is applied
to the proposed design to highlight the main design leverages and their effect on
the refractometric performances. This modeling section shows that the proposed
optimization techniques can be simultaneously used to scale the performances of
LPWGs over a wide dynamic range. This is demonstrated through the analysis of
several variants of the proposed architecture.

5.4.1 Structure

The studied structure consists of a pair of co-linear SiN strip waveguides, one of
which is covered by an SiO2 cladding layer, as illustrated in figure 5.17(a). This
figure also shows the two associated fundamental HE mode profiles that are coupled
by the LPWG at resonance. The dimensions of the waveguide with cladding are
fixed at 650×550 nm which result in moderate optical mode confinement around
1550 nm. The RIs of SiN and SiO2 are respectively given as 1.97 and 1.45. The
cladding material is SiO2, elaborated using HSQ resist which exhibits a lower RI of
1.37. HSQ is employed in part to that facilitate sensitivity optimization for sensing

1The associated paper is currently under review.
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around 1.33 RIU. A long period binary modulation is applied to the covered waveg-
uide’s width for simulation purpose as well as for later fabrication. Note that similar
coupling behavior could also be obtained by applying the same modulation on the
exposed waveguide instead. In the next section, a parametric study is performed
using 4 parameters related to the LPG dimensions: (1) exposed waveguide width
w and (2) thickness t, (3) modulation amplitude a, and (4) waveguide interspace i
(see figure 5.17(a)).

Figure 5.17: (a) Dual strip LPWG cross-section material composition and RI profile
(top), and optical field profiles of coupled modes (bottom), and (b) waveguide
sensitivity and field overlap ratio to the sensing region versus w

5.4.2 Modeling

The exposed waveguide’s refractometric sensitivity, defined as ∂neffj/∂nsens, is
firstly optimized by reducing the optical confinement of the mode. As shown in
figure 5.17(b), the waveguide sensitivity, ∂neff,j/∂nsens, of the exposed optical
mode can be increased to nearly 0.5 by reducing w. A w as small as 450 nm enables
optical mode propagation while exhibiting high index dependence on the external
region at the same time. A wider waveguide would lead to lower sensitivity but
could nevertheless reduce propagation losses induced by side-wall rugosity. The
cladded waveguide sensitivity is negligible here.

Secondly, as previously discussed, the PMTP exists when ∆ngi,j (λ) tends to zero
[246, 261]. This theoretically permits spectral sensitivity to locally reach an infinite
value. However, the FWHM has previously been shown to be inversely proportional
to ∆ngi,j (λ). Hence, Sλ and FWHM can be tuned here by controlling the GI differ-
ence ∆ngi,j (λ). This is carried out by adjusting the exposed waveguide thickness t,
as shown in figure 5.18(a). Two LPWG examples with t = 1 µm and 1.4 µm are sub-
sequently designed and simulated with EME algorithms. Their spectral sensitivities
Sλ are theoretically estimated to be ∼30,000 and ∼300,000 nm/RIU,respectively,
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as plotted in figure 5.18(a).

Figure 5.18: (a) GI and EI difference between coupling modes, and resulting es-
timated Sλ as a function of t; (b) grating length for full coupling and simulated
FWHM at 1550 nm (log scale)

Lastly, after setting the grating periods accordingly to fulfill the resonance con-
dition in equation (4.27) around 1550 nm, EME simulations are performed to study
the effects of interspace i and modulation amplitude a on the spectral and coupling
features. Note that prior to these simulations, i and a have been found to exert
only minor influences on the propagation constants of the optical modes.

Figure 5.18(b) illustrates the FWHM and the behavior of the full coupling grat-
ing length Lopt versus i, demonstrating that the waveguide interspace is the main
contributor to the optical field superposition of the coupling modes. Figure 5.18(b)
also shows the modulation amplitude a to exert the strongest influence on the grat-
ing’s optimal coupling length and spectral width. A nearly ideal inverse propor-
tionality between Lopt and FWHM can be observed, as theorized in equation (??).

Table 5.2 summarizes the parameters and simulated performances of the differ-
ent LPWG variants modeled here. Figure 5.19 plots the GIs of coupling modes
in the wavelength region of interest for LPWG n◦ 3.1 to 3.4, while also illus-
trating simulated spectral sensitivities of Sλ30k = 30,000 nm/RIU and Sλ300k = -
300,000 nm/RIU, respectively. Figure 5.19 also displays the EME-simulated trans-
mission spectra of LPWGs n◦ 3.1 to 3.4 as listed in table 5.2 together with their
spectral shifts induced by varying the external RI in the model. The magnitude of
the spectral shifts corresponds to the calculated sensitivities while the FWHM of
the LPWGs remains almost constant for each structure over the entire RI varia-
tion range. This is due to the very minor variations of ∆ngj,l of the coupled modes
with λ, which renders both the sensitivities and the FWHM stable over the spectral
range analyzed. Minor variations of the extinction coefficients are also observed and
these are attributed to variations in the mode coupling strength with λ (note: this
can only be achieved/obtained with advanced EME algorithms). Additionally, the
FOMs of the simulated spectra are found to be proportional to the grating length
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(Lopt), which is expected since ∂neff,j/∂nsens is equal for each LPWG.

no t i amp ∆neffj,l ∆ngj,l Period Lopt Sλ FWHM FOM
(µm) (µm) (nm) (a.u.) (a.u.) (µm) (mm) (µm/RIU) (nm) RIU−1

3.1 1 1.6 10 0.038 0.023 40.5 20 33 4 8250
3.2 1 1.6 50 0.038 0.023 40.5 4 33 20 1650
3.3 1.4 1.6 10 0.008 -0.0022 225 6.5 -310 115 2700
3.4 1.4 1.9 10 0.008 -0.0022 225 20 -310 38 8150

Table 5.2: Summary of parameters and simulated performances of 4 variants of the
LPWG design n◦3 at 1550 nm

Figure 5.19: GI profiles, simulated transmission spectra (trans) and spectral sensi-
tivities (Sλ) of different versions of LPWGs (n◦ 3.1-n◦ 3.4) for which the structure
parameters are detailed in Table 5.2

5.4.3 Discussion and Fabrication Variability

The parametric analysis carried out above shows that a broad range of sensitivities
as well as spectral features can be obtained by tuning or adjusting the optical mode
properties. Spectrally stable sensitivities as high as 300,000 nm/RIU over a large
dynamic range, with an FOM of 8000 have been simulated for 2 cm-long LPWGs.
However, to achieve extremely high sensing potential, these LPWGs require the
simultaneous control of multiple structure parameters. It is necessary to both ob-
tain adequate resonance spectral position, shape and coupling magnitude, and also
to ensure high but constant sensitivity levels over the entire measurement range.
These simulations demonstrate that the most sensitive LPWG versions require very
accurate structural parameters, and are subsequently more prone to manufacturing
errors as well as experimental conditions.

To address the fabrication variability that can affect the LPWGs, a statistical
study is performed: 2000 LPWG versions have been simulated by simultaneously
introducing random geometrical deviations on w and t with standard deviations of
σw = 3.8 nm and σt = 1.3 nm, respectively [17, 23, 270]. The simulated variations
in EIs and GIs of the coupled modes and their subsequent dispersions are then
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incorporated into the model to evaluate the resulting deviation from the expected
resonance spectral positions and sensitivities. By considering LPWGs that exhibit
resonance between 1500 and 1650 nm, and sensitivities varying by ± 25% of the
typical simulated value as devices operating correctly, the proportion of working
LPWGs with designed sensitivity levels of 30,000 and 300,000 nm/RIU are respec-
tively estimated to be ∼ 50 % and ∼ 5 %.

Nonetheless, this estimation takes into account only static deviation of the
waveguides’ dimensions incurred during fabrication. LPWG non-uniformities2 could
lead to more significant transmission modifications, ranging from minor deforma-
tion of the LPWG’s spectral signature to complete coupling signature scrambling.
These modifications will depend on both the non-uniform longitudinal profile along
the propagation axis and the dimensional amplitude variations. Note that future
work will focus on studying the effects of non-uniformity on the LPWG response.

Therefore, in the design of high performance LPWG refractometers, the main
criterion would lie in maximizing the impact of the waveguide materials’ RIs on the
propagation constants.This would minimize the influence of geometrical deviations
that could occur during fabrication. Such optimization could be obtained by using
waveguide materials of lower RI contrasts.

2Non-uniformities here include both dimension errors that are not uniform on the modulated
waveguide and anisotropy of the sensed medium
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6.1 Chemical-Optical Transducer Layer

6.1.1 Carbon Dioxide Sensing

Carbon dioxide (CO2) is the primary greenhouse gas emitted principally by an-
thropogenic activities. With over 30 billion tons released each year [15], CO2 rep-
resents over 75% of the total mass in emitted greenhouse gases, as illustrated in
figure 6.1(a). It is, in fact, estimated that CO2 contributes 60% of the increase in
greenhouse effect that is due uniquely to human-related activities [15], such as elec-
tricity generation, transportation and industrial processes, whereas the residential
and commercial sectors account for "only" 11% in CO2 emission. Since excessive
exposure to or inhalation of CO2 can induce severe health conditions, the related
sensor market mainly focuses on indoor air-quality monitoring [16]. It is estimated
that CO2 sensors account for 31% of the gas sensing market share [16, 271], repre-
senting approximately 700 million US dollars. This is expected to grow by ∼ 80%
by the year 2028 [16]. The optical sensor share itself is expected to increase by an
additional 25% to this date, thus underlining CO2 sensing as a dominant sector for
the design and fabrication of original photonic gas sensors.



118 Chapter 6. Application to CO2 Gas Sensing: Preliminary Results

Figure 6.1: Global greenhouse gas emission by gaz [15] and Europe gas sensors
market by product, 2012 – 2020 (USD Million) [16]

6.1.2 Introduction to Functionalized Polymer-based Gas Sensing

As previously explained in Chapter 1.4.1, the optical gas transducer quality de-
pends on both its chemical affinity to the analyte and its structural properties that
define its ability to diffuse the target gas into the porous medium. In this subsec-
tion, different possible engineering methods for manipulating these parameters are
presented, together with the sensing film deposition process that is implemented
for CO2 sensing.

6.1.2.1 Engineering the Polymeric Structure

Gas-specific polymer functionalization requires several parameters to be considered
to obtain a transducer with the desired properties:

1. The solvent used for dissolving the monomer before polymerization is the
main contributor determining the morphology of the immobilization matrix.
The solvent should allow sufficiently high solubility of the polymer and the
functionalization indicators, when needed, to obtain films with high material
homogeneity.

2. The solvent’s volatility and mechanical properties are preponderant factors in
defining the polymer’s porosity and permeability. The porosity depends on
the polymerization process during the evaporation of the solvent [36].

3. The viscosity (when dissolved in the solvent), flexibility and stability of the
chemical and physical properties of the polymer over time can be engineered
by the use of chemical additives such as plasticizers (to reduce viscosity),
cross-linkers (to increase viscosity) or initiators (to initiate polymerization in
aqueous solutions) [74, 77].

4. The macro structure of the polymer (such as surface smoothness) mainly
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depends on the coating parameters as well as the polymer concentration in
the solvent and the solvent volatility.

5. Surface treatment of the sensing area such as silanization can improve the
coating process and physical stability of the sensing film. In fact, as shown
in appendix A.9, water infiltration can cause coated polymer films to detach
from the target surface when incorrectly treated.

6. Depending on the coated polymer, it is sometimes possible to restructure the
sensing film using optical lithography [272] or nano-printing processes.

6.1.2.2 Coating Methods

Most common coating methods include spin coating, dip coating and spray coating
[273]. Spin coating is a popular method that is also used for the coating of optical
resists employed as mask layers in lithography techniques. This method relies on the
deposition of a polymer in its liquid state (dissolved in solvent) on a planar substrate
to be spinned at a specific rotation rate to obtain the desired thickness. Thermal
curing can then be used to evaporate the solvent completely, thereby allowing the
solidification of the polymer matrix. Dip coating is based on the continuous and
controlled immersion of the substrate in the coating liquid to form a smooth polymer
film. Spray coating is a more specific technique that involves directly spraying the
liquid state polymer onto the planar substrate.

6.1.3 CO2 Sensing Film

6.1.3.1 Polymer Material

Two materials considered to be suitable for elaborating the porous RI transduc-
ing layer have been employed in this thesis. Styrene-Acrylo Nitrile (SAN) is first
examined as a potential candidate for gas sensing due to the following properties:
high porosity potential [274] and chemical permeability, high transparency in the
NIR and possible use for polymeric waveguide fabrication [272], high RI of ∼1.55
at 1550 nm for modal interaction enhancement to increase sensitivity, and, finally,
its versatility to be engineered to incorporate macro-molecular selectors, such as
Cryptophanes for methane specific detection [275, 66, 276, 254] or other suitable
molecules as described in Chapter 1.

Polyhexanide (polyhexamethylene biguanide or PHMB) , is also considered and
finally chosen as the polymer host as it has been previously demonstrated in pho-
tonic CO2 sensing designs [105, 277, 172]. PHMB is a low-toxicity polymer that is
typically used as disinfectant and anti-sceptic. Soluble in water, it is also commonly
used for bio-regulation in swimming pools. In fact, the high affinity of the polymer
to CO2 makes it a promising candidate for selector-free gas sensing, which greatly
facilitates fabrication of the porous film. Additionally, the RI of PHMB at 1550 nm
is ∼1.54 [105], which is compatible with LPWG no. 1.0 previously described in
Chapter 5.
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6.1.3.2 Coating Process

The PHMB material is procured as a white powder with 95 % purity from JHSS
China. Based on the chemical report of the scientific committee for the European
Commission, the main PHMB solvents are methanol and water [278]. Methanol is
hereby selected for its higher surface adhesion to silicon oxide and higher chemi-
cal volatility compared to water. The PHMB powder is dissolved with a ratio of
50 mg/mL of methanol, and mixed using a magnetic stirrer for 3 hours. A 1.4 µm
thin film with a relatively smooth surface is next obtained by spin coating onto a
silanized 2×2 cm2 photonic chip at a spin rate of 800 rpm. The solvent is next
evaporated by annealing at 90oC for 30 minutes. Prior to obtaining the desired
film characteristics, multiple tests are performed on SAN and PHMB with different
solvents, coating spin speeds, polymer concentrations (in the solvent), chip surface
types and annealing temperatures.

Figure 6.2: Optical microscope images of deposited polymer films: (a)-(l) coatings
with unsuitable solvents and parameters displaying viscosity, adherence or solubility
issues, (m) displaying a minor scratch, (n)-(p) showing the effect of progressive
planarization on the surface topography

Figure 6.2 displays optical microscope images of the macro-state of the polymer
materials after polymerization onto the target surface of the photonic chip. A wide
range of behaviors in terms of surface adhesion, plasticity, viscosity and polymer
solubility can be observed. Additionally, planarization processes are experimented
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using nano-printing machines to smoothen the polymer surface, in anticipation of
possible use of gas sensitive polymers directly as optical waveguides. These pro-
cesses are found to effectively reduce the surface roughness when (1) the applied
pressure is sufficiently high and (2) when the curing temperature is above the poly-
mer’s glass transition temperature, as seen in figure 6.2(p).

6.2 Experimental Results

6.2.1 Experimental Setup for Gas Sensing

Bottled CO2 gas from Gazdetect in various pre-calibrated concentrations are em-
ployed in this thesis. To introduce the gas, a glass chamber is used as an imper-
meable container to allow the control of the gaseous environment into which the
photonic chip is immersed, as shown in figure 6.3. The chamber has three openings:
two for gas input and output, respectively, and the third to allow the fiber array
to be aligned with the photonic chip for light injection and to perform the mea-
surements. The third opening is sealed using a flexible rubber cover and silicone
(as airtight seal) in order to prevent gas leakage and/or contamination of the gas
chamber while enabling the fiber array to be moved and positioned onto the chip
surface. A commercial CO2 sensor (MH-Z16) is also inserted into the chamber as
the reference sensor and interfaced to an Arduino card. Finally, the chamber is
placed on top of the magnetic stirrer regulator (stirrer placed inside the gas cham-
ber) in order to ensure a better homogeneity of the gaseous environment within the
chamber itself.

6.2.2 Preliminary CO2 Sensing Results

To detect the CO2 gas, LPWGs on photonic chip no6 are coated with a PHMB
film (see layout in appendix A.6). The LPWGs are positioned at least 2 mm
away from the grating couplers on the layout, thereby allowing the fiber array
to be in full contact with the chip without obstructing the interaction of the gas
with the polymer in the sensing region. To interrogate the sensor (PHMB-coated
LPWG), light is coupled from the fiber array into and out of the photonic chip
via the grating coupler pairs (i.e. one pair of grating couplers to one LPWG).
The grating pairs, positioned at both ends of the U-bend (see top of figure 6.3),
are joint by waveguides in which the selected coupling modes are then propagated
up to and through the LPWG sensing elements. Consequently, for the analysis
of the output signal from the gas sensors, the superposed contributions from the
grating couplers, waveguides, and coupling irregularities are first de-embedded from
the total output. Subsequently, a normalized coupling spectrum is obtained, as
illustrated in figure 6.4. Here, Lorrentzian curve fitting is applied to the obtained
response and shown to superpose relatively well to the de-embedded resonance
signal.
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Figure 6.3: Schematic (top) and experimental setup (bottom) of the CO2 gas sensor
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Figure 6.4: De-embedded coupling spectrum of LPWG 1.3

Initial gas sensing tests have been performed by using the low-resolution fast-
scanning mode of the OSA, with each scan carried out iteratively every 15 seconds.
The measured spectra are analyzed in real-time with a dedicated LabVIEW pro-
gram, which additionally performs the curve fitting operation. Two experimental
barriers are subsequently observed during the measurements:

1. During gas-flow opening, the applied gas pressure is found to lead to an instan-
taneous virtual spectral shift of the resonance. This could be attributed to a
minor variation of grating coupling behavior induced by minor displacements
or vibrations of the grating coupler upon initial gas flow.

2. The reference CO2 sensor exhibits an inertia during the measurement, in
part due to its small dimension compared to the relatively large volume of
the gas enclosure. Depending on the concentration injected, the gas mixture
or atmosphere is estimated to generally stabilize or homogenize after a few
minutes. The mixing process is aided by the flux created by the magnetic
stirrer.

Upon introduction of CO2 into the chamber, the resonance shifts before sta-
bilization of the gaseous atmosphere (i.e. after a few minutes) are detected and
plotted in figure 6.5. The CO2 concentration measured by the reference sensor af-
ter stabilization of the atmosphere in the chamber is displayed a few minutes after
gas flow.
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Figure 6.5: Preliminary results from CO2 sensing experiment in enclosure un-
der low-resolution fast-spectral scanning mode: resonance spectral position shift
(∆res(nm)) versus time for different CO2 concentrations

To compensate perturbations induced during measurements due to gas surge
immediately after valve opening and the relatively slow stabilization of the gaseous
atmosphere in the chamber, the measurements have next been performed in a second
experiment over 1h30 at very low gas flow. Here, high-resolution low-speed scans
are instead performed and analyzed against referenced measurements. A quasi-
linear spectral shift is observed, as illustrated in figure 6.6. Linear interpolation is
then applied on the measured data to obtain a sensitivity of 6.8 · 10−3 pm/ppm.
Subsequently, based on the value of the LPWG sensitivity, the RI sensitivity of the
PHMB layer is estimated to be ∼ 4.7 · 10−9 RIU/ppm, corroborating the accepted
value of ∼ 6 · 10−9 RIU/ppm reported in the literature [105]. The discrepancy be-
tween these two sensitivity values can be attributed to different coating methods and
parameters employed, thus giving rise to slightly different solubility characteristics.

6.3 Discussion

Preliminary results from gas sensing experiments have demonstrated the poten-
tial for high sensitivity CO2-specific sensing using LPWGs coated with a sensitive
PHMB polymeric film. Experiments have also been carried out to detect methane
(CH4) by functionalizing the LPWGs with a polymeric film of SAN incorporating
cryptophane A molecules, which are CH4-specific supramolecular traps. However,
these attempts have proved unsuccessful to date as the sensors have been found to
exhibit very low sensitivity or even no response when CH4 is introduced into the
instrumented gas chamber during tests. This could be attributed to several rea-
sons, hitherto not investigated, such as poor quality of the cryptophane A molecules
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Figure 6.6: CO2 spectral sensitivity

employed, polymer deterioration or destruction (instead of dissolution) of the cryp-
tophane molecules by the highly aggressive solvent used (1,1,2,2 tetrachloroethane),
etc.

During the experiments, several flaws in the gas-enclosure setup and photonic
coupling components have been observed and could limit the complete evaluation
of the LPWGs dedicated to gas sensing applications. Below is a brief summary of
the principal flaws and their possible detrimental influence on the performance of
the LPWG gas sensor:

1. the size of the enclosure and lack of proper gas-mixing components or equip-
ment makes it very difficult to assess the exact response time of the porous
polymer layer and to cleanse the enclosure. This also has an impact on the
analysis of the gas desorption process from the sensitized polymer film when
concentration is decreased.

2. the coupling irregularities and perturbations on the photonic chip currently
limit the sensing resolution by drastically increasing the floor noise. Conse-
quently, despite a very high spectral sensitivity, trace gas detection could be
limited as the useful signal could easily be buried by noises from environmen-
tal perturbations such as pressure and temperature variations, and vibrations,
in particular.

To resolve these issues, future experiments should account for:

1. a compatible airtight enclosure or chamber to introduce the target gas, with
suitable dimensions to ensure rapid and uniform or homogeneous gas distribu-
tion throughout the chamber volume. An example could be a small-dimension
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3D-printed enclosure that can provide atmospheric control at the surface of
the photonic chip. A miniature chamber made of resin has been produced
for this purpose (see appendix A.10) but presented leaks that have yet to be
fixed.

2. direct butt-coupling to the photonic chip that could potentially enhance the
coupling efficiency and eliminate coupling interferences. Securing the lead-
in/lead-out fiber or fiber array to the chip by gluing or epoxy could subse-
quently be used to stabilize the coupling and significantly reduce mechanical
perturbations.

3. the use of LPWGs with higher spectral sensitivities and temperature re-
silience. LPWG 2.0 is currently being adapted to sense PHMB refractive
index in order to assess CO2 gas concentration.



Conclusion

Integrated photonics is a very promising domain for the development of powerful
embedded sensors, aiming for all sort of applications. In fact, the flexibility of design
offered by the integrated platform and the intrinsic properties of optical systems for
chemical sensing have led to a multitude of integrated architectures to be proposed
over the years. The wide range of sensing mechanisms and measurement techniques
has greatly complicated the analysis of such systems and made it difficult to identify
the most promising structures.

A framework for optical-chemical sensors analysis has been initially suggested.
It not only encompasses the different definitions that were presented in published
reviews but also offers a model describing optical chemical sensor systems as a func-
tional analysis. This model has subsequently been used to analyze the state-of-the-
art of integrated optical gas sensors. As a result, the classification model suggests
advantages and drawbacks of each sensing methods and system components, and
reveals refractometric systems as one of the most promising candidate for gas moni-
toring since they could directly benefit of both the ever-improving micro-fabrication
technology and chemical-material technology development. It was thus decided to
investigate integrated refractometers.

Photonic Integrated Circuit (PIC) functions such as waveguides, grating cou-
plers and fundamental refractometer structures (Mach-Zehnder Interferometers,
Micro-Ring Resonators, Bragg Gratings) have been firstly designed, fabricated and
characterized using the dedicated optical probe station developed during this the-
sis. The obtained propagation performances of our waveguides has proved to be the
main limitation in the design of refractometers. Nevertheless, optical transmission
has been found to be still sufficient to allow correct characterization of the intrinsic
performances of the fabricated structures.

After an in-depth overview of the main refractometric structures, it has been
decided to focus on a structure originally implemented on fibers: the Long Period
Grating. The coupling mechanism and intrinsic sensing properties of LPWGs has
been then analyzed using a mathematical model based on Coupled-Mode Theory,
from which some performance optimization techniques have been derived and pro-
posed.

As a first version of Long Period Waveguide Grating (LPWG), it has been de-
cided to increase the influence of the analyzed media’s refractive index on the prop-
agation constants of the coupled modes to enhance the bulk sensitivity. This has
been achieved by directly employing the gas-porous media as the LPG’s cladding
for modal propagation. Although a high sensitivity has been assessed, this LPG
structure is mainly dedicated to gas sensing since its surface sensitivity used for
refractive index of liquid analytes is an order of magnitude lower. A second ver-
sion, based on a rib waveguide, has then been developed using dispersion tailoring
methods, fabricated and characterized. A 6-fold sensitivity improvement has been
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achieved reaching 11,500 nm/RIU, while having an extremely low cross-talk sensi-
tivity to temperature of 0.15 nm/RIU, over a large measurement bandwidth of at
least 100 nm. Having successfully demonstrated the important potential of LPWGs,
a third LPWG architecture has been proposed and simulated, combining both opti-
mization approaches, showing sensitivities up to 300,000 nm/RIU. We have however
attempted in this thesis to prospectively assess the effects of the manufacturing and
testing limitations that could arise, on the performances of these LPWG architec-
tures.

Finally, preliminary results for CO2 gas sensing application using the first
LPWG have been obtained and discussed. It employs a polyhexamethylene
biguanide polymer coating for CO2 functionalization. However, the sensor per-
formances are found to be mainly limited by the current test setup, especially due
to mechanical perturbations. A new set-up, fabricated with 3D-printing, is thus
under development.

This thesis demonstrates the great potential of LPWGs for sensing purposes,
reporting models corroborated by experimental results of the highest performances.
A total of one conference and two journal papers have been published, and a patent
has been filed.

Both manufacturing resolution and the heterogeneity of the sensed environment
have been found to greatly affect the optical response of a LPWG and create irreg-
ularities in the transmitted spectra.

Although this might prevent very sensitive LPWG from being feasible, it could
also be used to develop new sensing applications. Our future work will be focused on
monitoring heterogeneous profiles of chemical mixtures or possibly bent profiles of
fibers, using LPGs. This could be performed with algorithms aiming at numerically
retrieving the refractive history and/or profile of optical propagation in LPGs from
the transmitted interference patterns.
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A.1 Layouts and Pictures of Fabricated Photonic Chips

A.1.1 Photonic Chip n◦1

Photonic Chip n◦1 (layout shown in figure A.1) was designed as a first attempt to
perform photonic chip coupling, propagation and some fundamental functions. The
objective here was also to characterize waveguide mismatch and the effects of over-
laps at the connection or interface between components, and estimate dimensional
errors in waveguides and components in terms of width and thickness. Grating cou-
plers with different periods have been designed to address coupling errors, which
resulted in slightly shifted coupling spectra because of slight errors in grating fill
factors.
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Figure A.1: Photonic Chip n◦ 1’s layout

A.1.2 Photonic Chip n◦2

Photonic Chip n◦2 (layout shown in figure A.2) was designed to evaluate straight
and bent waveguide losses and compare the effets of Normal mode exposure to
FBMS mode exposure of propagation losses. Waveguide coils of different lengths
have been designed and characterized. Two issues were observed for normal ex-
posure mode: (1) waveguide mismatchs have been observed, as illustrated in fig-
ure A.2(d), which would require higher exposure intensity to remove, and (2) the
RAITH150 exposure algorithm limits the amounts of point-coordinates per object
to 4000. As a result, truncations were unavoidable when generating the 3 cm coil
using the normal mode exposure configuration, which resulted in complete intensity
loss. On the other hand, FBMS exposure mode showed much better results but re-
quired a specific transformation algorithm to be implemented in order to meet the
RAITH150 requirements.

Consequently, for the following PIC tape-outs, waveguides were exposed with
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FBMS mode to achieve better performances.
Additionally, an array of 5 Bragg-grating reflectors of varying periods was also

designed and added to the chip. The measured responses were found to be very
similar to the simulated values, as shown in figure 3.4, but their spectral position
was slightly shifted, which suggests a grating effective index different from the
simulation, probably due to fabrication smoothing of the binary corrugations of the
grating [23].

Figure A.2: (a) Photonic chip n◦ 2’s layout, and optical microscope pictures of
(b) grating coupler pairs showing defaults, (c) coil waveguides and Bragg Grating
Reflectors, and (d) coil waveguide mismatches showing the working field junctions
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A.1.3 Photonic Chip n◦3

Figure A.3: (a) Photonic chip n◦ 3’s layout depicting an array of the LPWGs 1.0
and optical microscope pictures of (b) alignment marks between SiN and SU8 layers,
(c) multimode waveguide endpoint, and (d) SU8-cladded grating coupler

Photonic Chip n◦3 (layout shown in figure A.3) was designed as a first attempt to
perform multimode coupling with LPWGs (corresponding to version LPWG n◦1.0).
An array of LPWGs of varying widths and periods was designed to maximize the
probability of observing a coupling resonance within the optical wavelength span
of the optical spectrum analyser, and assess the variations of coupling resonance
properties due to changes in the critical dimensions. Alignment marks have also
been introduced in the layout to enable SU8 multimode waveguide fabrication in
a second layer by laser lithography. The coupling spectra that have been observed
demonstrated highly variable behavioral shifts (resonance, coupling amplitude...)
compared to the simulation, and between structures with the same design proper-
ties. It was concluded from the measured spectra that the use of laser lithography
resulted in too high variability for proper fabrication of this LPWG version.
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A.1.4 Photonic Chip n◦4

Photonic Chip n◦4 (layout shown in figure A.4) was designed to fabricate LPWGs
using HSQ side-walls for incorporating multi-mode waveguides. Four arrays of LP-
WGs with different widths and periods have been realized and characterized. A
minor asymmetry in the obtained structures was observed due to poor calibration
with the alignment marks. Nevertheless the coupling spectra measured between dif-
ferent LPWGs turned out to be consistent with each other and with the simulations.
A small computational error in the definition of the absolute coordinates was found
to induce a misalignment of the HSQ layer, as seen in figure A.4(d). This, however,
had no major impact on the LPWG performances. Small resist peeling off can also
be observed at certain LPWG field junctions in figure A.4(e), which caused the
dysfunction of a significant part of the LPWGs. Additionally, transmission losses
for different waveguide widths (300 - 1000 nm) were also characterized for straight
waveguides. In fact, LPWG transmission losses were suspected to be due to the
narrow waveguide regions occuring at each modulation period. This analysis found
the transmission profile to exhibit a cut-off value around a 700 nm waveguide width,
as shown in figure A.4(f). Lastly, a dedicated script for automatically labeling the
structures was added to ease their visual identification by microscope and thus to
facilitate their characterization, as seen in figure ??(c).

A.1.5 Photonic Chip n◦5

Photonic chip n◦5 (layout shown in figure A.5) was designed and fabricated simi-
larly to Photonic chip n◦ 4 except for the use of higher exposure doses to reduce
the effect of mismatch at the working field junctions in LPWGs. Also, waveguide
widths wider than 700 nm were employed to reduce optical losses. Longer versions
of LPWGs were also realized as well. These LPWGs consequently exhibit much bet-
ter results than PIC n◦4. These results were used to reconstruct a coupling spectra
displaying resonances with each multi-mode, as displayed in figure ??. Additionally,
splitters/couplers were also designed and realized, and used in Mach-Zehnder con-
figurations. However, most of the Mach-Zehnder structures (only) have been found
to be unusable due to an algorithm error which resulted in their associated grating
couplers to be exposed twice. Lastly, Phase-Shifted Bragg-Grating (BG) Reflectors
were also designed but found to achieve very poor responses to the phase-shift, often
bypassing the phase-shift condition and acting as mere BGs. This was attributed
to the lack of control of the propagation loss coefficient in such waveguide gratings.
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Figure A.4: (a) Photonic chip n◦4’s layout, depicting an array of LPWGs 1.1 with
HSQ walls, and various waveguides for propagation loss study versus length and
width, (b) alignment marks for E-beam, (c) structure numbering marks, (d) optical
microscope pictures of HSQ layer’s shifted exposure and (e) exposure default, and
(f) measured transmission for waveguide of different widths exposing a cut-off value
around 700 nm.
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Figure A.5: Photonic chip 5’s layout depicting array of LPWGs 1.2, waveguide
splitters, Mach-Zehnder interferometers using splitters, and Phase-Shifted Bragg
Grating reflectors
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A.1.6 Photonic Chip n◦6

Photonic chip n◦6 (layout shown in figure A.6) was designed for the purpose of per-
forming refractometric and gas sensing measurements. Unlike the previous PICs,
the refractometric components have been placed at least 2 mm away from the
grating couplers, so that the fiber array could be brought into contact without
compromising the sensing surface of the LPWGs, Mach-Zehnder devices and ring
resonators that were designed. A mask for SU8 opening in the sensing regions was
produced by laser lithography. Additionally, waveguide converters have been used
to perform coupling between SiN/Su8 waveguides to SU8/SiO2 and SU8/air waveg-
uides, but were found to dysfunction due to overlap errors and incorrect exposure
doses for the given dimensions. Lastly, a new layout script was produced to better
control the exposure order of the components by using labeled layers, as illustrated
by the multiple colors of each component in figure A.6. This has allowed working
fields of structures to superpose without leading to double exposures (as encoun-
tered with MZIs in PIC n◦4), thereby enabling a higher density of the components
and waveguides to be obtained on the same chip. Consequently:

1. Multiple MZI refractometers have been designed, with various arm lengths to
obtain multiple sensitivities and FSRs. Refractometric performances between
100 - 600 nm/RIU have been measured, with extinction ratios as low as 10 dB.

2. 6 MRRs have been realized with various coupling gaps, showing similar re-
fractometric sensitivities ∼200 nm/RIU but different extinction ratios up to
10 dB.

3. LPWGs have been designed with spectral sensitivities of ∼1500 nm/RIU, and
tested both with SU8, SAN and PHMB cover layers as the cladding material.
Sensitivity to CO2 has been measured, as discussed in Chapter 6.

A.1.7 Photonic Chip n◦7

Photonic chip n◦7 (layout shown in figure A.7) includes the first strip-rib LPWGs
connected to grating couplers by strip waveguides and strip-rib converters, as dis-
cussed in Chapter 5. The LPWGs have shown refractometric sensitivities between
+2000 and -11500 nm/RIU depending on the grating period. Figure A.7(a) shows
the surface that was used for interferometric real-time monitoring of the RIE pro-
cess. Figure A.7(d) shows HSQ-made cross structures that have been implemented
in the first layer for automatic position re-calibration of the electron beam in order
to reduce overlay errors on the second layer. The RAITH150 script employed was,
however, found to be inefficient as the refractive index contrast between the HSQ
layer and SiO2 was too low for the calibration to be reliable.
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Figure A.6: (a) Photonic chip n◦6’s layout with MZIs, LPWGs 1.3, MRRs, waveg-
uide converters, grating couplers and the appropriate logos (LAAS-CNRS and RE-
NATECH). Also illustrated are magnified pictures of realized (b) MZIs, (c) LPWGs
1.3, and (d) MRRS and waveguide converters
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Figure A.7: Photonic chip n◦7’s layout depicting (a) square structure for RIE in-
terferometric monitoring, (b) array of strip-rib LPWGs 2.0 of varying periods and
lengths, (c) set of spatially distributed alignment marks, (d) optical microscope pic-
ture of LPWG with default and cross-marks for automatic position re-calibration,
and (e) asymmetry of the rib-strip LPWG created by overlay error
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A.2 Simulation

A.2.1 Statistical Analysis of Manufacturing Errors for LPWG2

Figure A.8: Manufacturing tolerance analysis on LPWG2.0 (rib version), showing
changes of resonance wavelengths and refractometric spectral sensitivities for ran-
dom profiles of dimension variations: (a,b) slab thickness, (c,d) slab and core width
and (e,f) translational core-slab shift [17]

Figure A.8 shows the simulated centre position of the resonance and sensitivity
for 3000 versions of LPWG n◦2 (rib version). Random dimensional deviations have
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been introduced on the slab thickness, the waveguide core, slab width and slab shift.
The performance prediction analysis was based on the manufacturing variability of
Deep-UltraViolet silicon photonics lithography [17, 23, 270]:

1. The slab and core widths were varied with a standard deviation SD=3.86 nm

2. The core-slab etch depth was varied with a standard deviation SD=1.26 nm

3. The off-align between different layers was varied with an arbitrary standard
deviation SD=300 nm.

It can be seen in figure A.8 that minor variations on all dimensions, except on
the etch depth “e”, have very little effect on the LPWG’s spectral behavior (even
at SD=300 nm off-align, no significant effect is observed). The main variability
contribution is ”e”, which is the difference in thickness between the core and slab
regions.

Studies on the overall variability shows 78% of the LPWGs’ resonance wave-
lengths to remain within the spectral window of interest (1500 - 1600 nm) with a
sensitivity variation of only ±15%.

A.3 Experiment Results

A.3.1 Polymer Adhesion Issue

Figure A.9 shows a microscope image of Styrene-Acrylonitrile (SAN) polymer coat-
ing displaying a crack in which water has infiltrated because of poor adhesion to
the surface. This could lead to sensor dysfunction due to polymer aging or water
contamination. One could imagine using primer materials to enhance adhesion, like
silanes.

Figure A.9: Microscope pictures of physical fracture in a SAN polymer coated film,
before and after contact with water, showing infiltration of water between the film
and coated surface (from interferometric patterns)
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A.3.2 3D-printed Piece for Atmosphere Control of Photonic Chip

Because of the perturbations that were introduced in the gas testing setup illus-
trated in figure 6.3, it was attempted to replace the enclosure with a 3D-printed
resin-based piece (figure A.10) to be placed on the photonic chip. The piece was
composed of two gas outlets that were connected inside the structure to a small
cavity to be superposed on top of the sensing region of the photonic chip. Due to
time constraints and minor leakage issues, testing was however not yet carried out.

Figure A.10: Design model and 3D-printed piece for photonic chip atmosphere
control
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A.3.3 De-embedding

A.3.3.1 Definition

De-embedding is the action of removing the different contributions from related
components along the optical path (grating couplers, splitters, broadband couplers,
waveguides, etc) from a measured signal in order to isolate and extract the de-
sired information content that is solely due to the component of interest. In the
proposed setup, as illustrated in Chapter 3 [?], the photonic components are ana-
lyzed by removing the optical contributions of the connecting fiber and integrated
waveguides as well as the coupling components and non-uniformities of the optical
emission/reception. Since the transmission of integrated photonic structures is mea-
sured for refractometric purposes here, contributions of these optical components
are analyzed spectrally.

A.3.3.2 Overall Method

Figure A.11 illustrates the main methods used for de-embedding measured signals
to obtain uniquely the LPWG’s optical response. Figure A.11(a) shows an initial
signal that was measured using a SANTEC laser system and the optical coupling
setup. To de-embed the signal related only to the LPWG, the measured signal of a
test waveguide sample of length l (figure A.11(b)) that is equal to the connecting
waveguide lengths of the device under test, was first subtracted. The light emission
spectrum, coupling response, waveguide losses and analyzer spectral contributions
were subsequently deducted altogether. The optical emission can actually present
important intensity variations with the wavelength, as shown in figure A.12. Note,
however, that the coupling contribution may slightly vary from device to device since
the position of the fiber array highly influences the coupling spectral signature and
efficiency. This incurred minor readjustments to be applied.

A.3.3.3 Advanced Filtering

The presence of small interferences has been observed, as shown in figure A.11(c),
during the characterization of integrated optical components that have high losses
(usually due to the important propagation length). Investigation has shown that
the FSR of such interferences corresponds to the difference between the waveguide
circuit length and the absolute distance between grating couplers. Subsequently,
to remove this artefact without affecting other optical features, a bandstop filter
whose central frequency corresponds to this particular FSR is applied on the signal.
Finally, the de-dembedded signal is obtained, as shown in figure A.11(d), exhibiting
resonance features from an LPWG’s transmission spectrum (LPWG n◦2) . To
reduce the amplitude of such interferences, one could possibly increase the distance
between the connected grating couplers, and/or use fiber arrays with wider pitch.
This, however, also tends to complicate coupling which becomes more sensitive to
angular errors.
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Figure A.11: Illustration of de-embedding method with (a) measured absolute trans-
mission of a rib LPWG (PIC7) displaying resonance around 1580 nm, (b) measured
absolute transmission of a test waveguide sample of specific length, (c) interference
pattern that has been measured at low coupling, due to direct optical leakage from
input fiber to output fiber as measured from a high-loss waveguide circuit and, (d)
de-embedded LPWG spectral contribution
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Figure A.12: Measured emission spectra of broadband IR source showing irregular-
ities

A.4 Analysis of Waveguide Sensitivity for TE Mode in
1D-Model

The objective here is to analyze the influence of the refractive index of a cover
region on the effective index of a guided mode in a 1-D three-layer slab waveguide.
An analytical formula has been demonstrated in [126] for TM modes. Here, we aim
to find a solution for the TE modes. Starting from the characteristic equation for
the modal condition of a three-layer slab waveguide [279]:
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with m the mode order, p = 0 for TE modes and p = 1 for TM modes, and nf , ns
and nc the indices of the core layer, substate layer and cover layer, respectively.

By redefining the profile’s refractive indices into dimensionless parameters as

αs = 1−
(
ns
nf

)2

; αc = 1−
(
nc
nf

)2

; X = 1−
(
N

nf

)2

; T = 2πnf t
λ

(A.2)

equation (A.1) can be rewritten as

T =
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X
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1

1−αs

)p]
+ arctan

[√
αc−X
X

(
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+mπ

√
X

(A.3)

We aim to study the fundamental TE mode, with m=0 and p=0. We first
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derive both sides of equation (A.3) with respect to nc, giving:

∂T

∂nc
= 0 = δc + δs (A.4)

with
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X
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2
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(A.5)

The derivatives of the normalized parameters derivatives are then calculated as:
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(A.6)

which, when reintroduced into equation (A.4) with equation (A.5), gives:
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∂N
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= nc ·X
αc ·
√
αc −X

1[
N√
αs−X

+ N√
αc−X

+N · T
]

= nc
N

1√
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(A.7)

It can be seen that the sensitivity is proportional to the evanescent field ratio but
also depends on the effective index and cover refractive index. This indicates that
leaky modes could be an optimal solution for increasing the waveguide sensitivity.
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In this research, we demonstrate a high-sensitivity integrated silicon nitride long period grating (LPG) refrac-
tometer based on a rib waveguide with sinusoidally modulated width. While integrated LPG architectures typ-
ically achieve ultrahigh sensitivity only over a narrow optical bandwidth using a phase-matching turning-point
optimization technique, our sensor exhibits a very high refractometric sensitivity that was designed to remain
constant over a broad operational optical spectral bandwidth. The proposed design method relies on multi-modal
dispersion tailoring that consists of homogenizing the spectral behaviors of both group and effective indices of the
coupling modes. Experimental results are in agreement with numerical simulations, demonstrating not only a
sensitivity reaching 11,500 nm/RIU but, more significantly, also that this sensitivity remains almost constant over
a broad spectral range of at least 100 nm around 1550 nm. Additional advantages of the proposed sensor archi-
tecture encompass a low temperature sensitivity, down to −0.15 nm/K, and simplicity of the fabrication process.
These results demonstrate the feasibility of chip-scale photonic integration to achieve both high sensitivity and
large dynamic range of the proposed refractometer. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.444825

1. INTRODUCTION

Since their invention, refractometers have emerged as critical
metrological tools extensively employed in industry for a broad
range of applications, from chemical analysis [1] to temperature
and strain sensing [2]. Refractometry-based sensors allow the
estimation of the targeted physical or chemical parameter of
interest via the optical measurement of its corresponding refrac-
tive index (RI). The inherent high versatility achievable among
the wide variety of optical transducers contributes to driving
research on refractometers toward increasingly higher sensitiv-
ities, resolution, and linearity. As the fundamental basis of
many optical sensing solutions, refractometry has also been re-
cently investigated for device implementation on the integrated
photonic platform as a pathway to potentially achieve even
higher performances while reducing the system’s footprint
[3]. Integrated silicon-based photonic sensors intrinsically ben-
efit from major features such as electromagnetic immunity,
compactness, and miniaturization, as well as their high flexibil-
ity of design [4]. These characteristics thus render the CMOS-
compatible platform very attractive for high performance
sensing schemes that require high resolution and precision
while being cost effective. Integrated refractometers could be
typically classified into five different categories: waveguide
interferometers [5], resonators [6], photonic crystals [7], plas-
monic devices [8], and diffraction gratings [9].

Long period gratings (LPGs) form a sub-family of the gra-
ting-based group. They consist of structures that operate on the
exchange of energy between two or more co-propagative optical
modes. This coupling is allowed by a periodic exchange of en-
ergy when the grating period and propagated wavelength satisfy
a resonance condition. LPGs have been mainly investigated as
fiber-based sensors because they allow optical energy to interact
with the external environment by coupling a buried core mode
to a leaking cladding mode [10] exposed to the external
medium [11]. Any modification of the RI in the external
environment results in a shift of a resonance wavelength.
Their simplicity of fabrication using fiber tapering, irradiation,
corrugation, inscription, or arc discharge has also rendered
them attractive for mass fabrication. Moreover, LPGs have re-
cently been subject to increasing interest for implementation in
integrated photonics [12–16] due to their very high sensitivity
potential, small footprints, and specific features that can be ex-
ploited on a design-flexible platform. In fact, when compared
to typical interferometers or resonators, which exhibit periodic
spectral patterns [17], LPGs offer the particular ability to create
a localized spectral response while having similar performance
potential. Obtaining such localized patterns is particularly ad-
vantageous, as it greatly facilitates the tracking of the LPG’s
spectral signature in highly sensitive refractometers.
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In this work, we propose an integrated refractometric sensor
operating on a long period waveguide grating (LPWG) imple-
mented on a planar rib waveguide whose core width is sinus-
oidally modulated. Contrary to other optimization methods
that generally improve the local sensitivity performance only
around a narrow range of a few nanometers [14,18], we aim
to show here that sensitivity can be uniformly enhanced over
a broader spectrum by following certain design guidelines. This
is performed on our structure by tailoring the effective indices
of the coupled modes while simultaneously tuning the mode
coupling strength. In Section 2, the LPWG sensing scheme
is theoretically discussed and explained, and the design optimi-
zation method exploiting effective index (EI) tailoring is next
described for sensitivity performance enhancement. In
Section 3, the proposed architecture is detailed and modeled
using modal analysis and eigenmode expansion (EME). The
fabrication and characterization processes are then described
in Section 4. Experimental results from optical refractometric
measurements are subsequently presented and discussed in
Section 5.

2. OPERATING PRINCIPLES

A. Long Period Grating Theory
LPGs are waveguide-based structures that employ periodic
modulation to enable energy exchange between co-propagative
optical modes. As each mode possesses a specific propagation
constant and behavior, LPGs are designed to selectively couple
modes at resonance wavelengths, as described by the phase-
matching condition [19]

Δneff ,i,j�λres� ≈
λres
Ω

, (1)

where Δneff ,i,j � neff ,i − neff ,j, neff i and neff j are EIs of coupling
modes i and j, respectively, Ω is the grating period, and λres is
the resonance wavelength to achieve maximum coupling. For
spectral features to appear around the resonance in the LPG’s
transmission spectrum, sufficient coupling strength and grating
length are necessary to enable continuous coupling during the
propagation of the injected mode. As described by the coupled
mode theory [20] through numerous accepted LPG models,
the continuous exchange of energy between modes around the
resonance is periodic with respect to the LPG propagation
length. Furthermore, when configured for specific sensor
setups, this grating length has to be specifically set to enable
complete mode coupling at resonance, so that energy is fully
transferred between coupled modes. The coupling speed
depends mainly on the coupling coefficients [20], which have
previously been demonstrated to be mainly dependent on the
optical field’s modal superposition across the modulated area as
well as on the modulation amplitude [15].

B. Long Period Grating as Refractometer
Perturbation of the optical system typically occurs through the
interaction of the evanescent field of a mode with the target
analyte, which results in modification of the propagation con-
stants of the mode as a function of RI variation. As defined by
Eq. (1), the central wavelength of the resonance λres largely de-
pends on the EI difference of the coupling modes. Changes of
LPG responses can subsequently occur by performing mode

coupling to a perturbed optical mode. LPGs have mainly been
implemented in fiber platforms for their capacity in unburying
inner core fields and inducing interaction with an external
medium to be sensed. Fiber LPG refractometers rely on the cou-
pling between the fundamental core mode and a claddingmode;
while the core mode’s EI is relatively insensitive to external
influence, selected cladding modes can, on the other hand, in-
teract substantially with the external medium perturbation. The
waveguide sensitivity of mode i, Γi, which represents sensitivity
of the effective RI to the cladding index in evanescent optical
waveguide sensors [21], can be expressed as

Γi�λ, neff ,i� �
∂neff ,i
∂nsens

�λ, neff ,i�, (2)

where nsens is the RI of the sensed region. Γi should not be con-
fusedwith the sensed region’smodal field overlap ratio, especially
in high RI contrast waveguides [21]. Nevertheless, since Γi ex-
hibits substantial correlation with the percentage of optical fields
in the sensing region inmost cases, it can thus be used as a tool to
estimate the waveguide sensitivity.

Generally, LPG sensing systems rely on a wavelength inter-
rogation technique. The sensitivity Sλ of the LPG is measured
as spectral shifts of the resonance pattern per RI unit (RIU) of
the sensed medium. Hence, the sensitivity equation can be cal-
culated from Eq. (1) by applying a first-order Taylor series ex-
pansion [22], with respect to λ and nsens, as detailed in
Ref. [14], to result in

S�λ, i, j� � λ
ΔΓi,j�λ�
Δng ,i,j�λ�

(3)

with ΔΓi,j � Γi�λ� − Γj�λ� and Δng ,i,j � ng ,i − ng ,j, where ng ,i
denotes the modal group index (GI) of mode i, which can be
expressed as ng ,i � neff ,i − λ

∂neff ,i
∂λ [23].

Two sensitivity improvement techniques have been previ-
ously employed in the design of integrated LPGs, namely, mo-
dal interaction optimization [12,15] and phase-matching
turning-point (PMTP) optimization [14]. Modal interaction
optimization relies on maximizing the sensing region’s influ-
ence on the difference ΔΓi,j of the two coupling modes, while
PMTP aims to minimize the GI difference Δng ,i,j, thus signifi-
cantly increasing spectral sensitivity, as illustrated by Eq. (3). In
fact, by appropriately setting the grating period for coupling
around the wavelength range of interest using Eq. (1), the sen-
sitivity can be simplified into

S�λ, i, j� ≈ ΔΓi,j�λ� ·Ω · γ�λ�, (4)

where γ is known as the waveguide dispersion factor, defined as
[22,24]

γ�λ� � Δneff ,i,j�λ�
Δng ,i,j�λ�

: (5)

Here, γ locally becomes infinite around the PMTP, whose as-
sociated wavelength can be obtained by solving Δng ,i,j�λ� � 0,
as illustrated in Fig. 1(a).

Optimization is typically performed by displacing the
PMTP near the wavelength of interest using GI tuning to in-
crease the γ contribution to overall spectral sensitivity. In prac-
tice, this is equivalent to engineering the chromatic dispersion
of coupling modes to counteract or balance the difference

Research Article Vol. 10, No. 2 / February 2022 / Photonics Research 565



between the EIs of coupling modes within the spectral window
of interest. A notable problem with PMTP optimization is that
the sensitivity enhancement significantly drops as the resonance
shifts away from the PMTP, as illustrated in Fig. 1(b), thereby
considerably reducing the RI sensing range. This is due to the
high chromatic dispersion difference between modes that
causes Δng ,i,j to greatly vary with λ, thus causing the sensitivity
to collapse.

To circumvent this issue, we propose in this research an-
other method based on the tailoring of the coupling modes
so that the coupled modes’ chromatic dispersion behaviors
and EIs could be brought as close as possible. This should result
in a sensitivity improvement similar to the PMTP method,
with the additional characteristic of the resulting sensitivity re-
sponse remaining almost constant over a much wider wave-
length measurement range, as illustrated in Figs. 1(e) and 1(f ).
In this case, γ becomes nearly constant and close to one, and the
sensitivity enhancement is mainly derived from the extended
grating period Ω that is needed for coupling modes with close
EIs, as shown in Eq. (1).

In addition to the sensitivity, the full-width at half-
maximum (FWHM) can be utilized for comparing refracto-
metric schemes, as it can provide insight on the resolution
achievable in tracking both the induced resonance location and
shift, thus accounting for the sensor performance. FWHM can
be estimated as follows [25]:

FWHM�λres� ≈
0.8λ2res

Lopt · Δng ,i,j�λres�
, (6)

where Lopt is the optimal LPG length for which full coupling is
obtained at λres. Shaping of the spectral widths of the LPGs’
resonance patterns can thus be performed by engineering
the grating profile, coupling parameters, and grating length.

C. Proposed Structure
The proposed structure consists of a partially covered silicon
nitride (SiN) hybrid rib–strip waveguide of RI nSiN � 1.97
whose core width is modulated to form an LPG as illustrated
in Fig. 2. SiN on silicon oxide technology is chosen for its sim-
plicity of fabrication and patterning, and for its relatively low
index contrast in comparison with silicon on insulator (SOI),
which facilitates modal tailoring. Also, rib waveguides possess
significant advantages when employed for the design of
LPWGs. As previously reported in Ref. [13], tailoring of the
rib etch dimensions can enable the structure to support a fun-
damental mode confined within the waveguide core region to-
gether with higher-order modes spread out over the slab region.
The optical fields of the propagating fundamental HE1 mode
and the higher-order odd slab mode HE7 are simulated and
plotted in Fig. 3. As the optical fields of both core and slab
modes are partially overlapping in the modulated region, the
field product integral at the modulated interface is non-null
for odd modes. This is necessary to enable energy coupling be-
tween modes near λres during mode propagation, as previously
illustrated in Ref. [15]. Moreover, since the optical profiles of
the coupling modes are principally confined in the same
material, two major features that can be exploited for sensing
can be expected. First, as will be shown in Section 3.C, an in-
trinsic property of the rib structure is that it can support modes
whose EIs and GIs can potentially be induced to be very close
and to behave similarly over a broad wavelength range, thus
favoring our optimization scheme. Second, since the LPG res-
onance relies on a differential mechanism as described by
Eq. (1), both modes are expected to be almost equally affected
by temperature or material dispersion due to their co-propaga-
tion in the same material: the structure is inherently less prone
to temperature cross talk [13,26], and material dispersion can
be neglected in the simulated models. In addition, the wave-
guide grating modulation is designed to be continuous along
the core section width, which further reduces propagative losses
due to optical leakage that would otherwise occur in typical
binary-etched gratings, as shown in Ref. [14]. It further facil-
itates the theoretical analysis of mode coupling via coupling
local mode theory [20], which is exact only in the case of

Fig. 2. Illustration of the implemented rib waveguide LPG structure
with sinusoidally modulated width.

Fig. 1. Illustration of spectral sensitivity optimization behavior. (a),
(c), (e) Different propagation constant spectral profiles and (b), (d),
(f ) subsequent expected sensitivity behavior versus wavelength.
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“slowly varying waveguide approximations,” thereby allowing
to accurately model the LPWG for optimization purposes,
as demonstrated in Ref. [15]. Nevertheless, converting our si-
nusoidally modulated LPWG to a binary one remains possible.
The last particularity of our structure is that the core region is
partially covered by silicon oxide (SiO2), thus attenuating the
sensitivity of the fundamental mode in the core to perturba-
tions in the sensing region while the slab modes, on the con-
trary, substantially interact with this region. The SiO2 layer is
efficiently implemented during the fabrication process by using
a specific resist without requiring any supplementary process
step, as will be detailed in the next section.

3. DESIGN OPTIMIZATION AND LPWG
ARCHITECTURE

A standard 400 nm SiN core thickness, hcore, has been chosen
to facilitate optical injection into the photonic chip via grating
couplers as well as for relatively unconstrained fundamental
mode propagation. Further, as illustrated in Fig. 4, the remain-
ing rib waveguide parameters, such as slab thickness, hslab,
which depends on the etch depth e, core width wcore, and slab

width wslab, have been optimized with respect to the following
guidelines.

1. The EIs of the core and slab modes must be in very close
proximity to induce high sensitivity and significantly extend the
measurement range.

2. The modal interaction with the external region must be
as strong as possible for the slab modes and almost null for the
core mode.

3. The overlapping of the modal fields at the modulated
interface must be tuned for coupling rate optimization [15,20].

4. The difference in chromatic dispersion between the
two coupling modes is small in the spectral region of
interrogation.

The following subsections describe the LPWG structural
parameters that are chosen. In this research, we employ
Lumerical’s mode solver to simulate the rib LPWG [27] for
which themesh resolution has been set at 1 nm in the core region
and surrounding interfaces. Note that both metal and perfectly
matched layer boundary conditions lead to identical results, as
they are positioned sufficiently far from the waveguide.

A. SiO2 Strip
As previously described, ΔΓi,j can be increased by controlling
the optical field overlap of the respective coupling modes to the
sensing region. This is performed by minimizing the optical
leakage of the fundamental mode into the sensing region while
enabling slab modes to expand in the external environment. To
minimize the core mode sensitivity to the sensing region
ΓHE1�λ�, a strip of SiO2 is deposited on top of the core region.
Here, ΓHE1, as evaluated by simulation, has been lowered to
≈0.02. Additionally, as described in more detail in Section 4,
during the fabrication process, the SiO2 strip can also be ad-
vantageously used as the mask for patterning the modulated
waveguide, thereby reducing further the required number of
process steps. A minimum strip thickness of 0.5 μm is deter-
mined to be sufficient to prevent additional leakage.

Fig. 3. Simulated mode profiles for a rib LPWG: HE1 (top) and HE7 (bottom).

Fig. 4. LPG cross-sectional profile.

Research Article Vol. 10, No. 2 / February 2022 / Photonics Research 567



B. Slab Thickness
We observe that the etch depth, e, appears to be the most in-
fluential parameter on the LPWG behavior. As the slab region
becomes thinner, the slab mode’s evanescent field expands into
the cladding and substrate regions. It first enhances the sensed
region’s influence on the propagation constants of the slab
modes by increasing Γslabmodes because a higher proportion
of the modal field now interacts with the sensed region.
However, if e is too small, the fundamental mode will no longer
be confined in the core region and will, instead, start leaking
horizontally into the slab region, thereby increasing Γcoremode.
Second, e is the main contributor to the EI difference between
the slab–core modes, where stronger vertical confinement will
cause the EIs of the slab modes to further decrease. Since they
are already inherently lower than that of the core mode, it
would result in a lower LPG spectral sensitivity. Last, e also
significantly influences the LPG’s coupling strength since the
latter depends on the modulated area (which, in turn, is propor-
tional to e) [15,20]. Figure 5 shows the influence of e on both
Δneff ,HE7,HE1

and ΔΓHE7,HE1
. As a trade-off among Γ coeffi-

cients, EIs, and coupling coefficient optimization, the slab
thickness hslab is chosen to be 365 nm.

C. Slab Width
Mode calculations suggest that the EIs of slab modes tend to
increase and approach the EI of the fundamental mode with
increasing slab width (wslab). However, since large wslab will also
spread the slab’s mode field, the electric field superposition at
the modulated interface will tend to decrease, thereby reducing
the amplitude of the coupling coefficient and, consequently,
increasing the required sensor length. A 30 μm wide slab is
found to be a good compromise to enable full optical coupling
to the first slab modes over a millimeter-scale propagation
length. Figure 6 illustrates the simulated propagation constant
EIs and GIs of modes HE1 and HE7, respectively, in the NIR
spectral band (from ≈1.3 to 1.8 μm). It can be observed that
the coupling modes’ EIs behave very similarly so that Δng ,i,j
and Δneff ,i,j are relatively small and constant over a large wave-
length band, similar to Figs. 1(e) and 1(f ). These suggest that
both very high sensitivities up to Sλ � 10,000 nm/RIU [as

demonstrated by Eq. (3)] at a relatively constant level over
the entire C-band could simultaneously be attained.

D. Core Width
The core width is found to have little effect on the EIs of both
core and slab modes when tuned between 1 and 3 μm.
Nevertheless, two criteria have to be taken into account for
the proper design of the LPWG. First, single mode propagation
within the core region has to be ensured to minimize Γcoremode

and maximize Γslabmodes. Second, the core width also determines
the geometrical location of the modulated interfaces on the slab
surface. This parameter has to be optimized to obtain a specific
modal field superposition for a particular coupling strength to
be achieved. Furthermore, as demonstrated by Eqs. (3) and (6),
the FWHM of the resonance can be determined with Lopt and
the propagation constants. Hence, to facilitate experimental
measurements, an FWHM lower than or equal to 25 nm
has been estimated as the maximum measurable FWHM per-
missible to accurately observe the coupling spectra for different
external indices, as our apparatus’ measurement spectral win-
dow is only approximately 100 nm wide. Figure 7 illustrates
the influence of the core width on the main coupling strength
parameter,

R
e EHE1 · EHE7 dz, which can further be used to es-

timate the expected coupling length for a given modulation am-
plitude of 0.15 μm, for example, as previously demonstrated in
Ref. [15]. The average width of the core, wcore, is set to 1.65 μm
to achieve a 25 nm wide spectral dip with full mode coupling,
corresponding to a grating length of 7.5 mm.

E. LPWG Period and Length
As described by Eq. (1), when the EIs of the coupling modes are
closer, the LPWG period greatly increases. To couple the HE1
and HE7 modes around 1550 nm, whose EIs are found to be,
respectively, 1.693 and 1.673, the period has to be set to
≈77.5 μm. Here, EME is employed as an efficient technique
to model mode propagative periodic structures [28], as previ-
ously demonstrated in Ref. [15]. In this work, one single period
of the LPWG architecture is first sliced into 20 partitions along
the propagation axis. The modes and field overlaps are then
calculated for each local cross section. Subsequently, after a
numerical reconstruction of the LPWG profile along the

Fig. 5. Coupling modes’ EI difference and waveguide sensitivity Γ
difference versus slab etch depth with wslab � 30 μm and wcore �
1.65 μm at 1550 nm. Etch depth is set at e � 35 nm and hslab �
365 nm. Dashed lines: chosen etch depth and corresponding Δneff
and ΔΓ.

Fig. 6. Simulated effective and group indices of modes HE1 and
HE7 showing similar dispersion with e � 35 nm, wcore � 1.65 μm,
and wslab � 30 μm.
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propagation axis, the continuous optical coupling in the
LPWG over the propagation length is calculated with succes-
sive optical energy distribution by superposition of the scatter-
ing matrices. Figure 8 plots the simulated output spectra for
different grating lengths, illustrating a simulated coupling
length very similar to the calculated length. The model dem-
onstrates a 25 nm FWHM that can be obtained over 100 peri-
ods, which is similar to the designed grating length of 7.5 mm.

4. FABRICATION

A. Layout
To facilitate optical injection into the photonic chip, standard
grating couplers are used, as they enable easy characterization of
the optical structures [4]. Fundamental mode coupling in the
rib waveguide is then performed using 50 μm long strip–rib
tapers at both ends of the LPWG [29]. Since fabrication de-
faults due to both variations of material RIs and geometrical
dimensions of the patterned waveguides, and also high sensi-
tivity (Sλ > 10,000 nm/RIU), are expected, several LPWGs
of slightly different periods are fabricated to optimize the

chances to obtain the coupling resonance within our measure-
ment spectral range. Figure 9 illustrates the layout of the fab-
ricated photonic chip, including LPWGs and grating couplers
that have been designed.

B. Process
As illustrated in Fig. 10, a SiO2 layer of approximately 2 μm
thickness is first deposited on a pre-cleaned Si wafer by plasma-
enhanced chemical vapor deposition (PECVD). A 400 nm
thick SiN core layer is next deposited on top of the SiO2 film,
also by PECVD. The index of this core is measured by ellips-
ometry to be ncore ∼ 1.97. The SiO2 top strip is then fabricated
using electron-sensitive hydrogen silsesquioxane resist (HSQ),
whose constitution is found to be very similar to SiO2 after
curing, with an RI of 1.37 [30]. Moreover, the resist is also
used as the etching protective layer for patterning the core
waveguide and grating couplers. Subsequently, electron-sensi-
tive MaN2405 resin is deposited by spin coating, followed
by an Electra92 resin layer used for electronic charge dissipation
during electron-beam lithography with a RAITH150 E-beam
writer. This lithography step is used to pattern the slab region
of the waveguide. The main E-beam exposure parameters,
namely, acceleration voltage, beam current, step size, and dose,
are respectively 20 kV, 37 pA, 10 nm, and 112 μC∕cm2 for
MaN2405 resist, and 30 kV, 325 pA, 10 nm, and
375 μC∕cm2 for HSQ. After the resist development, the
SiN layer (thickness ∼400 nm) is etched using reactive ion
etching (RIE) to obtain grating couplers and slab waveguides
that are fully delineated. The remaining MaN2405 resist is re-
moved using pirhana solution followed by plasma O2 cleaning
without affecting the SiO2 strip generated from HSQ or the
unetched SiN layer. Finally, a 35 nm etch is performed on
the slab region of the rib waveguide using the SiO2 strip as the
layer mask. This particular process has two advantages: (i) the
core and grating mask layer are also used as the protective strip
of the core region to enhance sensitivity, and (ii) the fully
etched grating couplers and partially etched rib-waveguide core
region are patterned with the same mask, thereby reducing

Fig. 7. Coupling parameter and estimated full coupling length ver-
sus core width with e � 35 nm and wslab � 30 μm at 1550 nm. wcore

is set at 1.65 μm. Dashed lines: chosen core width and corresponding
coupling length Lopt and FWHM.

Fig. 8. Resonance spectra simulated with EME for different LPWG
lengths with a period of 77.5 μm, e � 35 nm, wslab � 30 μm, and
wcore � 1.65 μm.

Fig. 9. Layout of the designed photonic chip showing (a) strip–rib
converter, (b) LPWG, and (c) grating coupler.
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possible mismatch during the strip–rib fundamental mode con-
version.

C. Structure Characterization
The rib LPWGs are first physically characterized using a
scanning electron microscope (SEM) as seen in Fig. 11(d).
A transverse shift of 600 nm is observed on the second pat-
terned layer. This 600 nm off-alignment is reintroduced into
the simulation model and found to cause a minor resonance
shift of ∼20 nm with ∼3% sensitivity variation.

5. EXPERIMENTAL RESULTS

A. Experimental Setup
The experimental setup for optical characterization consists of a
Santec TSL550 tunable laser source, a fiber array mounted on a
motorized linear stage driven by a dedicated LabVIEW pro-
gram, and an optical powermeter, as illustrated in Fig. 12. The
injection and recovery of the interrogating light into the pho-
tonic circuit is obtained by positioning the fiber array on top
of a chip-integrated grating coupler pair. The injected laser
wavelength is next scanned over the spectral region of interrog-
ation from which the transmission spectrum is then measured.
The transmission spectra of the LPWGs are obtained after de-
embedding the transmitted signal to isolate both the LPWG’s
and tapers’ spectral contributions from those of the grating cou-
plers, tunable laser output, and lead-in/lead-out waveguides. It
is first observed during optical characterization of the LPWGs
that the background loss of ∼7 dB, which includes contribu-
tion from each taper, is slightly lower for rib waveguides relative
to a control sample based on strip waveguides. This can be
attributed to the overall reduction of the sidewall surface area
in the rib waveguides, which alleviates the roughness-induced
refraction losses during optical propagation.

B. Sensitivity
Commercially available liquids of calibrated RIs from Cargill
are employed and mixed into different proportions to simulate

Fig. 10. Illustration of LPWG fabrication process.

Fig. 11. SEM pictures of photonic circuit components: (a) strip–rib
converter; (b) grating coupler, (c) LPWG section, and (d) minor mis-
alignment between strip and rib waveguides shown here at the begin-
ning of the tapering region for the sake of clarity.

Fig. 12. Illustration of the experimental photonic characterization setup.

570 Vol. 10, No. 2 / February 2022 / Photonics Research Research Article



indices varying between 1.33 and 1.35 RIUs. These RIs are first
measured using a commercial Hanna HI 96801 refractometer
with a resolution of 0.2 mRIU. The optical liquids are then
deposited on top of the chip to induce RI variations in the
LPWG resonance, which is subsequently tracked over a spectral
window of 100 nm. Resonance features observed during the
optical characterization of an LPWG with a 77.5 μm period,
as shown in Fig. 13, exhibit a 3 dB bandwith of 25 nm and an
extinction ratio of 10–12 dB, which are very similar to the si-
mulated values. Figure 14 plots the simulated and experimental
resonance wavelength of the LPWG against the analyte’s RI,
from which the sensitivity calculated as the slope can be ex-
tracted. Here, the experimentally measured sensitivity is esti-
mated to be Sλ ≈ 11,500 nm/RIU and highly stable over
100 nm (limited by the SANTEC TSL550 measurement
range), in good agreement with the simulated value.

Table 1 summarizes the sensitivities and specific properties
of our proposed structure in comparison with previously
reported fabricated LPWGs. Other LPWG designs based on
waveguide sensitivity enhancement [12,16] or the PMTP op-
timization technique [14] exhibit either limited sensitivity en-
hancement or measurement range, respectively. On the other
hand, our proposed sensor demonstrates ultrahigh sensitivity
that, more significantly, is found to remain constant over a
broad measurement range.

C. Temperature Dependence
To study the influence of temperature on our structure, the
thermo-optic coefficients of SiN and SiO2 are first determined
to be 2.45 × 10−4 RIU/K and 9.5 × 10−5 RIU/K, respectively
[31]. These are then introduced into our simulation model
from which a very low temperature sensitivity of 150 pm/K
is obtained. This low value is to be expected since the coupled
modes travel in the same materials and are thus subject to the
same influence. To experimentally study the temperature sen-
sitivity of our sensor, the temperature of the laser mount is
tuned using a Thorlabs thermo-electric cooler (TEC) with a
0.02°C precision. Nevertheless, it is impossible here to directly
measure the temperature sensitivity of the sensor in free space
(i.e., without an external “cladding”medium), as the mode res-
onance would then not fall within the limits of the target spec-
tral range around 1550 nm. To correctly measure this
sensitivity without exceeding the spectral limits, a calibrated
RI liquid with a pre-characterized temperature dependence
is applied on the LPWG surface. The resonance wavelength
shift due to the liquid’s RI variation induced by the temperature

Fig. 13. (a) Simulated and (b) experimentally measured normalized
resonance spectra at surface RIs of 1.3388 and 1.34.

Fig. 14. Simulated and measured resonance wavelength of LPWGs
obtained for different surface RIs.

Table 1. Comparison with Other Fabricated LPWGs

References Material Structure Type
LPG Length

(μm)
Measured Sensitivity

(nm/RIU)
FWHM
(nm)

Period
(μm)

[16] Silicon nitride Polymer waveguide coupling 1000 240–900 5 10
[13] BK-7 glass Rib waveguide 1915 240 3 180
[12] Silicon nitride Strip–slot waveguide

coupling
2000 1970 7 15.1

[14] Silicon Asymmetric strip waveguide 1500 5078 20–30 7.8
Our work Silicon nitride Rib waveguide 7750 11,500 25 77.5
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variation is finally subtracted from the combined total reso-
nance shift (from both the RI liquid and LPWG sensor) to
obtain the intrinsic temperature dependence of the LPWG
structure (Figs. 15 and 16). The measured temperature sensi-
tivity is found to corroborate the simulated value, which pre-
dicts a low intrinsic LPWG temperature dependence of
∼150 pm/K.

6. CONCLUSION

Integrated refractometers are under intense investigation as the
current state of the art in nano-fabrication lends unprecedented
flexibility in the design of wavelength-scale complex photonic
structures. In this paper, we proposed a novelty integration of
a structure typically implemented on fiber platforms, i.e., the
LPG. Indeed, alongside interferometers, LPWGs are photonic
structures that benefit most from current advances in wave-
guide manufacturing technology [32], as their performance
ultimately scales to the propagation length. However, unlike
high-sensitivity interferometers for which the analysis of their
spectral shift is complicated by the output spectral periodicity,
LPWGs, on the other hand, which present localized spectral

patterns, are promising candidates for constructing ultrahigh
performance refractometers. The proposed structure, consisting
of a rib-waveguide LPG, has been designed, fabricated, and
characterized. A very high sensitivity of Sλ ≈ 11,500 nm/RIU
together with a figure ofmerit (FOM � Sλ/FWHM) of approx-
imately 400 has been measured over a wide spectral window of
100 nm, in agreement with theoretically calculated and simu-
lated values. This design has been found to demonstrate the
efficiency of EI tuning and could, additionally, be further com-
bined with other methods to potentially increase the sensitivity
to values hitherto unmatched on the integrated platform. In this
work, we also demonstrated the significant design capabilities of
rib LPWGs, which exhibited critical features such as minimal
temperature cross talk and simplicity of fabrication. Finally,
an ongoing study further suggests that certain types of similar
waveguides can possess inherent dispersive behaviors that allow
their sensitivity to be multiplied by one to two orders without
any reduction in sensitivity stability over the entiremeasurement
range. Results from our new study shall be published in a
future paper.
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Abstract—A novel integrated photonic structure based on Long
Period Waveguide Gratings (LPWGs) relying on channel-width
modulation is proposed and tested for refractometric applica-
tions. These LPWGs have been fabricated through a Silicon
Nitride process and experimentally characterized in terms of both
surface and bulk sensitivities. Surface sensing configuration is
first achieved by propagating one of the coupling optical modes
into an epoxy-based negative photoresist SU8 cladding region
that is in contact with the analyte via its outer surface. We
subsequently show that the proposed LPWGs cladding layer
can be advantageously replaced by a gas-porous polymeric bulk
layer such as Styrene-co-AcryloNitrile (SAN) as the cladding
region to be directly sensed to anticipate future gas sensing
applications. Here, bulk sensing is optimized by increasing the
analyte’s influence on the modal propagation constants as it is
demonstrated to be currently the most promising solution to
effectively enhance the figure of merit of long period gratings
of given lengths. Using varying water-glycerol mixtures, the
surface sensitivity of these LPWGs has been measured at up to
240 nm per RI unit (RIU) that is in agreement with simulation.
In addition, the bulk sensitivity has been indirectly estimated
to be ∼1900 nm/RIU via temperature measurements, which
corroborates simulation results, thereby paving the way towards
gas sensing applications.

Index Terms—Integrated photonics, long period grating, re-
fractometry, coupled-local-mode theory, silicon photonics.

I. INTRODUCTION

IN recent years, integrated photonics has been intensely
investigated for the development of highly sensitive lab-

on-chip sensor applications. Due to their high degree of
flexibility, they enable a multitude of functional designs to be
implemented in a miniaturized circuit. The immunity of inte-
grated photonic devices to electromagnetic and radiofrequency
interferences coupled to their potential high resolution also
render them very attractive [1] for in situ measurements and
monitoring in harsh environments. Numerous embedded func-
tions, once implemented, can thus be simultaneously driven
or interrogated by a unique optical source on a thermally
and mechanically robust platform. These characteristics have
led to growing interest from the industry to develop and
commercialize integrated optical sensors for indoor chemical
monitoring, elevating the limits of detection towards ever-
increasing sensitivities. Integrated optical chemical sensors
can detect and measure the concentration of an analyte by

C. Deleau, H. C. Seat, H. Tap and O. Bernal are with LAAS-CNRS,
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accessing a particular optical parameter. Various designs for
integrated refractometric measurements have been proposed
over the years, including integrated interferometers [2], ring
resonators [3], plasmonics [4], photonic crystals [5] and
gratings [6]. These are principally reagent-mediated sensors
[7], implying that they monitor the optical response of an
intermediate species (typically a solid porous matrix) whose
optical properties depend on the presence of the target gaseous
analyte. This is advantageous in several ways; firstly, a very
high selectivity to a particular analyte can be achieved since
some material matrices or chemical transducers are uniquely
responsive to a specific biochemical species, and secondly, it
permits chemical interaction enhancement by focusing effort
on optically optimizing and sizing of the material matrix.
Amongst the three principal interrogation techniques, namely
intensity-based measurements, wavelength or spectral interro-
gation and phase demodulation, wavelength-based techniques
technically guarantee measurements which are relatively in-
dependent of any input intensity variations from the optical
source.

In this work we propose a novel type of integrated re-
fractometer using a planar multimode Long Period Grating
(LPG). LPGs are structures operating on wavelength-selective
coupling of two or more co-propagative modes whose effective
indices can be analyzed by using the resonance spectral fea-
tures. The LPG structure typically consists of a periodic longi-
tudinal index or spatial modulation of a multi-mode supporting
architecture with the modulation of the order of several times
the wavelength to allow selective optical mode resonance. His-
torically, LPGs have been principally implemented on fiber-
based platforms, as the introduction of such modulation can
simply be performed by irradiation or tapering of the fiber core
or cladding but have recently found interest in the integrated
platform [8] [9]. In fiber LPGs, which couple core modes to
cladding modes, the interaction coefficient between the optical
fields and the external sensing region is usually very low, of
the order of 0.001 - 0.01, ( ∼0.004) [10] for conventional fibers
and slightly higher (∼0.013) [11] for analyte-filled photonic
crystal fibers. Nevertheless, the sensitivities that are obtained
in these fiber-based devices are still within competitive levels.
We hereby propose to exploit the design flexibility offered by
integrated photonics in this work to create a highly sensitive
and original chip-integrated sensor based on modal interaction
optimization with the analyte of interest. Our design focuses
on the coupling of the single core mode (in the silicon nitride
layer) to cladding layer mode(s) by using periodic waveguide
width-modulation as a pattern, as illustrated in Fig. 1. To
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Fig. 1. Illustration of the proposed SiN integrated Long Period Grating

address future gas sensing applications, these LPGs could
employ bulk sensing to benefit from the enhanced sensing
matrix-optical field interaction with the cladding layer.

Section II describes the sensing scheme and structure fea-
tures, and briefly discusses the different optimization methods
that can be applied on an LPWG. The architecture’s optical
behavior is then modeled in Section III through EigenMode
Expansion (EME) techniques whose advantages and limita-
tions are discussed. Subsequently, Coupled-local-mode Theory
(CLMT) [12] is introduced as a means to provide more
insight on the optical behavior of the design and to facilitate
coupling rate optimization. In Section IV, the fabrication and
characterization of the LPWGs are presented, and the effects
of the process variations on the optical system are analyzed
in detail. In the last section, to assess the performance of
the proposed LPWG, experimental and simulation results of
the LPWG transmission spectrum and surface sensitivity are
first presented using a cladding layer of epoxy-based negative
photoresist SU8. Regarding bulk sensitivity, we will then show
that it can be inferred from the temperature dependence tests.
Finally, the SU8 cladding layer is replaced by a gas porous
layer of Styrene-co-AcryloNitrile (SAN) that is demonstrated
to be compatible with our LPG, thereby paving the way
towards future gas sensing applications.

II. DESIGN

A. Theory

Long Period Gratings have been successfully exploited in
Fiber Optic Chemical Sensors due to their ease of fabrication
and, in particular, their capacity for coupling energy to outer
cladding modes, thereby allowing the optical power to interact
with the external environment. As duly reported in various
papers [13] [14], a phase-matching condition between two
co-propagative optical modes must be fulfilled to enable
resonance to result in an exchange of energy :

neffj − neffl =
λres
Ω

(1)

where neffj and neffl are the effective indices (EIs) of the two
coupled modes j and l, respectively, λres the center resonant
wavelength and Ω the grating period. The formula is derived

from the well-known Coupled Mode Theory (CMT) [12], from
which coupling equations can be expressed as

db±j
dz
∓ iβjb±j =

∑

j

(C±j,lbl + C±j,−lb−l) (2)

where b±j is the modal amplitude of the forward (+) or
backward (−) propagating mode j, βj is the propagation
constant of mode j, and Cj,l is the mode coupling coefficient
between modes j and l. Then, straightforward development
and conservation of energy show that when the mode cou-
pling coefficients Cj,l are periodically modulated along the
longitudinal axis, with a modulation period corresponding to
the accumulated phase difference between the two modes,
coupling can occur. The rate of energy exchange upon res-
onance further depends on other parameters, including the
modulation amplitude and optical field superposition at the
modulated guide interfaces, as previously detailed in [15]. In
refractometric sensing schemes employing LPGs, the presence
of the analyte generally modifies the refractive index (RI)
of the equivalent sensing layer which, in turn, modifies the
propagation constants of the incident modes propagating in the
layer. The difference in EI variation between the two coupled
modes leads to a spectral shift of the optical resonance. This
spectral shift can finally be measured to determine the RI
variations of either the analyte deposited on top of the cladding
layer (i.e. surface sensing configuration) or of the cladding
layer itself (i.e. bulk sensing configuration). To a certain extent,
in correlation with the modal overlap, which is defined as the
modal optical field superposition ratio to the region of interest,
the dependency of the EI of the ith mode on the RI of the
sensing layer nsens (used here as the cladding layer) can be
expressed as the coefficient Γi:

Γi (λ, neff,i) =
dneff,i
dnsens

(λ, neff,i) . (3)

Now, by considering the phase-matching condition (equa-
tion (1)), the sensitivity of the LPG can thus be established
as

S =
dλres
dnsens

= λ
Γj (λ, neff,j)− Γl (λ, neff,l)

ng,j − ng,l
(4)

where ng,j and ng,l are the group indices of the mode j
and l, respectively. Subsequently, the sensitivity of an LPG
can be improved either by increasing the numerator term or
decreasing the denominator term in equation (4). Based on the
former, we propose to enhance the sensitivity of the LPWG
by extensively increasing the Γl coefficients by improving the
modal overlap of the modes to couple in the sensing region.
This could be achieved by inducing one of the modes to
directly propagate in the sensing region, which is particularly
applicable to gas sensors using gas-porous solid cladding lay-
ers. Moreover, due to the relatively large spectral width of the
typical LPG resonance, to the order of several nanometers, the
minimum detectable spectral shift is typically limited by the
full-width half-maximum (FWHM) of the resonance instead of
the optical analyser spectral resolution [16]. By using the CMT
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Fig. 2. Cross section material and refractive index profile of the proposed
LPWG with nclad = 1.58 for SU8 and 1.57 for SAN

approach and taking into account modal dispersion effects, the
figure of merit (FOM) can be expressed as follows :

F.O.M. =
S

FWHM
≈ (Γj − Γl)Lopt

0.8λres
(5)

where Lopt is the minimum LPG length for full mode coupling
at resonance. The expression shows that for an LPG of a given
length the FOM is ultimately limited by the coefficients Γj,l

and that tailoring of the spectral features can be performed by
engineering Lopt which depends on the coupling coefficients
Cj,l, as will be detailed in the next section. Additionally, as it
can be deduced from equations (4) and (5), improvements of
the FWHM can be achieved by either reducing the coupling
strength and proportionally increasing the grating length, or
engineering the coupled modes propagation constants. The
former method however decreases the optical transmission
level with longer propagation in lossy integrated waveguides
while the latter reduces the spectral sensitivity in proportion
to the FWHM change, thus resulting in a constant FOM.

B. Structure

The proposed LPWG architecture consists of a Silicon Ni-
tride (Si3N4) width-modulated core integrated waveguide and
a multimode cladding waveguide, as shown in Fig 1. Smooth
width modulation is advantageous as it allows continuous
coupling, contrary to binary gratings where the waveguide
is partly etched, thus potentially inducing loss of energy
at the grating interfaces. In addition, the width modulation
can be directly designed on the waveguide pattern, hence no
additional process step is required.

The principal objective of our design is to obtain resonant
coupling between the fundamental mode and a multi-mode in
the cladding waveguide. As a main difference to fiber-based
LPGs, whose cladding mode interaction with the sensing layer
is generally very low, we elect to directly use the cladding
cavity as the sensing layer, thus potentially increasing the
coefficient Γl to nearly 1. To perform this operation, a poly-
meric layer of Styrene-co-AcryloNitrile (SAN) is selected for
its important material properties pertaining to future potential
gas sensing applications. Firstly, SAN has been previously
proven as a suitable gas sensing host layer [2], and allows

incorporation of selective reagents such as Cryptophane for
functionalization to methane, for instance. Secondly, its RI
nSAN (=1.57) is superior to the standard oxide material index
of nSiO2

=1.45, thereby enabling the confinement of modes
in a sufficiently large sensing layer without significant field
leakage to the bottom oxide layer. It was also previously
demonstrated as an acceptable integrated waveguide [17], and
is thus expected to exhibit relatively minor diffractive imper-
fections which could arise due to the porosity of the polymer.
Considering suitable cross-sectional dimensions, the following
relationship between material RIs permits confinement of core
and cladding modes: ncore > neff,1 > nclad > neff,n >
nsub > nair where the indices are respectively the RI of
the core ncore = nSi3N4

=1.97, neff,1 the EI of the core’s
fundamental mode, nclad the RI of the cladding, neff,n the
EI of the nth order cladding mode to couple, nsub the RI of
the bottom SiO2 layer and nair the RI of air.

The SiN waveguide is designed at standard dimensions with
a cross-section of 1000×400 nm with a modulation width
of ± 300 nm (see Fig. 2). Unlike waveguide Bragg grating
reflectors whose periods are lower than the interrogating
wavelength, waveguide LPGs could be subject to relatively
higher energy loss at the period width minimas if the mode is
too constrained. Preliminary experimental tests have, however,
shown that no particular increase in optical loss is expected
for both maximas or minimas of the waveguide width over
a full modulation period. The cladding cavity dimensions are
designed to be 1.1 µm thick and 32 µm wide, for a 1 mm
long sensor, thus allowing to support multiple propagative
cladding modes which can be coupled to the fundamental core
waveguide mode.

III. MODELING

A. Mode calculation and Eigenmode Expansion

The waveguide structure supports a fundamental core mode,
denoted by HE1, and multiple cladding modes (i.e. HEi with
i= 2, 3, 4...), whose optical fields are shown in Fig. 3 for odd
modes from HE7 to HE15. Each cladding mode possesses an
EI slightly inferior to that of SAN that slowly decreases with
the order of the mode. The cladding dimensions have been
chosen to support up to eight hybrid odd HE modes which
should result in eight resonant dips over a 200 nm spectral
range. Moreover, as will be discussed in the next section,
they also allow coupling parameters of different levels to be
obtained which will translate into various dip amplitudes. As it
is intended to couple the fundamental mode to cladding modes
around 1550 nm, the LPWG modulation period values are
chosen to be between 8 and 10 µm, depending on the selected
mode(s) to be coupled to. This is achieved by satisfying
equation (1) and using the cross-section of the waveguide
at zero-modulation amplitude for modal calculation. It is,
however, important to understand that due to the nonlinear
EI dispersion of the modes, the period-averaged EI is slightly
different from the average width profile’s EI, hence a small
resonance shift can be expected between calculated (equation
(1)) and simulated / experimental results. EigenMode Expan-
sion (EME) is found to be an efficient solution for analyzing
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Fig. 3. Optical fields of cross-sectional odd modes

periodically-modulated structures. In EME, the structure is
firstly divided into slices transverse to the axis of propagation.
The optical fields and dispersion behaviors of the modes are
then calculated for each cross-section after which a contingent
iterative superposition of the scattering parameters is resolved
to obtain the modulated modal information. Because of the
post-mode-calculation analysis, which permits the setting of
the structure’s longitudinal profiles after the cross-sectional
modal study, it is possible to optimize the LPWG in terms
of length and periodicity with relative ease. Moreover, since
EME studies the exchange of energy between modes, it is
highly suitable for the design of our filter-type structure based
on a multi-modal resonant coupling behavior. Figure 4 shows
the output spectrum of the fundamental mode which exhibits
multiple dips due to the different cladding mode resonances.

B. Coupled-local-mode Theory approach

Coupled-local-mode Theory (CLMT) provides an analytical
model of the LPWG’s response using parametric inputs such
as its geometrical dimensions. Similar to EME, it requires the
slicing of the structure and a modal calculation for each cross-
section. However, mode coupling coefficients in CLMT are
calculated analytically using the modulation parameters for
each cross-section as shown in equation (6). The propagation
calculation is then performed by the resolution of a set of
differential equations as given in equation (2), contrary to
CMT [12]. In addition, CLMT takes into account the important
waveguide dimensional variations as well as polarization ef-
fects by using the coupling coefficient between the jth and lth

modes, denoted Cj,l, calculated for a large number of cross-

Fig. 4. Simulated transmission spectrum of 100-period LPWG showing
coupling between fundamental and odd cladding modes. Insets illustrate
various field profiles of coupled odd HEi modes

sections slices over a modulation period and defined by :

∀j 6= l, Cjl =
k

4

(
ε0
µ0

) 1
2 1

βj − βl

∫

A∞

ê∗j êl
∂n2

∂z
dA,

Cjj = 0,

(6)

where A∞ is the infinite cross-section, ε0 and µ0 the free-
space dielectric and permeability constants, respectively, Γ
the free-space wavenumber 2π/λ and * denotes the complex
conjugate. The development of the coupling coefficients pro-
vides important information. First, through the differential RI
integration over the modulation interfaces, it is seen that only
odd modes can be coupled to the fundamental mode for a
structure with vertical plane symmetry along the propagation
axis: the calculated coefficient becomes null for even modes
because of the opposite polarization states of the fields at
the two modulated waveguide interfaces as described in detail
in [15]. Secondly, the coupling length at resonance for total
energy transfer can be adjusted by controlling the amplitude
of the coupling coefficients. This can firstly be performed by
optimizing the electric field superposition at the lateral core-
cladding interface. As an example, from Fig. 3, it is observed
that the HE9 mode has a higher optical field strength at the
core-cladding interface than the HE7 mode, hence a greater
coupling coefficient is achieved. Additionally, the coupling
strength also depends on the modulation amplitude. A deeper
modulation thus leads to longitudinal shortening of the opti-
mized sensor, but can also increase extrinsic waveguide loss
with thinner waveguide widths or widen the resonance spectral
pattern as described in equation (5). In Fig. 4, one also notices
the tendency of the coupling dips of the higher-order mode
(HE15) to be smaller, despite having a greater Γi coefficient,
as previously explained. This is because the energy starts
coupling back to the fundamental mode after being exchanged
completely; the exchange of energy is periodic. In most fiber-
based LPGs, the coupling coefficients vary only slightly over a
full period. As a result, the optimal grating length Lopt for the
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Fig. 5. LPWGs layout designed on Klayout

jth and lth mode coupling can be approximated by π/(2Cjl)
[16]. However, for LPWGs, as previously demonstrated in
[15], Lopt must be found numerically. This is due to larger
variations of the coupling coefficient induced by typical profile
modulations in integrated photonics.

IV. FABRICATION

A. Materials and Cross Section

To validate the proposed LPWG architecture’s operating
principle and assess its surface sensitivity, a first set of LPWGs
has been initially designed (Fig. 5) and fabricated using SU8
instead of SAN. Since both SU8 and SAN have very similar
RIs and since SU8 has the particular advantage of being more
easily deposited (in terms of flatness and thickness), SU8
is firstly used as cladding to investigate the operationality
of the LPWG and characterize it as a prototype. Note that
SU8 is an epoxy-based negative photoresist commonly used
in photolithography, hence its optical and viscosity charac-
teristics are widely known. This enables a greater control
to be achieved on the cladding layer. It is, however, not
porous to gaseous species and is only used here to validate
the operating optical principle. For simplicity of fabrication,
the cladding is delimited by incorporating SiO2 walls using
Hydrogen Silesquioxane (HSQ) resist, whose constitution and
RI are found to be very similar to those of SiO2 after curing.
The HSQ walls are designed to be 3 µm wide and 0.6 µm thick
to prevent multimode optical leakage as well as to ensure ease
of coating and electron-patterning.

B. Process

To fabricate our waveguide, a 2 µm SiO2 layer is first
deposited by plasma-enhanced chemical vapor deposition
(PECVD) on a clean Si wafer. Parasitic substrate optical
leakage during waveguide modal propagation has been previ-
ously investigated for this material thickness and found to be
negligible. A 400 nm thick Si3N4 (or simply SiN) layer is next
deposited on top by PECVD, with ncore (∼1.97) measured
by ellipsometry. An electron-sensitive resist MaN2405 is de-
posited by spin-coating, followed by an Electra92 resist layer,

Fig. 6. Fabricated LPWGs die microscope photographies: (a) overview, (b)
grating couplers zoom and (c) SEM image of the grating modulation

principally used for the dissipation of electronic charges that
are induced during the electron-beam lithography stage. After
development of the waveguide patterns, the unwanted parts of
the SiN layer are removed by reactive ion etching (RIE). The
remaining parts of the resist are then removed using acetone
and Plasma O2 cleaning. Both the HSQ and Electra92 resists
are then deposited by spin-coating. After curing of the HSQ
walls, a final layer of SU8 is deposited by spin-coating at a
spin-rate of 1700 rpm. This layer amounts to 1.1 µm thick as
measured by profilometry. Figure 6 shows optical microscope
pictures and a zoomed scanning electron microscope (SEM)
image of the fabricated LPWGs.

C. Post-Fabrication Characterization

Scanning electron microscopy has revealed a slight asym-
metry of the structure, due to a minor translation shift between
the two patterned layers. As will be shown in the next section,
this asymmetry has only minor consequences on the output
spectrum as well as on the sensor’s sensitivity. The measured
waveguide width has also been found to be slightly different
from the design, which should induce a small resonance shift
in the transmission spectrum since it slightly modifies the
average EI of the core mode.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

The experimental setup for characterizing our structure con-
sists of a broadband light source (BBS), an optical spectrum
analyzer (OSA), a fiber array and the chip under test, as
illustrated in Fig. 7. The fiber array incorporates a set of
multiple fibers bound and held together by a support at one
end, with each fiber core separated by 127 µm. Each structure
to be characterized is connected at each respective output to
a grating coupler, which allows the injection and recovery of
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Fig. 7. Illustration of the experimental setup

the interrogating light through the fiber array positioned on top
of the chip-integrated grating coupler pair. The fiber array is
mounted onto a motorized linear stage driven by a dedicated
LabVIEW program for alignment purposes. An algorithm has
also been incorporated into the program to enable automatic
scanning of the entire chip via feedback of the measured
transmission spectra of the components or functions under
characterization. For temperature stability, the chip is placed
on top of a Thorlabs mount with integrated thermo-electric
cooler.

B. Virtual Reconstruction Of The Entire Coupling Spectrum

As shown in equation (1), the position of the resonance
peak due to coupling resonance within the structure depends
proportionally on the period of the LPWG for a given cross-
section. Furthermore, Fig. 4 shows that the theoretical trans-
mission spectrum of the structure containing the first-order
coupling resonance dip of every cladding mode is ∼200 nm
wide and too large to be measured over a single wavelength
scan by our setup. Hence, a set of LPWGs with different
periods but identical cross-section and modulation amplitude
has been designed and fabricated instead. It then becomes
possible to virtually reconstruct the entire spectrum by firstly
de-embedding the signal to isolate the LPWG’s individual
spectral contribution and, secondly, by shifting the processed
signals respectively to the corresponding LPWGs periods.
The LPWGs exhibit little or no additional energy loss when
compared to non-modulated waveguides of equal length. After
base-line correction, the LPWGs transmissions are shown on
the reconstructed spectrum in Fig. 8(b). Subsequently, when
fabrication defaults such as asymmetry or waveguide width
defects are reintroduced into the model, a very similar spectra
can be found as in 8(a).

Contrary to Fig. 4, shorter dips (1-3dB) have been observed
between the main dips (3-10dB). They may be attributed
to the slight asymmetry of the structure which disrupts the
nullification condition of the optical modal field product at
the lateral interfaces for even modes. This consequently leads
to a minor rise in the coupling coefficients of the even modes,
thus allowing partial coupling to these same even modes.
Nonetheless, a flaw in the virtual spectrum reconstruction
is highlighted by the differing measured amplitudes for the
same coupling dips and can be attributed to the high spectral

Fig. 8. Transmission spectra for a 100-period long LPWG: (a) Simulated
with parametric adjustment and (b) reconstructed from measurements

dispersion of the modal coupling coefficients in high index-
contrast gratings. This is because with higher wavelengths,
the fundamental mode becomes more leaky and results in
large variations of the optical field product at the waveguide’s
modulated interfaces, thereby changing the coupling strength.
The different coupling dips are found to exhibit extinction
ratios of several dBs. The dips also exhibit an average FWHM
of approximately 5 nm in this work. Using the SANTEC
tunable laser (TSL-550 C model) with its swept test sys-
tem, which has a ± 1 pm repeatability and resolution, 200
wavelength scan measurements have been performed over an
hour with a regulated temperature of 23°C to estimate the
precision σsensor of the resonance wavelength of the HE9
mode’s transmission spectrum. After applying a Lorentzian
curve fitting, σsensor = 1.5 pm is obtained, which is similar
to the laser system precision.

C. Refractometric measurements

A cladding refractometric measurement configuration is
difficult to achieve here since a gas-porous sensing region
is a solid layer which cannot be filled or saturated with liq-
uids. We thereby propose a simple surface-based experimental
configuration where the target liquid is poured onto the top
surface of the sensor. Because of the relatively thin SU8
cladding, Γl is of the order of 0.1 which remains higher than
the coefficients of the cladding modes in most fiber LPGs,
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Fig. 9. Measured spectrum of HE9 and HE15 mode resonance of LPWGs
using SU8 as cladding for different deposited concentrations of water and
glycerol

Fig. 10. (a) Measured surface spectral sensitivities of modes HE9 and HE15
and (b) Surface sensing configuration illustration

when the surface of the structure becomes the sensing region.
Water and glycerol mixtures of different proportions are then
applied on different LPWGs and the resonance shifts of mode
coupling dips tracked, as shown in Fig. 9 for the HE9 and
HE15 modes. Using the RIs of water and glycerol around
1550 nm [18], the surface sensitivities are measured (Fig. 10)
and compared to simulation, for both surface and cladding
measurements in Table I. A sensitivity up to 240 nm/RIU has
been measured for the HE15 mode’s resonance dip, whose
bandwidth and extinction ratio values are both found to agree
with the simulated spectrum. Additionally, it is observed that
when fleeting impurities interact with the cladding layer during
measurement, the resonance features are not shifted, due to
the inertial behavior of the LPWG. Because the modal energy
exchange during propagation is driven by a coupling momen-
tum, the LPWG sensor’s resonance wavelength depends on
the sensed layer’s median RI and not the average RI, thus
rendering it robust to disturbance by impurities. Additionally, a
cross-sectional modification on a small segment of the LPWG
does not lead to any significant shift in the LPWG resonance
but can, however, contribute to reduce the coupled energy,
making LPWGs highly interesting candidates for sensing of
gases whose RI profiles are generally homogeneous within
a given volume. As the measured and simulated sensitivities
are found to be very similar for the surface measurement

configuration, the experimental measurements are taken to
corroborate the model and the subsequent simulations without
loss of generality, thus validating the operation of our sensor
with data-processed inputs. The comparison also suggests that
the cladding measurements can further be expected to conform
to the simulated values. Using our measured sensor resolution,
a detection limit of 2 µRIU in the case of bulk sensing can
be estimated.

TABLE I
CALCULATED AND MEASURED SENSITIVITIES

Simulated Measured Simulated
surface surface bulk

sensitivity sensitivity sensitivity
(nm/RIU) (nm/RIU) (nm/RIU)

HE9 198 195 1920
HE11 214 206 1915
HE13 231 227 1910
HE15 251 240 1820

D. Temperature dependence

The temperature behavior of the sensor is firstly simulated
with EME using thermo-optical coefficients of SiN, SiO2 and
SU8, whose values at 1550 nm are respectively ∼24.5, 9.5
[19] and −130 µRIU/K [20]. The temperature sensitivity of
the wavelength resonances is estimated to be ∼330 pm/K
and is similar for each mode resonance. For experimental
validation, the TEC temperature is swept from 15 to 30°C at
5°C steps. Linear interpolation of the measured values gives
a temperature sensitivity of 340 pm/K as plotted in Fig. 11.
In addition, from the temperature dependence analysis, an
approximation of the bulk sensitivity can be inferred. This
is estimated to be ∼1900 nm/RIU.

Fig. 11. Measured temperature dependence of the wavelength resonance

E. SAN coating

As previously mentioned, SU8 cannot, in practice, be used
as a gas sensing layer as it is a hermetic layer. Instead, a porous
polymeric layer of similar RI such as SAN can be used for
gas sensing applications [2]. To ensure SAN compatibility with
the proposed design architecture as the cladding, coating and
characterization are performed on SAN as follows: 50 mg of
SAN are dissolved in 10 mL of methylethylketone and the
mixture is spin-coated onto the pre-cleaned photonic chip.
As seen in Fig. 12, the coupling phenomenon occurs very
similarly to that of the SU8-coated LPWG. Small changes of
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Fig. 12. Measured transmission spectrum of HE9 mode resonance on LPWG
with SAN cladding

coupling are due to minor variations in the film thickness and
layer RI deviation as compared to the previously-characterized
LPWGs. Consequently, employing SAN as an external sensing
layer provides a pathway to gas sensing based on the bulk
sensitivity of the proposed LPWG. In addition, since the
thermo-optical coefficients of SAN and SU8 are of the same
order [21], the thermal behavior in a SAN-clad LPWG is not
expected to significantly vary from the presented results.

VI. CONCLUSION

In this work, SiN width-modulated LPWGs have been
designed, fabricated and characterized to achieve RI mea-
surements with high sensitivity. Surface sensitivities up to
240 nm/RIU have been attained and agree with both the
proposed CLMT model and EME simulations. In addition,
from temperature tests, the bulk sensitivity has been estimated
to be approximately 1900 nm/RIU, in accordance with EME
simulations. This is an improvement of almost an order of
magnitude and demonstrates possibly a very high sensitivity
for potential gas sensing applications. A specific use of SAN’s
high RI is demonstrated to allow modal propagation, which
could improve both the sensitivity and FOM of our sensor by
eight-fold based on a bulk measurement configuration. The
results from this work will serve as a baseline for the design of
LPWGs combining modal interaction optimization with other
sensitivity enhancement techniques such as phase-matching
turning point optimization [14].
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Abstract—We designed an integrated long period grating 
based on the horizontal periodic tapering of a silicon nitride 
channel waveguide. The structure is studied for gas sensing 
applications, using Styrene AcryloNitrileas sensitive layer. 
Simulation results from the proposed architectureshow ahigh 
sensitivity beyond1700 nm/RIU using awavelength 
interrogation method centered at 1550 nm for a 20µm large 
and 300µm long structure. 

Keywords—Integrated photonics, gas sensor, modeling, long 
period grating, coupled local mode theory. 

I. INTRODUCTION 

For the past two decades,long period fiber gratings 
(LPFGs) have beenintensely investigated for communication 
[1] and sensing applications [2]. A wide diversity of LPFG-
based systems has been demonstrated and used in various 
applications, such as optical filters [3], gain flatteners, 
polarization couplers, multiplexers and particularly 
refractometric sensors [4-7]. However, to the best of our 
knowledge, the design of these structuresis typically 
limitedto standard dimensions and intrinsic parameters of the 
host fibers, rendering them unsuitable for integration and 
optimization. 

Following the enormous impact of integrated electronics 
on our society, integrated photonicshave been subject to an 
exponentially growing interest since its earliest inception as 
laser diode devices for telecommunication applications in the 
1960sand is now widely studied for the design of original, 
power-efficient and high-resolutioncompact sensors. In 2003, 
Tsoi and al. [8] demonstrated the first integration of a long 
period waveguide grating (LPWG)having similar properties 
to conventional LPFGs. The LPWGarchitectureusing a 
periodic perturbation of the width or height of the waveguide 
enables strong coupling between the fundamental mode and 
a copropagating cladding mode.It can thus be designed to 
selectively perform coupling under specific conditions, 
makingthem very interesting candidates for in-situ chemical 
monitoring. Using a suitablefunctionalizing chemical layer 
for the cladding window surrounding the LPWG core, the 
detection and quantification of a specific analyte has been 
demonstrated through various techniques[4,5,7]. 

The fabrication of index-modulated structures required 
for long period gratings can be performed through local 
corrugation [9], tapering [6], laser irradiation, ultraviolet 
inscription, arc discharge [10]. We propose here to introduce 
a grating perturbation on the fundamental mode of a simple 
channel waveguide through a smooth periodic change of the 
waveguide width.Unlike binary gratings, this type of grating 
enables smooth power coupling and can be studied underthe 
slowly-varying envelope approximation assumptions. The 
design is studied to analyzethe LPWG response to a change 
of analyte concentration through the change of the sensing 
materialrefractive index. 

This paper is organized in three parts. First, in Section II, 
the general design of the horizontal LPWG is presented and 
compared to other reported types of LPWG. In Section III, 
the Coupled Local-Mode Theory (CLMT) [11] is used to 
introduce and describe the principle of the LPWG’s 
mechanism This approach is formulated as a proof-of-
concept but can subsequently beextended to accurately 
model the LPWG response and characteristics[12,13]. In 
Section IV, CLMT is applied on our structure andan 
EigenMode Expansion (EME) method is performed with 
Lumerical suite tools as a comparison and simulation results 
of the sensor's sensitivity are discussed.Finally, in section 
V,two fabrication methods are proposed.  

II. ARCHITECTURE 

A. Proposed structure 

The proposed LPWG sensor structure consistsofa 
periodically-modulated(along the z-axis) channel width(x-
axis) waveguide inside of a polymeric sensing regionas 
illustratedin Figure 1. 

 



 
Fig. 1. (a)Horizontal LPWG coreprofiles and (b)cross-sectional material 
architecture where the Si3N4 and the Styrene AcryloNitrile(SAN) are the 

core and cladding waveguides respectively 

As explained in the next section using CLMT [11],  the 
excitationof the coupling phenomenon between core and 
cladding modes is performedvia a periodic modification of 
the local modes along the propagation z-axis. Two different 
grating types can allow this mechanism. The most common 
grating is one with a local index variation inscribed in the 
waveguide or core [1,10]. It usually requires a specific and 
complex apparatus as well as accurate calibration on each 
material to be engraved. The second grating structure, more 
commonly employedin integrated photonics structures, are 
corrugatedwaveguides[9,14], which can be achieved by an 
additional vertical etching step to createrelief, leading to 
optical coupling to cladding modes above the waveguide 
core. On the contrary, our structure is designed to 
incorporatea horizontal modulation via a periodic waveguide 
width variation and the design of a specific cladding box. 
Hence, no further process step is necessary. This is 
advantageous since the modulation pattern is directly drawn 
on the layout. 

B. Materials and dimensions 

The sensing mechanism is based on the coupling 
between two different modes; the fundamental core mode, 
HE1 of effective index neff,1, and an nth cladding mode of 
effective index neff,n, which is mostly confined in the 
cladding whichcan later be functionalized to a specific 
chemical. Since grating-assisted coupling involves coupling 
the core mode to higher-order modes, which are modes with 
lower effective indices, the following conditionmust be 
fulfilledto have mode confinement 

ncore> neff,1>nclad>neff,n>nsub>nair 

where ncore, nclad, nsub and nair are the refractive indexes of the 
Si3N4 waveguide core, the cladding, the SiO2 substrate, and 
the air respectively. 

Aspecific set of materials and structure dimensions must 
thenbeconsidered to allow both standard manufacturing 
process and functionalization for potential gas sensing. 
Silicon nitride (Si3N4 or more commonly SiN)isemployed 
for its ease of growth in the domain of integrated photonics 
and optical properties(i.e. for its relatively 
mediumindexcontrast with silicon oxide). The sensitive 
layeremployed as cladding must be a porous polymer, in 
which the gas is soluble.In addition, the sensitivity and 
selectivity can be enhanced by employing supramolecular 
compounds which have a cage-like structure within which 
molecules can be reversibly trapped [21].For example, 
Cryptophane-A which presents the smallest relative cavity, a 
methane trap,can be incorporated into a Styrene 

AcryloNitrile (SAN) film of index n=1.56, forming the 
sensing layer of a Mach-Zehnder-based methane 
sensor[15,16]. It is referred to here as cladding, as it almost 
entirely encompasses the Silicon Nitride core(Fig. 1.(b) and 
2.(a)) 

Figure 1. (b) describes the cross-sectional refractive 
index profile of the LPWG, with ncore=2, nclad=1.56, 
nsub=1.45, nair=1. A sensing window thickness of ~1 
µmallows uniform and relatively quick diffusion of the gas 
species to be detected as demonstrated in [5,7,8,15].The 
cladding and waveguide are respectively designed to have 
a20 and 0.8 (wcore) µm width and a 1.1µm and 
0.6(hcore)µmthicknessto ensure single mode propagation 
only within the core while allowing multiple higher order 
modes within the cladding.Moreover, the cladding 
dimensions determine the maximum order of the 
propagating cladding modes, which directly influences the 
coupling strength, as demonstrated later in section III and 
IV.Themaximum width variation ΔW(see Fig. 1. (a))and 
grating length period   are chosen to be 0.6µm and 
8.76µm, respectively (Fig. 1 a)so that corresponds to the 
standard LPG phase-matching condition [11,12,13]on 
thepropagationconstants (z)β j and (z)βl of the two modes 

to couple at the resonance wavelength around 1550 nm: 

  

1

00  )z(β)z(β lj , (1) 

Here, coupling occurs between the fundamental mode HE1, 
andhigher order propagating cladding modes, out of which 
one exhibits a higher coupling at a specific wavelength as 
described in the next section.More precisely, it will be 
further shown that only odd cladding modes can be coupled 
to the fundamental mode through the LPWG.Their 
respective effective indices and profiles were simulated with 
Lumerical,as shown in Fig. 2 for 2 higher-order modes only, 
to calculate the resonant grating period. We see that for the 
two multi-modes, most of the optical field is confined into 
the SAN, therefore called cladding-modes. These modes 
thus become inherently more affected by a change of the 
SAN refractive indexnclad.Using eq. (1), the resonance 
wavelength can be approximated by the average of the 
values of each coupled-mode effective indicesalong z-
propagation. Note, however, that the real resonance 
wavelength values will be slightly shifted as the functions of 
the mode effective indicesversuscore width are not linear.  

 
Fig. 2. Mode profiles at 1550nm for Fundamental (a)HE1 mode, and 

cladding (b)HE9 and(c) HE7 modes calculated with Lumerical mode solver 
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III. LPG MODEL 

Different methods have been used to model the light 
propagation when introduced into the LPG. However, certain 
types of simulation methods find difficulty to model 
accurately this type of sensor as the behavior of the 
distribution of light is very continuous and highly depends on 
small structure variations. 

A. Finite-Difference Time-Domain 

 As an example, Finite-Difference Time-Domain (FDTD) 
gives an interesting insight of the overall sensor mechanism 
as shown in Fig 3, where coupling happens between HE1 
and HE7, but its high dependence onfine discretization 
makes it inadequate for accurate modeling in our case using 
our computing resources.The need for both high temporal 
and mesh resolution over a relatively large area, especially at 
the interfaces where refraction happens, leads to large 
memory needs, otherwise simulations will present larger 
numerical errors than other methods. However, comparing 
Fig. 3. (a) and (b) clearly illustrates that, only at resonance, 
most of the optical power is transferred from the core mode 
to the higher order cladding mode after a brief propagating 
length. 

 

 
Fig. 3. (a)Illustration of the intensity distribution seen from above at 
resonance (b)Normalizedintensity distribution seen from above with a 
slightly different cladding index 

 

To circumvent these computing issues, two different 
methods can be used instead: the common EigenMode 
Expansion method and, more specific to our LPG 
application, the CLMT [11]. 

B. Eigenmode Expansion method 

The Eigenmode expansion method (EME), also referred 
to as mode matching method, is a rigorous technique used 
for modeling waveguides [17,18], which relies on a 
scattering parameter superposition approach to calculate the 
amplitude of each mode at any propagation distance. This 
technique has very good efficiency for periodic and/or long 

components and provides flexible post-calculations analysis. 
It is thus ideal for modeling long period grating-based 
systems [18] as, due to the structure periodicity, it is 
possible to calculate the structure scattering parameters 
fromone single period. The method is available in various 
commercially available software such as Lumerical© suite 
tools, which was used to simulate the results presented on 
fig. 2. 

Figure 2. shows (a) the fundamental mode profile and 
(b)-(c) the profile of two cladding modes that can couple to 
the fundamental mode at certain conditions. The 
gratingperiod is longitudinally divided into 40 block objects 
and the guided mode calculation considers 40 modes per 
block similarly to [12]. 

C. Coupled Local-Mode Theory application 

On the other hand, the CLMT application is performed 
through the characterization and calculation of the 
continuous refraction at the interfaces between the core and 
sensing window, which providesa more physical model on 
the coupling behavior in the LPG. The application of the 
theory was performed throughMatlab© and COMSOL© 
linked scripts.  

Conventional Coupled Mode Theory (CMT)[11]is 
usually used to describe the coupling between modes when 
small perturbations are assumedand modes remain almost 
unchanged along the propagation direction.Further, the 
general coupled mode equations are restricted to weakly 
guiding waveguides where polarization effects are 
ignored.CMT can thus model very accurately the first 
category of LPGs mentionedin Section II, where the 
waveguide dimensions remain constant and only local 
refractive indices are modified. However, in the presenceof 
significant cross-sectional dimension modulations [13], CMT 
can no longer be applied, and a more specific approach, such 
as CLMT [11], is required. CLMT achieves good results 
[12,13] when used to describestructures with large but slowly 
varying non-uniformitiesalong the waveguide and can thus 
be potentially used to describe our structure. In this section, a 
brief introduction to CLMT is formulated together with a 
method to calculate coupling coefficients. It will allow better 
understanding of the structure behavior and provide more 
insightto further optimize the design architecture. 

Generally, there isno exact solution to Maxwell's 
equations for propagation along a perturbed waveguide.It is, 
however, possible to obtain accurate approximations of 
modes within local regions, known as local modes 
[11]whichsuperpose to form the transverse field components 
as  

   
j

jtjjjt (z)),βy,(x,ˆ (z)b(z)bz)y,(x,   (2) 

where tj̂ representsthe orthonormal electric or 

magnetictransverse field profiles of the jth  mode, and jb±

(z)areboth modal amplitude and phase for forward (+) or 
backward (-) propagation. 

The coupling behavior between local modes is formulated by 
the general coupled local-mode equation [11]  
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withCjl the coupling coefficient between the local modes j 
and lwhich can be expressed as[11] 
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The squared index component of the horizontal grating 
structure can be expressed here as  
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where  0 yx at the center of the waveguide. H denotes 
the Heaviside function and ρ the periodic width variation of 
the LPWG along the z axis. By substituting eq. (5) into (4), 
we obtain the coupling coefficient for localmodes of an 
integrated horizontalgrating in the form of 
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with Cjj=0.  

Further, the transverse electric field at the interfaces of a 
step-index waveguide of relatively high index contrast is 
discontinuous, which complicates the calculation of the 
integrand. A bypass method [11] is to recognize that n2et is 
continuous across the interfaces. As a result, the transverse 
component of the integrand can be replaced by 
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As previously mentioned, one of the main advantages of this 
CLMT compared to the EME method consists in providing a 
better insight of the phenomena taking place in the LPG. In 
particular, important LPWG properties can be deduced from 
this equation (eq. 6):(1) onlycoupling of the fundamental 
mode to odd cladding modes is possible as the even mode 
coupling coefficients are null;(2) the coupling amplitude can 
be increasedby modifying the grating amplitude ΔWand 
period  (via ρ) or by optimizing the field superposition at 
the waveguide interfaces. The increase of the coupling 
coefficient amplitude fastens the rate at which energy is 
exchanged between modes, as described in eq. (3), thereby 
reducing the minimumrequiredLPWG’s length to achieve 
maximum coupling. 

To obtain a good estimation of the remaining integral in 
Cjl(z) (eq. 6), COMSOL mode-solver, based on finite-
element method, can be used as it allows a convenient way 
to extractthe interface fields of each modes, their effective 
indices, and Poynting vectors for normalization. Ten cross-
sections were simulated by sweeping the waveguide width 
between minimum and maximum values to constitute a 
dataset of values.These calculations are only required over 
half a period of the 3D model because of the structure's 
periodicity. This dataset is then transferred to Matlab, 
coupling coefficients are calculated and extracted, and only 
then, the LPG geometry is taken into account to model 
energy distribution. Another advantage of the proposed 
model based on CLMT is thatusing this predetermined 
dataset, any LPG geometry can be designed and simulated 
easily. CLMT only requires a dataset of coupling 
coefficients for given cross-sections and directly calculates 
energy distribution as a function of Cjl(z), while EME 
superposes each mode to calculate scattering parameter 
between each section. 

IV. SIMULATIONRESULTS 

A. Model validation 

Figure4 shows the cladding mode power versus the 
propagating length along the LPWG for different 
wavelengths obtained withbothCLMT and EME techniques. 
It clearly shows that comparable results can be achieved 
with the CLMT.In addition, here, the highest order 
propagating mode (HE9, for our LPWG’s 
dimensions)shows higher coupling than anylower order 
modes (e.g. HE7) at their respective resonant wavelengths 
(HE9@1540nm and HE7@1484nm), as previously 
demonstrated by the CLMT equations, due to a higher field 
product integrand at the core/cladding interface. This results 
in a reduced LPWG’s length to achieve maximum 
coupling.The “HE9 normalized power” at wavelengths 
1550nm and 1525nm clearly describes the coupling 
behavior of the LPWG when the injected wavelength drifts 
from the resonance, resulting in a reduction of the coupled 
energy at a the optimal sensor length (the shortest length 
where coupling reaches its peak at resonance), Lopt = 300µm 
here. 

 

 
Fig. 4. Cladding mode normalized power versus propagation length (SI) 
forHE7 and HE9 modes at different wavelengths simulated by CLMT 
application and EME 

B. Sensor sensitivity 

The system interrogation can be performed through the 
wavelength interrogation method [4-7]. The refractive index 



sensing mechanism relies on the disruption of the resonance 
of the LPWG which occurs when the cladding mode 
propagation constant changes. As a main difference with 
typical LPFG chemical sensors, which usuallyinvolve SPR 
as the cladding material cannot be modified easily, the 
cladding mode here is mostly confined in the sensing layer 
incorporated with the selective transducer. It is expected to 
lead to a relatively large modification of the mode 
propagation constant when the material indexchanges, 
i.e.analyte-inducedperturbations, which enhances sensor 
sensitivity. 

Figure 5. (a) shows the coupling spectrafordifferent 
cladding refractive indices. From these results,thesensitivity 
can be calculated (cf. Fig. 5. (b)). The average sensitivity is 
found to be 1768nm/RIU (refractive index unit).   

 

 
Fig.5. (a) HE9 normalized mode power spectra for a 33 periods long 
grating at different cladding refractive indices, calculated with EME 
method and (b) resulting resonance peak shift for wavelength interrogation 

 

As it is difficult to measure the output spectra of the higher 
mode the measurement is made directly at the output of the 
core, which allows to get the same wavelength via detecting 
a dip in the light in the core.  

We assume here that the output core intensity is equal to the 
input intensity minus the coupled energy to cladding modes 
along propagation, which could easily be measured using 
grating couplers, for example. 

One can also notice a LPG peak is larger than other 
resonance peak found in integrated optics, which prevents it 
from large linewidth source issues. 

 

V. FABRICATION PROPOSALS 

This new type of integrated refractometric sensor is based 
on a specific coupling mechanism which allows several 
profile configurations, and therefore multiple realization 
processes. As described in the first section, the effective 
indices of each region must respect a certain 
relationship.Two different approaches can be employed to 
fabricate the LPWG. 

A first method would be to simply create an opening into 
the buried core of a photonic chip and cover it with a 
sensing film to fill the etched region as seen in Fig. 6. (a). A 
downsize to this method is the lack of control of the 
thickness of the film at certain areas where the cladding 
could form a rib multi mode waveguide instead of a strip 
one. It could simply be bypassed to a certain extent by 
performing spin coating to different speeds until the 
thickness reaches a value corresponding to a desired neff,nof 
the rib cladding mode. 

A second method (Fig. 6. (b)) currently being investigated 
would be to perform lithography on the polymer layer, 
creating polymer waveguides encompassing the core 
waveguide.  (19) This type of structure could also be 
translated to an electro optical multi-mode coupler, enabling 
selected coupling of the fundamental mode into a specific 
higher order mode. 

 
Fig. 6. (a)Rib cladding structure and  (b)Strip cladding structure 

VI. CONCLUSION 

We have presented a new sensor architecture based on a 
long period horizontal gratingstructure. We have also 
proposed to describe the LPWG using the CLMT which 
provides more insight on the physics of the structure.For 
example,it indicates that a higher index contrast and 
therefore higher ncore values could increase the coupling, 
rendering the architecture an interesting candidate for 
silicon on-chip integration.This approach has been 
successfully compared to and verified using a standard 
method based on EME. Moreover,CLMT is more flexible to 
common grating profile modulations [12,20] as we work on 
the reconstruction of the coupling coefficient shape along 
propagation. The calculated overall sensor sensitivity 
reaches 1768 nm/RIU, and further improvement could 
increase the sensitivity to over 2000nm/RIU. Based on [21], 
from the achieved Mach Zehnder sensitivity of 0.768 
mrad/ppm, the SAN and Cryptophane layer sensitivity to 
methane in terms of RIU/ppm canbe estimated to be 
approximately 6.3 nRIU/ppm. As a result, using a similar 
sensitive layer with our proposed LPG architecture, an 11 
fm/ppm theoretical wavelength sensitivity could be 
expected.This new type of design appears promising and 
can benefit from improvements or hybridations, 
potentiallyinvolving new sensing mechanisms, like 
plasmonics[18] or photonic crystals[22]. 
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