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Resumo

Theory and Engineering Techniques in Metal Hydride Plasmonics for

Hydrogen Sensing

Gabriel de Freitas Fernandes

Esta tese propoe trés técnicas em plasmoénica de hidretos metélicos para aplicagoes
em instrumentacao e sensoriamento, todas essas técnicas sao investigadas e simu-
ladas computacionalmente. Primeiramente, é introduzido o Método de Minimizagao
de Harmonicos, juntamente com uma estratégia de otimizagao para sensores plasmo-
nicos baseados em grades de difragao. Essa abordagem conecta formalismos de
baixa complexidade a perfis de grade mais adequados para fabricagdo por métodos
amplamente adotados, com um tempo médio de computacao de apenas 8 segun-
dos. Em seguida, ¢ apresentada a técnica de Espectroscopia por Grade de Difracao
Plasménica com Laser de Diodo Sintonizavel (TDLPGS), propondo uma arquite-
tura de sistema para instrumentacao plasmoénica portatil aplicavel a deteccao de
hidrogénio. Esse método aproveita a periodicidade variavel da rede sob carga de
hidrogénio, e os efeitos das varia¢des Opticas e mecanicas nas propriedades plasmonicas
do hidreto metalico sdo analisados em detalhes. Rotinas de deteccao harmonica sao
aplicadas ao sinal de reflectancia para melhorar a precisao das medig¢oes. Por fim,
é proposta uma estrutura Oxido /Metal/Hidreto para integra¢ao com fibras dpticas
em perfil D, visando o desenvolvimento de dispositivos de detec¢ao de hidrogénio.
A influéncia da espessura de cada camada é investigada, e uma rotina de otimizagao
é sugerida para maximizar a sensibilidade sob restri¢des especificas de fabricacgao.
O desempenho do sensor é avaliado por uma série de experimentos computacionais.

Palavras-chave: Plasmonica; Sensores Opticos; Hidretos Metalicos; Grades de

difracao; Espectroscopia; Fibra dptica.



Abstract

Theory and Engineering Techniques in Metal Hydride Plasmonics for

Hydrogen Sensing

Gabriel de Freitas Fernandes

This thesis proposes three techniques in metal hydride plasmonics for instru-
mentation and sensing applications, all of them are investigated and simulated by
computation. First, the Harmonic Minimization Method is introduced, along with
an optimization strategy for plasmonic sensors based on diffraction gratings. This
approach connects low-complexity formalisms with grating profiles that are more
amenable to fabrication using widely adopted methods, achieving an average com-
putation time of only 8 seconds. Next, the Tunable Diode Laser Plasmonic Grating
Spectroscopy (TDLPGS) technique is presented, proposing a system architecture
for portable plasmonic instrumentation suited for hydrogen sensing. This method
leverages variable grating periodicity under hydrogen loading, and the effects of
optical and mechanical variations on the metal hydride’s plasmonic properties are
thoroughly analyzed. Harmonic detection routines are applied to the reflectance sig-
nal to enhance measurement precision. Finally, an Oxide/Metal/Hydride structure
is proposed for integration with D-shaped optical fibers to develop hydrogen sensing
devices. The influence of each layer’s thickness is investigated, and an optimization
routine is suggested to maximize sensitivity under specific fabrication constraints.
The device performance is acessed through a series of computational experiments.

Keywords: Plasmonics; Optical Sensors; Metal Hydride; Diffraction gratings;

Spectroscopy; Optical fiber.
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Chapter 1

Introduction

T HE problem of building portable instrumentation systems based on Surface
Plasmon Resonance (SPR) consists of a significant engineering challenge.
There are three experimental configurations that permit the observation of such
effect, that is the Kretschmann (Kretschmann,1971), Otto (Otto,1968a) and diffrac-
tion grating configurations, with the first two being coupling prism-based setups with
the use of planar metallic surfaces. Most commercial stage devices are based on the
Kretschmann configuration, due to its simplicity of fabrication when compared to
the Otto setup, in which a dielectric layer of the order of the incident wavelength has
to be fabricated, or the grating configuration in which a periodic structure has to
be manufactured. However, to obtain sharp resonances with prism-based architec-
tures it is needed to employ angular variation, a procedure that represents a major
difficulty in terms of building a portable system since it requires moving parts. In a
fixed wavelength operation, no moving parts would be necessary, however, the pres-
ence of the prism widens the resonance to a point where broadband light sources
and detectors need to be employed, considering that these equipment are bulky and
hard to integrate into an embedded measurement system, this represents another
impracticality. The grating configuration on the other hand permits the narrowing
of the resonance compared to thin film-based architectures due to optical feedback
on the periodic surface. Based on this fact, the hypothesis of measuring, at least,

the most sensitive part of the resonance with Distributed Feedback (DFB) lasers,
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in both thermal and electrical modulation schemes, is investigated in order to ob-
tain a system architecture that operates in a fixed angle setup without the need for
broadband sources. The investigation of the validity of this hypothesis represents
the first objective of this thesis.

Since the grating resonance position is very sensitive to periodicity changes, an
application in which the measured analyte causes a structural change on the grating
would be adequate. Considering this intrinsic feature of our system, the application
of hydrogen sensing is mainly investigated by the employment of hydride-forming
metals such as Pd and Nb. These materials, when in contact with the hydrogen gas,
undergo modulation of their dielectric function and lateral and vertical mechanical
expansion. With the concentration of the gas being directly related to the periodicity
change, this application is appropriate since it benefits an intrinsic feature of the
system proposed here.

This thesis presents a system architecture for a practical and portable device
that employs a DFB laser capable of operating under two regimes. First, thermal
control is proposed to achieve linear spectral variation, enabling the identification
of the most sensitive part of the spectrum. This approach could be employed with
gratings in gold (Au) or silver (Ag), materials for which narrower resonances are
expected. Additionally, a sinusoidal wavelength modulation scheme is introduced
through modulation of the injection current. While thermal control has been previ-
ously suggested for fast switching in a communication context (Ueno et al., 2015),
to the best of the author’s knowledge, its use for interrogating plasmonic devices
has not been explored.

The proposed technique is then applied to the sensing of hydrogen gas (Hz) us-
ing palladium (Pd) and niobium (Nb) optimized gratings, metals known to form
hydrides in the presence of this gas, resulting in optical and structural variations.
This application is selected due to the critical need for monitoring Hs in various
industries (Le et al., 2023), as well as the challenges associated with handling the

gas. Hydrogen has a Lower Explosive Limit (LEL) of only 4% volume concentra-
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tion, being a small molecule with a high risk of leakage, and poses significant safety
concerns in its storage and transportation. Additionally, when ignited, its flame is
invisible (PubChem, 2025; Yang et al., 2021). There is also an increasing neces-
sity for technologies to store and measure hydrogen gas concentration due to its
applicability as a combustible in a renewable energy scenario. Another motivation
is the exploration of periodicity changes in the grating when the film is exposed to
hydrogen, which increases sensitivity.

In contrast with other spectroscopy techniques such as Wavelength Modulation
Spectroscopy (WMS) (Li et al., 2013; Avetisov et al., 2019; Liu et al., 2020) and
its variations, such as crystal tuning fork-enhanced spectroscopy (Xu et al., 2020;
Angstenberger et al., 2025; Ma et al., 2024) and off-axis integrated cavity spec-
troscopy (Yu et al., 2023), based on light absorption by the target molecule, the
proposed technique in this work consists in the absorption of gas by the grating
itself and subsequent interrogation of its plasmonic resonance.Our approach also
contrasts with previously suggested H, sensors that utilize periodic structures, such
as Pd-coated Fiber Bragg Gratings (FBGs), which detect the presence of the gas by
measuring the strain caused by hydrogen absorption and its effect on the internal
grating periodicity. In this work, the material loaded with the gas serves as the
periodic structure, leading to a more direct transducing mechanism (Sutapun, 1999;
Trouillet et al., 2006; Silva et al., 2013). According to the author’s knowledge, this is
the first detailed analysis of optical and mechanical variations on plasmonic sensing
properties of metallic hydrides.

It is shown that a system architecture compatible with a portable, embedded
system can achieve high linearity and, depending on the choice of material, a sub-
ppm limit of detection.

Optimized structures are employed, and the technique is investigated through
analytical models that account for gas diffusion in the metals, the dielectric function
of the hydride, and the elastic expansion of the films. Numerical simulations are

employed to validate the technique and provide calculations of the diffracted fields.
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Considering computational methods for obtaining optimal grating structures for
different geometries, the Harmonic Minimization Method (HMM) (Fernandes et al.,
2025) is proposed. The challenge of describing reflection and transmission in diffrac-
tion gratings dates to early 20th-century research by John William Strutt, better
known as Lord Rayleigh (Rayleigh, 1907). His approach, known as Rayleigh’s hy-
pothesis, assumes that fields inside and outside the grating valleys are composed
by a sum of plane waves. While this is an approximation disregarding field con-
centration in the valleys, it generally applies to low-amplitude sinusoidal gratings,
following studies such as those by van den Berg et al. (van den Berg e Fokkema,
1979; van den Berg, 1981) that examined the hypothesis’s validity, showing its
accuracy when the grating amplitude-to-periodicity ratio remains below 0.142521
(Millar, 1969). Considering its simplicity, it is not costly in terms of computational
resources to implement it.

Among other techniques to model the optical response of diffraction gratings,
the Rigorous Coupled-Wave Analysis (RCWA) method is notable. RCWA divides
the periodic region into sections, using a Fourier series field description within the
grating and a Fresnel reflection approach outside of it. This approach requires
solving an infinite linear system for each section and polarization state, adding
significant computational complexity. However, RCWA involves no approximations
in its calculations, making it a rigorous algorithm. Stability and energy conservation
analyses has been conducted (Moharam e Gaylord, 1982). Extensions to RCWA
have included general polarization and material loss effects (Moharam e Gaylord,
1983a), as well as 3D diffraction field calculations (Moharam e Gaylord, 1983b). The
RCWA method is also suitable for simulating metallic diffraction gratings, as shown
in previous studies (Moharam e Gaylord, 1986), and has been used in grating-based
plasmonic device research (Lyaschuk et al., 2021).

An alternative method, developed in 1980 and known as the Chandezon or C
method, models fields as plane wave expansions within a curvilinear coordinate

system where the interface profile becomes flat (Chandezon et al., 1980). This ap-
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proach is particularly effective for arbitrary profiles and can also deal with rectangu-
lar profiles with the benefit of requiring only a single infinite linear system solution.
Compared to RCWA, which solves separate systems for each grating slice, the C
method’s single system allows faster convergence, as observed in studies (Vallius,
2002; Edee et al., 2013). Enhanced convergence techniques have also been devel-
oped, such as alternative variable transformations (Xu e Li, 2014), piecewise linear
parametrization for deep gratings (Xu e Li, 2015), and preconditioning for efficient
convergence (Xu e Li, 2017). Other refinements, such as adaptive spatial resolution
(Granet et al., 2001) and Fourier factorization for handling sharp profile edges (Li
e Chandezon, 1996), can further improve accuracy. This method has been applied
in optical design across varied structures, including asymmetric, overhanging, and
multicoated gratings (Plumey et al., 1997; Preist et al., 1997; Chandezon et al.,
1982).

This thesis also investigates the feasibility of combining a design algorithm based
on the Rayleigh method, due to its lower complexity, with a profile translation strat-
egy (De Freitas Fernandes et al., 2024). This strategy would input purely geometric
information about the grating without requiring additional electromagnetic calcula-
tions. An algorithm is developed to minimize the difference between the sinusoidal
profile function and a desired grating profile, described by a Fourier series, as a
function of the number of harmonics used in the desired profile’s description while
assuring that the new structure is the most sensitive one for the newly obtained grat-
ing profile. In this work the Harmonic Minimization Method (HMM) is developed to
translate a pre-designed sinusoidal grating into diffraction gratings with rectangular
and triangular profiles. The HMM can be instrumental in adapting grating profiles
to different fabrication processes and technology. This can be particularly useful
in a very practical situation considering that the Rayleigh description of diffraction
consists in the lowest computationally complex one, but only produces trustwor-
thy optimized plasmonic structures in sinusoidal profile. From a fabrication point

of view, a sinusoidal grating can be fabricated with the relatively simple mask-
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less procedure named Interference Lithography (Jang et al., 2007; Vala e Homola,
2014; Guo et al., 2006) but this technique is not widely used in clean room facil-
ities since it is not adequate for fabricating different profiles or other optical and
electronic structures and devices, like mask based optical or electron beam lithogra-
phy. HMM can connect the formalism with lowest computational complexity with
structures craftable by more widely employed semiconductor batch fabrication tech-
niques, without adding significant computational cost to the design process. This
approach permits the design of multiple structures with different profiles from one
single sinusoidal structure, facilitating the sensitivity analysis of different profiles
and fabrication adequacy of the designed device in a situation in which the employ-
ment of the other previously cited methods would require the execution of spectral
calculations for each structure.

This work discusses the optimization strategy based on the Rayleigh and the C
method, as well as the geometrical aspects of the diffraction integral that lead to
the HMM. The method is applied to the design of five rectangular palladium (Pd)
gratings and one triangular niobium (Nb) grating in the context of creating hydro-
gen gas (Hs) sensitive devices. The HMM is evaluated in terms of computational
complexity, convergence, and the resulting gratings are compared with those de-
signed using the C method under identical input parameters, particularly regarding
their performance as transducer elements. It was observed that the HMM algorithm
achieved execution times on the order of seconds, and the resulting gratings exhib-
ited sensitivities comparable to those designed using the C method. One particular
designed Pd structure in rectangular profile is fabricated and characterized in terms
of its amplitude and periodicity. The rectangular profile is chosen to demonstrate a
simple grating structure implemented using well known and highly accessible batch
semiconductor fabrication processes, suitable for mass production. The spectrum
and sensitivity of a grating with the nominal parameters are compared to that of a
device with the characterized parameters in a computational environment.

Beyond grating-based architectures, this thesis also investigates Oxide/Metal /Hydride
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(OMH) structures for D-shaped optical fibers(da Silva et al.,2021). Fiber-based op-
tical sensors have the practical advantage of easier adaptability and mechanical
integration to the environment to be measured when compared to the spectroscopy
technique also suggested in this thesis. The D-shaped structure is a type of fiber
structure in which part or the totality of the cladding is removed in a particular
section of the fiber in order to permit the beam traveling in the fiber’s core to in-
teract with the external medium. Metals such as Pd and Nb can be used to ensure
specificity to hydrogen gas, but they present poorer plasmonic properties compared
to materials such as Au and Ag. Based on this fact, the structure proposed involves
the use of a two-metal layer, one chosen to enhance the sensitivity of the device, in
this case, Au is employed, and another metal to permit hydrogen specificity. An-
other layer between the cladding and the bi-metal structure is important, that is
the oxide layer. In our work, 770, is used considering its higher refractive index
than typical values for fiber optic cladding materials to shift the Kretschmann plas-
monic resonance, which usually is observed on the visible spectrum under incidence
around 85° to the infrared. That layer is important to obtain the response of the
sensor on the low-loss region of a commercial single-mode fiber optic, facilitating
the fabrication of the device.

Computational experiments are conducted to explore the effect of each layer
thickness on the sensitivity of the device and subsequently, an optimization strategy
based on first principles and a recursive gradient procedure is proposed, with fabri-
cation constraints being inputs for the designer to choose. With such a method, a
particular structure is investigated numerically by the use of the FEM in which its
response is obtained under the LEL. Harmonic detection is also proposed with this
sensor and FFT-based and Lock-in amplifier-based detection schemes are simulated
to obtain higher linearities between 0% and 4% hydrogen gas concentration. An
analysis of the limit of detection of such a sensor is also conducted.

This thesis follows a slightly different order from the chronological one exposed in

this section. Initially, a systematic literature review is presented to expose the cur-
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rent state of the technologies already reported that are important to this work. The
document follows with the development of the Harmonic Minimization method and
fundamental aspects of diffraction theory. Subsequently, the Tunable Diode Laser
Plasmonic Grating Spectroscopy (TDLPGS) technique is presented and computa-
tionally validated. Following this, the fiber-based devices are presented and their
computational validation is explained. The thesis contains a conclusion chapter in
which the overall conclusions of the thesis are presented, including future works

where open questions are discussed.
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Chapter 2

Systematic Literature Review

S URFACE plasmon resonance-based sensors have been widely explored by the
scientific community, resulting in numerous applications and devices devel-
oped from an academic perspective. This topic has become a field of considerable
scope, evidenced by the volume of published works, the emergence of conferences,
and specialized journals. Surface plasmon resonance is observed in three different
configurations, two of which involve coupling prisms, known as the Kretschmann
and Otto configurations. A third method for achieving this coupling is through
metallic diffraction gratings. In this case, due to the structure’s geometry, which
provides optical feedback through retroreflection of the surface-propagating mode,
the resonance exhibits higher quality factors in both angular and wavelength do-

mains.

2.1 Diffraction Grating-based Plasmonic Sensors

Historically, the Kretschmann configuration has been widely adopted for practi-
cal sensor construction and is characterized by a three-layer structure: Prism/Metal
/Dielectric (Kretschmann, 1971). Several portable devices based on this configura-
tion have been documented in the literature for both angle-resolved and wavelength-
resolved measurements (Masson, 2020; Yesudasu et al., 2021). Notable examples

include the Biacore, developed by the company of the same name and introduced



26

commercially in 1990, and SPREETA, developed by Texas Instruments. These de-
vices require precise alignment, and measurement quality depends heavily on the
opto-mechanical system used. Technologies based on this configuration tend to be
bulky and challenging to integrate with other systems.

The Otto configuration (Otto, 1968a), characterized by a Prism/Dielectric/Metal
structure, has been largely avoided, likely due to the challenge of manufacturing
a sensing channel between the prism and metal medium that maintains effective
coupling. This spacing must be on the order of the incident wavelength; considering
that the absorption peak of noble metals, such as Au, lies in the near-infrared
range, the channel must be on the scale of microns. To the author’s knowledge,
only one device based on this configuration has been fabricated and documented in
the literature (Fontana et al., 2015; Maciel-Neto et al., 2022; Neto et al., 2016; Lee
et al., 2018).

Diffraction grating coupling can be observed in both the angular and spectral
domains. Focusing on the angular domain, several works have proposed biosensors
using angular interrogation, including applications in protein detection (Unfricht
et al., 2005), biomolecular interaction analysis (Dostédlek e Homola, 2008), and tu-
mor necrosis factor (TNF-a) detection (Hoa et al., 2009). Theoretical studies on the
effect of azimuth angle in angular spectra (Kim, 2005) and comparisons of trans-
ducer performance between thin film structures and grating-based equivalents (Al-
leyne et al., 2007) have also been reported. Notably, grating structures are known
to achieve narrower resonances compared to planar interfaces. Various modes of op-
eration have been proposed, such as the double dip method (Cai et al., 2008), which
uses the separation between different diffraction orders as a transducing mechanism.
Aluminum (Al) gratings have been investigated in angular interrogation mode, in-
cluding studies on the effects of oxide layers (Sun et al., 2015). Palladium (Pd)
gratings have also been explored computationally for hydrogen gas sensing via an-
gular interrogation (Lin et al., 2008).

Beyond single-metal structures, double-layer metal gratings have been suggested,
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such as silver (Ag) gratings over gold (Au) substrates (Bijalwan e Rastogi, 2017) and
Au/AlyO3 gratings for enhanced sensitivity (Bijalwan e Rastogi, 2018). Double-layer
structures have also been investigated for hydrogen detection, with Pd over typical
plasmonic metals like Au, Ag, and Al (Bijalwan e Rastogi, 2019). Au/Ag structures
with angular interrogation were experimentally validated for ethanol concentration
sensing (Chen et al., 2020).

In the context of wavelength interrogation in grating structures, periodic struc-
tures such as plasmonic nanoholes have been proposed and experimentally validated
for extraordinary optical transmission (EOT) (Brolo et al., 2004; Srivastava e Ab-
dulhalim, 2015). EOT has been applied for ethanol detection (Karabchevsky et al.,
2009). Au nanocubes over an Au film have also been reported as a means to imple-
ment a 2D diffraction grating (Wang et al., 2019). All-metal gratings with optimized
design have been suggested (Yoon et al., 2006), as well as narrow groove structures
(Dhawan et al., 2011) and deep gratings based on magnetic polariton resonance
(Xu et al., 2013; Zhu et al., 2018). Single metal gratings have been explored for
dispersion engineering in the Kretschmann configuration (Arora et al., 2018), and
double groove gratings were simulated for refractive index sensing (Li et al., 2017).
Graphene-based diffraction gratings integrated with Fabry-Pérot cavities have also
been researched (Yan et al., 2019).

Chiral nanoparticle grating structure over a metallic substrate was also proposed
as a biosensor with mM (mili-Molar) detection limit for D-glucose(Kim et al.,2024).
Wavelength interrogation was also used to monitor the peak transmittance of grat-
ings fabricated on a flexible substrate in order to transduce strain signals(Bdour e
Sabat,2024). Flexible substrates were also employed for a wearable grating device
operating as a refractive index sensor with very narrow (6.9 nm) linewidth(Chai
et al.,2025). Grating structures over D-shaped optical fibers were also computation-
ally studied as refractive index sensors(Osamah et al.,2024;Seliem e Abdellatif,2024).
Metal gratings embedded on a dielectric medium over a metallic plane structure were

also computationally studied and suggested to obtain self-referenced refractive index
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sensors(Rao et al.,2025).

Another interrogation method that can be employed with diffraction-based plas-
monics is the phase interrogation method. This method consists of measuring the
phase difference between the insensitive to plasmonic coupling s-polarized light and
the p-polarized beam. The typical experimental setup involves a few complexities
that are probably the reason such an interrogation method is not widely used, such
as a rotational stage for azimuthal angle control and optical components such as
quarter-wave plates, polarizers, and phase-sensitive detectors. This interrogation
procedure is usually susceptible to mechanical vibrations and makes it difficult to
develop portable systems. Nonetheless, there were works related to the use of this
interrogation method for diffraction gratings, such as the real-time detection of living
cells with a gold grating with 633 nm laser incidence(Borile et al.,2019), to perform
a biorecognition assay using the effective avidin/biotin reaction (Ruffato et al.,2013)
and the implementation of a lab-on-a-chip platform with the enhancement of Sur-
face Acoustic Waves (SAW)(Sonato et al.,2016).

For hydrogen gas sensing, Pd-coated Au gratings have been proposed (Subrama-
nian et al., 2020). Theoretical analyses of resonant waveguide gratings have been
conducted to clarify the sensing properties of these structures (Lu et al., 2019).
Gratings with a metal layer over a gain medium, such as GaN, were simulated for
transducing behavior (Sharma e Pandey, 2019), and a pressure sensing device with
a 0-1 kPa detection range was also developed (Mansouri et al., 2020). There were
also investigation and proposal concerning the employment of Pd for subwavelength
hole arrays for Hy sensing [111, 115, 116].

Regarding mathematical models and computational analysis of plasmonic grating-
based sensors, an analytical model for device sensitivity in wavelength interrogation
was developed (Cao et al., 2019), along with a comparative study between sinu-
soidal and rectangular gratings (Igbal et al., 2020). Additionally, a method based
on coupled mode theory was proposed for plasmonic structures in the near-infrared

spectrum (Jeddi Golfazani et al., 2020).
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2.2 Distributed Feedback Lasers for Spectroscopy
Applications

Within the scope of this thesis, it is important to highlight previous works em-
ploying Distributed Feedback (DFB) lasers in spectroscopy systems, using both
thermal and current-controlled approaches. For current modulation, typical values
for the current modulation coefficient are on the order of 1072 nm/nA, though this
method also causes variation in the emitted laser intensity. In thermal control, typ-
ical values for commercial devices are on the order of 10~ nm/°C.

To achieve the necessary spectral sweep, other light sources could also be con-
sidered, such as MEMS-VCSEL lasers (Microelectromechanical Systems Vertical
Cavity Surface Emitting Lasers). These devices, in their commercial form, offer a
large wavelength range, exemplified by models like the SL101081 manufactured by
Thorlabs® (Thorlabs, 2023). However, MEMS-VCSEL lasers tend to be bulkier and
more expensive than DFB lasers, making them more challenging to integrate into
practical and portable sensors and substantially increasing the overall cost. Com-
mercial DFB lasers are also more commonly available at operating wavelengths that
align with the absorption lines of many molecules of interest.

DFB lasers have been employed in wavelength-sweeping mode to investigate
diffraction grating-based devices, such as FBG (Fiber Bragg Grating) sensors, where
diffraction gratings are fabricated in the core of an optical fiber (Shlyagin et al.,
2013; Carvalho et al., 2012; Bautista-Morales et al., 2018) and in microfabricated
diffraction gratings on silicon (Grego et al., 2012). This type of device has also been
used to investigate mechanical resonators (Kissinger et al., 2017).

A specific case of thermal control for DFB lasers in spectroscopy was demon-
strated for studying the absorption spectra of deuterated water molecules HDO and
D50 using a 1.5 pm device (Ohshima e Sasada, 1989). In this case, a Peltier cooler
was employed to achieve a temperature scan from -5°C to 80°C.

The majority of studies employing DFB lasers for infrared spectroscopy utilize
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some form of wavelength modulation. Modulated wavelength incidence has been
extensively explored to significantly enhance absorption sensitivity in these systems
(Moses e Tang, 1977; Silver, 1992; Supplee et al., 1994). This technique typi-
cally involves current modulation at frequencies on the order of kHz, resulting in
wavelength- and intensity-modulated emission that is more sensitive to the absorp-
tion lines of target molecules. Such methods have been explored in applications like
combustion diagnostics and flammable gas detection (Bolshov et al., 2015; Kluczyn-
ski et al., 2012; Neethu et al., 2014), including in calibration-free systems (Sun et al.,
2013; Upadhyay et al., 2017; Zhao et al., 2016). These techniques are also valuable
in molecular spectroscopy, targeting molecules like HCN isotopes (Sasada, 1988),
and can be enhanced with cavity-based optical feedback for increased sensitivity
(Yang et al., 2022; Beaumont et al., 2024).

Designing and constructing DFB lasers specifically for spectroscopy applications
is a topic of interest in the literature. Devices have been reported across a wide
wavelength range (Zeller et al., 2010), with tunable lasers proposed in ranges such
as 2.27-2.39 pm (Wang et al., 2019) and 2.28-2.43 ym (Wang et al., 2017). The de-
velopment of Quantum Cascade DFB lasers enabled operations at wavelengths like
8.7 pm and 9.4 um (Lee et al., 2007; Lee et al., 2009). DFB cascade lasers grown on
Si were also suggested for methane spectroscopy applications with emission around
3.5 pum, this device was included in a quartz-enhanced spectroscopy setup with de-
tection of 400 ppm of C'H, concentration (Diaz-Thomas et al.,2025). DFB lasers
based on organic materials have also been proposed for optical wavelength spec-
troscopy (Klinkhammer et al., 2010), their integration into compact spectroscopy
systems (Woggon et al., 2010), and as excitation sources in Raman spectroscopy
(Liu et al., 2013).

Notably, most works in the literature utilize injection current-based control.
Thermal control, on the other hand, has been explored for agile switching in optical
communications (Tabares et al., 2022; Ye et al., 2022; Polo et al., 2014), as well as

for generating ultra-short pulses (Calvani et al., 1995). Consequently, the applica-
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tion of thermal control for spectral sweeping of DFB lasers to investigate resonant
devices represents a gap in the literature, especially for interrogating the RPS effect

in any experimental configuration.

2.3 Diffraction Grating Modelling and Optimiza-
tion

The challenge of describing reflection and transmission in diffraction gratings
dates to early 20th-century research by John William Strutt, better known as Lord
Rayleigh (Rayleigh, 1907). His approach, known as Rayleigh’s hypothesis, assumes
that fields inside and outside the grating valleys are composed of plane wave sums.
While this is an approximation—disregarding field concentration in the valleys—it
generally applies to low-amplitude gratings. Studies such as those by van den Berg
et al. (van den Berg e Fokkema, 1979; van den Berg, 1981) examined the hypothe-
sis’s validity, showing its accuracy when the grating amplitude-to-periodicity ratio
remains below 0.142521 (Millar, 1969). Sinusoidal plasmonic grating optimizers,
like SPRinG, have been developed in UFPE’s Sensors and Instrumentation Labora-
tory using a Lorentzian approximation paired with gradient optimization (de Melo,
2013), as well as metaheuristic algorithms like PSO (Particle Swarm Optimization)
(de Araujo et al., 2023).

Among other techniques to model the optical response of diffraction gratings, the
Rigorous Coupled-Wave Analysis (RCWA) method is notable. RCWA divides the
periodic region into sections, using a Fourier series field description within the grat-
ing and a Fresnel reflection approach outside of it. This approach requires solving an
infinite linear system for each section and polarization state, adding computational
complexity. However, RCWA involves no approximations in its calculations, making
it a rigorous algorithm; the field error between grating and external regions typically
serves as the stopping criterion for RCWA algorithms (Moharam e Gaylord, 1981).

RCWA has since been applied to various grating profiles—sinusoidal, triangular,
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rectangular, and sawtooth—with stability and energy conservation analyses to val-
idate the results (Moharam e Gaylord, 1982). Extensions to RCWA have included
general polarization and material loss effects (Moharam e Gaylord, 1983a), as well as
3D diffraction field calculations (Moharam e Gaylord, 1983b). The RCWA method
is also suitable for simulating metallic diffraction gratings, as shown in previous
studies (Moharam e Gaylord, 1986), and has been used in grating-based plasmonic
device research (Lyaschuk et al., 2021). Many commercial software packages im-
plement RCWA, such as OmniSim by Photon Design, DiffractMOD by Synopsys,
and Lumerical by Ansys, which includes an RCWA module for diffractive element
simulation and design.

An alternative method, developed in 1980 and known as the Chandezon or C
method, models fields as plane wave expansions within a curvilinear coordinate
system where the interface profile becomes flat (Chandezon et al., 1980). This ap-
proach is particularly effective for arbitrary grid profiles, providing high accuracy
for rectangular profiles and requiring only a single infinite linear system solution.
Compared to RCWA, which solves separate systems for each grating slice, the C
method’s single system allows faster convergence, as observed in studies (Vallius,
2002; Edee et al., 2013). Enhanced convergence techniques have also been devel-
oped, such as alternative variable transformations (Xu e Li, 2014), piecewise linear
parametrization for deep gratings (Xu e Li, 2015), and preconditioning for efficient
convergence (Xu e Li, 2017). Other refinements, such as adaptive spatial resolution
(Granet et al., 2001) and Fourier factorization for handling sharp profile edges (Li
e Chandezon, 1996), further improve accuracy. This method has been applied in
optical design across varied structures, including asymmetric, overhanging, and mul-
ticoated gratings (Plumey et al., 1997; Preist et al., 1997; Chandezon et al., 1982).

The Boundary Integral Method, also known as the Method of Moments, offers
another approach by transforming differential equations into integral equations at
the boundary, allowing precise Green’s function computations (Harrington, 1993;

Gibson, 2021). This rigorous method has been applied to calculating diffraction
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efficiency in X-ray spectra (Goray et al., 2018) and includes GPU-optimized tech-
niques for both direct and inverse diffraction problems (Goray e Dashkov, 2020).

For thin structures, an approximate method based on Green’s functions is useful.
This approach addresses Rayleigh anomalies, which occur at the transition between
propagation and evanescence of diffraction orders, and Wood anomalies, associated
with leaky mode excitation in the grating (Travo et al., 2017). This technique has
been applied to describe molecular diffraction effects (Brand et al., 2015).

The Generalized Source method, proposed for diffraction grating modeling, it-
eratively calculates field distribution by generalizing the field source to simplify
calculations, which are then primarily analytical (Tishchenko, 2000). This method
enhances RCWA and C method precision, particularly when adapted to a curvi-
linear coordinate system, making it effective even for gratings with sharp edges
(Shcherbakov e Tishchenko, 2013; Shcherbakov, 2019).

Legendre polynomial expansion is another approach, providing stable field equa-
tions without numerical instability issues (Khavasi et al., 2007; Chamanzar et al.,
2006). This method was later adapted for complex grating shapes by subdividing
the grating region into smaller, periodic subgratings, enabling effective field approx-
imation with fewer Legendre functions (Khavasi et al., 2008).

Real devices often exhibit fabrication imperfections, requiring models that ac-
count for random roughness and periodicity deviations. Proposed methods to ad-
dress these include the application of Heisenberg’s uncertainty principle (Chande-
zon et al., 2019), analyses of curved profiles and amplitude variations (Torcal-Milla
et al., 2010), and evaluations of slit randomness in near and far fields (Torcal-Milla
e Sanchez-Brea, 2016) as well as random fill factors (Torcal-Milla e Sanchez-Brea,
2017).

For accurate reflection modeling in gratings, Finite Element Method (FEM)
(Bathe, 2008; Bao et al., 2005) and Finite Difference Time Domain (FDTD) (Oskooi
et al., 2010) can be used, though they demand significant computational power.

FEM is particularly employed in topology optimization and has also been applied
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to the design of dielectric metasurface networks (Ans et al.,2024). For grating design,
associating these calculations with optimization routines may become impractical
due to computational intensity. Nevertheless, FEM and FDTD provide valuable

computational validation for proposed designs and experimental setups.

2.4 Hydrogen Sensors

The measurement of hydrogen gas concentration and the detection of leaks have
been critical challenges across various industries. However, these concerns have
become even more significant with ongoing efforts to develop production techniques
and expand the use of hydrogen as an energy source (Le et al., 2023), particularly
because it can be produced in an environmentally friendly manner and is considered a
clean fuel. Despite its advantages, handling hydrogen gas presents several challenges.
Notably, it has a low Lower Explosive Limit (LEL) of just 4% by volume, making it
highly flammable. Additionally, hydrogen is a small molecule (PubChem, 2025) with
a high diffusion potential, allowing it to escape through small openings, which poses
risks during transportation and storage. Another hazardous characteristic of Hy is
that its flames are nearly invisible when combusted, making the visual identification
of combustion particularly difficult.

An important aspect of hydrogen transportation through pipelines is the imple-
mentation of Leakage Detection Systems (LDS) (pip, 2016). Rather than relying on
a direct hydrogen gas sensor, these systems use pressure measurements combined
with computational calculations to estimate the amount of gas leaked. Such instru-
ments can be installed in hydrogen pipelines, providing indirect leakage detection
(Korlapati et al., 2022). Many devices of this category have already reached the
commercial stage.

A key mechanism for hydrogen gas transduction involves chemiresistive and
electrochemical sensors, which are notable for their simplicity and potential cost-
effectiveness (Koo et al., 2020; Huang et al., 2024). Commercial devices of this type

represent the state-of-the-art technology for practical hydrogen sensing systems.
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Electrochemical sensors operate by utilizing materials that, upon contact with
hydrogen gas, trigger a redox reaction. The resulting current is then measured to
determine the gas concentration (Korotcenkov et al., 2009). However, these sensors
have certain drawbacks, including susceptibility to measurement inaccuracies due
to variations in relative humidity and cross-sensitivity to other gaseous molecules,
such as oxygen.

Chemiresistive sensors, on the other hand, function by detecting changes in elec-
trical resistance when a reaction with Hy occurs. In this category, nanowire-based
devices have been proposed in the literature, employing hydriding metals such as
palladium (Pd) and platinum (Pt) (Penner, 2017; Yang et al., 2010; Weber et al.,
2018). Additionally, Semiconductor Metal Oxide (SMO) sensors have emerged as a
viable option for hydrogen detection (Luo et al., 2017; Luo et al., 2021). Among
the most commonly used metal oxides in semiconductor-based hydrogen sensors are
zinc oxide (Zn0), stannic oxide (SnO,), tungsten trioxide (W0Os), niobium pentox-
ide (NbyOs), and titanium dioxide (7%0,) (Zhang et al., 2013; Zhao et al., 2011;
Mondal et al., 2014; Wang et al., 2025a; Wang et al., 2025b).

Another interesting device is the Quartz Tuning Fork (QFT) based electrome-
chanical hydrogen sensor. This device is based on the effect of the gas medium
viscosity on the oscillation frequency of the QFT under electrical stimulus, it pro-
vides a full range (10%-100%) measurement range with low cost of fabrication and
employing a very simple setup (Li et al., 2025).

Another important class of hydrogen sensors is optical sensors. A widely used
approach for measuring Hy concentration involves employing metals, with the vast
majority of these sensors relying on the plasmonic properties of such materials.
Various plasmonic structures have been investigated in the past.

For devices based on nanoparticles (NPs), several studies have explored direct
H; absorption through metals such as palladium (Pd), magnesium (Mg), vanadium
(V), zirconium (Zr), and titanium (Ti), particularly in nanodisk geometries (Palm

et al., 2018). Additionally, gold (Au) nano-hemispheres have been investigated for



36

their ability to induce molecular dissociation through hot electron generation, lead-
ing to the formation of AuH, hydrides (Sil et al., 2014). Pd NPs have also been
combined with fluorine-based polymers to enhance H, diffusion (Ostergren et al.,
2021). Disordered Pd NPs over a Ag film were also proposed as a sensing platform
capable of monitoring concentrations between 0%-4% (Yang et al., 2025).

Furthermore, yttrium (Y) nanorods have been studied as active plasmonic anten-
nas, demonstrating significant reversibility (Strohfeldt et al., 2014). The thermody-
namics and hysteresis of PdH, formation have been analyzed concerning the shape
and size of Pd NPs (Syrenova et al., 2015). To mitigate hysteresis effects, alloys of
Pd with other metals such as Au, Ag, and Cu have been proposed (Nugroho et al.,
2018; Matuschek et al., 2017; Wadell et al., 2015; Nugroho et al., 2016). Addition-
ally, bi-metallic structures, such as nanodisks, have also been explored (Strohfeldt
et al., 2015).

Optical fiber-based hydrogen sensors are among the most commonly used struc-
tures for practical hydrogen detection. The first sensor of this type was an interfero-
metric sensor, proposed by Butler in 1984 at Sandia National Laboratories (Butler,
1984). This device utilized a titanium/palladium (Ti/Pd) coating on a single-mode
fiber (SMF), where the metallization allowed the fiber to expand upon hydrogen ab-
sorption in the Pd layer, thereby increasing the optical path length of the signal arm.
Since then, numerous optical fiber technologies have been developed, incorporating
different sensing principles, materials, and sensor structures to enhance performance
and reliability.

An interferometric sensor utilizing fiber tip reflection was proposed in 1987
(Farahi et al., 1987). The following year, Butler and Ginley published a more com-
prehensive investigation of the previously proposed interferometric sensor (Butler e
Ginley, 1988). In their approach, two different optical fibers were exposed to hydro-
gen gas—one bare and the other coated with palladium (Pd). The resulting beams
were then combined to form an interference fringe, whose position was measured as

a function of gas concentration.
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Several cavity-based interferometric structures have also been explored. For
instance, a Fabry-Pérot cavity sensor was developed using a gap between a single-
mode fiber (SMF) and a multi-mode fiber (MMF), with a Pd coating applied over a
glass casing (Zeakes et al., 1994). Another variation employed a Fabry-Pérot cavity
between two SMF sections (Yang et al., 2010).

Additionally, Mach-Zehnder interferometer (MZI)-based sensors have been im-
plemented using Pd/Au nanowires in contact with the signal arm (Gu et al., 2015).
A Sagnac interferometer-based device has also been proposed, incorporating a Pt-
loaded W05/ Si04 structure on a panda-type polarization-maintaining fiber (PMF).

The principle of coating optical fibers with expanding materials that induce strain
under hydrogen exposure has also been applied to Fiber Bragg Gratings (FBG). This
approach enables variations in the grating structure to change in response to gas
concentration (Sutapun, 1999). Additionally, sensors based on Long Period Gratings
(LPG) have been proposed (Trouillet et al., 2006).

Double-FBG structures have been investigated, where only one FBG region is
metallized (Silva et al., 2013), as well as Pd-coated tapered structures (Yu et al.,
2015). Tilted FBGs have also been explored for Hs sensing, incorporating an Au/Pd
bilayer coating on the grating region (Zhang et al., 2022a). Furthermore, poly-
dimethylsiloxane (PDMS)/W O3 coatings have been investigated for similar appli-
cations (Zhang et al., 2022b).

Hydrogen sensors have also been developed based on the exploitation of the
Surface Plasmon Resonance (SPR) effect. Early investigations explored plasmonic
coupling in the Kretschmann configuration using palladium (Pd) thin films (Chad-
wick e Gal, 1993). Au/SiO,/Pd structures were experimentally investigated with
complete removal of the cladding of the fiber (Perrotton et al., 2013).

Fiber-based devices have been computationally analyzed, particularly polished
D-type structures incorporating a Metal-Insulator-Metal (MIM) waveguide (Perrot-
ton et al., 2011; Tabassum e Gupta, 2015). Metallized fiber tip sensors have also

been investigated, initially focusing on Pd films deposited on the tip of a multi-mode
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fiber (MMF) (Butler, 1991; Bévenot et al., 2000).
Additionally, various devices based on D-shaped fibers have been proposed, in-
cluding Pd-infused porous 7O structures (Poole et al., 2016) and Pd/Au nanocones

fabricated on the polished region (Cao et al., 2020).
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Chapter 3

Harmonic Minimization Method
for Plasmonic Diffraction Grating

Sensor Design

T HE design of diffraction gratings is a critical challenge in numerous fields
of applied optics, including integrated optics, spectroscopy, and plasmon-
ics. This work introduces a novel strategy for optimizing the design of diffraction-
based plasmonic sensors. The proposed Harmonic Minimization Method bridges
low-complexity diffraction formalisms with structures that are more feasible for fab-
rication using widely adopted manufacturing processes. This method is applied to
the design of palladium (Pd) gratings for hydrogen gas sensing within the infrared
spectrum. The performance of the designed structure is evaluated by comparing
its reflectance spectrum and sensitivity to those of a fabricated device. It is shown
that the proposed algorithm can obtain structures with similar sensitivity of those
obtained by the Chandezon (C) method with low computational complexity for rect-
angular and triangular profiles. This chapter will introduce fundamental aspects of
diffraction theory, the Harmonic Minimization Method (HMM), comparison between
structures designed by HMM and the C method and the fabrication of HMM de-

signed devices.
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3.1 Fundamentals of Diffraction Theory

3.1.1 Kirchhoff Integral Theorem

There are at least two major theories for describing diffraction phenomena. The
first to be mentioned is the Kirchhoff theory, which can be employed to explain exper-
imental observations with precision. Later on, the Sommerfield theory of diffraction
is proposed in order to correct inconsistencies within the Kirchhoff model.

Kirchhoft’s description of diffraction is based on a theorem where the solution of
the homogeneous wave equation in an arbitrary point in space is obtained in terms of
values of the solution and its derivative in an arbitrary closed surface that contains
this point, as shown in Fig. 3.1, with F and S being the observation point and S

the surface that contains F.

By

Figure 3.1: Graphical description for Kirchhoff integral theorem.

Considering a general solution U(x) that satisfies a set of boundary values of a

non-homogeneous linear differential equation of the form

aQ(x)gqg + al(x)gg + ap(z)U = V(X) (3.1)

we can write it as
Uz) = / Gz — ')V (2)da' (3.2)

with G(z) being the Green’s function of the problem. Considering Eq. 3.2 is

a convolution type integral in which the green’s function is the system response to
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the stimulus d(z — 2’). So considering the situation in Fig. 3.1 we state that the
Green function of the free space for delta-type perturbation is a unitary amplitude

spherical wave of the form

G(r,) = “2UFT) (3.3)

Tp
with 7, being the magnitude of the vector 7, pointing from Fj to an observation
point P. This consideration is important since the choice of a Green function is what
separates the Kirchhoff and Sommerfeld theories, furthermore, alternative choices
for this function are discussed.
To solve the problem in Fig. 3.1 one can apply the Green theorem by the use
of an auxiliary surface to exclude the point Fy where the value of G(r,) is infinite

from the integration volume. Thus,

S'=8+85, (3.4)
with S, being a spherical surface of radius r centered in F.
Since Eq.3.3 is an expansive spherical wave, inside the volume V', the Helmholtz
equation must be satisfied

(V2 + k)G =0, (3.5)

and the same must be ensured for the observed field,

(V2+KHU = 0. (3.6)

Applying Green’s theorem

(UV?G — GV2U)dAV = (Ua—G - Ga—U)dS, (3.7)
1% v on on

with 0/0n representing the derivative on the normal direction of the surface.

Employing Eqgs. 3.5 and 3.6 on the left side of Eq. 3.7,
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JJ| wvie—avivay = - [[[ wer —cukav =0, (38)

and the theorem is reduced to

// *—G )dS—O (3.9)
//(U?)g_G s = //TU—G )dS =0 (3.10)

Since, for an arbitrary point in S’ the Green function is described by Eq.3.3, its

normal derivative can be written as

OCn) _ cos(r ) i — 1) SPIRT:)

o . (3.11)

with cos(7,7,) being the cosine of the smaller angle between the mentioned
vectors. For a particular case of a point P on S, surface, cos(ri,7) = —1. With

these results Eqs. 3.3 and 3.11 become

Gr) xp(ﬂf) (3.12)
a(a;g) _ 6xpgkr)(1/r k). (3.13)

With the use of Eqs. 3.12 and 3.13 and considering the continuity of the observed
field U and its derivatives, one can calculate the effect using Eq. 3.10 at the limit

in which » — 0. That means,

r—0

lim // U— - G )dS — 47U(P). (3.14)

With Eq. 3.14 in Eq. 3.10, one can write
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Tp

47T // [8U exrp ]krp) U 6871 (ea:p(jk:rp)ﬂ s (3.15)

which is known as the Kirchhoff integral theorem. This expression obtains the
field for generic vector r, pointing from the emission point /4 to an observation point
P inside of a closed surface S in terms of the field on the surface. Subsequently this

result in employed on the description of the diffraction phenomena in order to obtain

a scalar theory of diffraction.

3.1.2 Application of the Kirchhoff Integral Theorem to Diffrac-

tion Phenomena

Considering the situation in Fig. 3.2, in which a beam of light is diffracted by
a slit. To find the field of point P one must apply the Kirchhoff integral theorem
and choose an integration surface that conveniently allows the calculation. With

surfaces S; and S5 shown in Fig 3.2, Eq. 3.15 becomes

S2
n /
P

S

Incident field

Figure 3.2: Source and observation point for diffraction over a slit.

1 U 0G
P) = M.//Sﬁ&( S —US)ds. (3.16)

Dealing initially with surface S, one must note that with the increase in r this

surface is approximated by an spherical surface, from Eq. 3.11

oG /) LI Eﬂjk’") = jkG. (3.17)

hma—*(jk:—l r

r—00 n
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The integral concerning S5 in Eq. 3.16 becomes

2
- - .1
/52 G - U(jkG)] /G JkU)rdw, (3.18)

with 2 being the solid angle referent to S from P. It is important to notice that
this integral must vanish to ensure that the field U decays as fast as the divergent
spherical wave. For that, the following relation must hold

lim (a—U — jkU)r = (3.19)

r—oo" On,

which is known as the Sommerfeld radiation condition. This is a guarantee that
there is only an outgoing wave in S, and there is no ingoing wave, which could result
in a not null integral over this surface for r — oo.

For the S; surface, one should consider that the slit is made of an opaque material
so the integration occurs over a surface X that concerns the orifice. To proceed with
the model, Kirchhoff adopts two boundary conditions: On the surface 3, the field
U and OU/On are exactly the same as they would be in the absence of the slit;
U = 0U/on = 0 on the part of the surface S; that does not coincide with . The
first condition permits specifying conveniently the field on » and the second allows
to neglect of the part of the surface that does not coincide with the orifice. Eq. 3.16

then becomes,

47r // Ga—U—U 7)as. (3.20)

On the approximation of the distance between the orifice and the observation

point is much bigger than the wavelength, one can rewrite Eq. 3.11 as

0G(r) _ k- cos(7.7) exp(jkr)

o : (3.21)

With Eq. 3.3 and 3.21 on Eq. 3.20, one obtains
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U(P) = 417T /L mpgkr) BZ _ jkUcos(it, )| ds. (3.22)

Considering that in the scheme of Fig. 3.3 the slit is illuminated by one single

spherical wave,

—_—>

— 1
T

n
T
@ . e,

Figure 3.3: Source and observation point for diffraction over a slit.

U(Ry) = %, (3.23)

Tp

one obtains

U(p) - ;;//E expljk(r +rp)] . cos(M, T) — cos(m, ) is. (3.24)

Ty 2

The Eq. 3.24 is known as the Fresnel-Kirchhoff formula. Is important to notice
the reciprocal nature of this model. If, under the same conditions, the point of
emission becomes the point of observation and vice versa, the diffracted field would
have the same distribution.

It is also clear that this model was built upon the supposition that the illu-
mination consists of one single expanding spherical wave. A few limitations and
inconsistencies of the Kirchhoff model are corrected in the Sommerfeld approach to
diffraction. One particular problem is the adopted boundary conditions for the field
and its normal derivative, which leads to the field vanishing on the whole volume of
integration. This is problematic because it does not make physical sense, but can
be corrected by alternative choice of Green functions that permit the construction

of a theory without the previously considered boundary condition. Since the Kirch-
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hoff theory provides an accurate description of diffraction phenomena a thorough
description of Sommerfeld’s theory is out of the scope of this work but is extensively

discussed in the literature(Goodman,1969).

3.1.3 Fraunhofer Approximation and the Diffraction Grat-
ing Equation

While dealing with the mathematical description of diffraction phenomena there

are two situations that can be considered to simplify the model by approximations.

Fig. 3.4 shows a qualitative scheme for the Fraunhofer and the Fresnel approxima-

tions.

2)

. /// i>>> (e,

Figure 3.4: Approaches to Diffraction. a) Fraunhofer approximation and b) Fresnel approxima-
tion.

In the case of Fraunhofer approximation, the emission point is distant enough
of the slit so the wavefront curvature can be neglected and the same can be stated
about the distance between the slit and the observation point. For the Fresnel ap-
proximation, the curvature of the wavefront should be taken into account to provide
accurate descriptions. Considering the situation in Fig. 3.4, one can define a quan-
titative separation between the two approximations.

Considering the geometry and variables in Fig. 3.3, one can calculate the varia-

tion of the optical path A(r + r,),
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A(r 1) = \Jd2 + (h+1)2 +\Jd? + (W + 1)?

—Vd2 + h? = Vd? + h? (3.25)
w11 1,
=G el Tyt

The quadratic term in Eq. 3.25 is where the information about the wavefront of
the beam is, so to ensure the fields can be described as plane waves, the following
condition needs to be satisfied,

1

1
(g + E)ZQ << A (3.26)

DO | —

which is known as the Fraunhofer diffraction criteria. Following this, a few
considerations can be made about the application of the Fresnel-Kirchhoff formula
to Fraunhofer diffraction. For example, considering a small enough beam divergence
one can assume that the term cos(ii, ) — cos(i,7,) is invariant in the surface of
integration. The term exp(jkr,)/r, can be considered constant since we are dealing
with an optical source fixed in space, and the term exp(jkr)/r is dominated by the
exponential and the mean value of 1/r can be used. With such assumptions, Eq.

3.24 becomes

A exp(jkr,) cos(n,r)— cos(n,r,
i) = A ) o) cot )
7 rp 2

//2 exp(jkr)dS.

One particular situation of great importance to this work, is the case of multiple

(3.27)

slits, structures known as a diffraction grating and exposed schematically in Fig.

3.5.
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Figure 3.5: Diffraction over multiple slits, diffraction grating..

In this case, the integral in Eq. 3.27 becomes

. I A+ (N—1)/A+1 .
//E expljkysen(0)] :/0 +/A +...+ ( expjkysen(0)]dy (3.28)

N—1)/A

_exp[jklsen(0)] — 1 _ .
— Thsen(®) [1+4 exp[jkAsen(0)] + ... + exp[jk(N — 1)Asen(0)] (3.29)

expljklsen(9)] —1 1 — exp[jkANsen(d)]

- jksen(6) 1 — expljkAsen(6)] (3:30)
sen() sen(Nv)
=l-explB+(N—-1)v|- . 3.31
plB-+ (V= 1)) - A 2 (3.31)
with 8 = 1klsen(f) and v = 1kAsen(d).
From Eq. 3.31, one can write for the diffracted field intensity profile
sen(p) 2 sen(N~) 2

I =1 . .32
0 [ g ] [Nsen(v)} (3:32)

It is possible to note from Eq. 3.32 that the maximum occurs for v = nm, that

means
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nA = Asen(6), (3.33)

which is known as the diffraction grating equation.

3.2 Rayleigh and C method based optimization

strategies

3.2.1 Rayleigh and Chandezon (C) methods description

In the literature, many methods have been proposed to calculate the reflectance
of diffraction grating structures. As previously mentioned, the first proposed method
to describe the optical response was proposed by Rayleigh, in this case, it is as-
sumed that under plane-wave illumination, the transmitted and reflected fields are
described as a sum of plane waves, each one with a particular transmission or re-
flection coefficient. For the physical situation shown in Fig. 3.6, one can write

(de Araujo et al.,2023)

H, = H, + H,, (3.34)
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and

E,=E;+ E,, (3.35)

for the total magnetic and electric fields in medium 1. With

H; = (0,1,0)¢ i kevth=z), (3.36)
H, =(0,1,0) Y r(l)eithekzz) (3.37)
l=—00
B = Z’gg(kz, 0, —ky)e I o the2) (3.38)
il wllo & o —j(kiz—k2z)
E, = % Z T(l)<_kz707 _kl)e = <339)
l=—o0

and for the wave vectors

k, = ek — k2, (3.40)
K = ek — k2, (3.41)

where superscript o representing the wave vector over the grating and k, being

determined by the diffraction grating equation (Loewen e Popov,2018)

27
n = Ky —. 42
kn =k +n— (3.42)

The field in medium 2, which is the metal grating, is transmitted only. Therefore,

one can write



o1

H, = (0,1,0) Z t(1)e Ik thiz) (3.43)
l=—00
=00
= PO () (K, 0, —ky)e i tkES), (3.44)
062 l=—00

with
k' = \/eakd — k?, (3.45)

where superscript u representing the wavevector under the grating surface. In these
equations, r(l) and t(l) are the reflection and transmission coefficients, which are
needed to calculate reflectance and transmittance of the grating. For that, the
boundary conditions for tangential fields are employed to obtain a two equation

linear system

Hlt(‘rv Z) = HQt(xa Z)|z:s(z)7 (346)
Elt(fl?, Z) = E2t(x> Z)’z:s(x)a (347)

with the underscript ¢ representing the tangential component of the vectors,
and s(x) being the function that describes the grating profile, in this case, s(z) =
hs - sin(2k,x), in which k, = 27 /A. To directly employ fields described by Eqgs. 3.34
and 3.35 into the conditions 3.46 and 3.47 is to neglect the field concentration in the
valleys of the grating. That assumption is the Rayleigh hypothesis, and that is why
it works only for sufficiently shallow structures. For convenience of description, the

plane waves are expanded into first kind Bessel functions

7jﬁhsln kg{l‘ — Z Jn Bh ](lk‘gx), (348)

a=—0Q
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with a being the order of the Bessel function. Then applying the previously

mentioned boundary conditions, one can write

Jm(kzh) =
I=c0 (3.49)
> (tk) Jm—i(k2h) = v (k) St (=k2N)) |
mhkgky — k2 B
<€1kz> Jm(kzh) -

l=00 m — _ u)2
S ((( Dk — (KY) )t(k:) T (R 550

l=—00 621{3?

- ((m — Dkgkn — (k2)?

61]{32

)T(kl)Jm—z(—kgh))

To solve the linear systems formed by Eqs. 3.49 and 3.50 it is mandatory that the
indices [ and m are truncated to a maximum value V', then a 2(2V 4+ 1) x 2(2V +1)
system can be solved. In this work the truncated system is solved with a truncation
value V = 4, leading to a 18 x 18 system to be solved for each iteration step.

In the Chandezon model(Chandezon et al.,1980), the fields are represented as
plane wave expansions, similar to the Rayleigh method, but within a curvilinear
coordinate system in which the profile of the interface between the media becomes
a flat surface. This method yields superior results for gratings with arbitrary pro-
files compared to the Rayleigh method and provides accurate descriptions even for

rectangular profiles. That means employing the following variable change

2=z —s(x) (3.51)

in fields 3.34 and 3.35 with boundary conditions 3.46 and 3.47. In this new
coordinate system, an analogous mathematical procedure can be executed to obtain
a truncated linear system in which the reflection and transmitted coefficients will

be determined.
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3.2.2 Optimization Strategy for Diffraction Grating Sensor
Design

The structures obtained using the Rayleigh and the C method approach are all
optimized following the same strategy. Since it is expected that higher sensitivities
are observed in specular reflection governed by the coefficient r(kg), the objective
function to be maximized is the sensitivity defined by the derivative of the specular

reflectance function relative to the refractive index of the sensing medium, that is

(I (o))

S pu—
dm

(3.52)

Since reasonable initial guesses for grating amplitude and periodicity can be
obtained, a gradient descendant optimization routine is employed. For plasmonic
coupling the amplitude is typically in the order of tens of nanometers, so an initial
guess h, = 10 nm is used. For a good estimate of the grating periodicity for a par-
ticular order of diffraction, the diffraction grating equation should be used (Loewen

e Popov,2018)

27
ki =k, +1—, 3.53
1 + A (3.53)

and since the surface plasmon propagates with a wave vector
ksp = ki + JKG, (3.54)
with (Fontana,2004)
K = kg -5 (3.55)
sp e + €1

6//61

Ky, = ki (3.56)

P2 (€ + 1)
one can obtain, considering normal incidence on the grating and satisfying the
condition of coupling k; = kg, the following expression for the grating periodicity

initial guess is used
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12\ —1/2
AzilA( £ ) . (3.57)

€ +n?

3.3 Geometrical Considerations of Diffraction In-
tegral and the Harmonic Minimization Method

From this description we can assure that for a fixed point of observation the
field depends on the surface of integration. That means if a new geometry for
the surface is considered, the new field will resemble the previous one if the new
surface resembles the previous one, independent on its geometry. It is based on this
perception that the HMM is developed, that means if a particular refracted fields
spectrum is calculated for a sinusoidal surface for example, we can obtain similar
field distribution for a generic profile function if we can adjust the new profile to the
sinusoidal one.

The HMM is not a procedure for describing the optical response of gratings, nor is
it an optimization method. Instead, it is a profile translation algorithm. Its purpose
is to be used in conjunction with an optimization algorithm based on the Rayleigh
method, selected for its low computational complexity. After an optimized sinusoidal
grating is obtained, the HMM algorithm determines the structural parameters of a
generic profile grating, in this work considered to be rectangular, to approximate the
sinusoidal profile as closely as possible. This algorithm considers only the geometric
characteristics of the structure and does not rely on a description of the grating’s
reflectance or its sensitivity curve, that means no electromagnetic calculation is
conducted throughout its execution, in favor of smaller computational complexity.

The sinusoidal grating parameters are defined by:

Gs = [Ag, hyl, (3.58)

with the following profile function,
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s(x) = hy - sen (2/7\::8) : (3.59)

and we wish to obtain a grating with rectangular profile,

G, = [A, R, (3.60)

with a profile function described by the Fourier series of a square wave

(3.61)

4 27(2n — 1)z 1
Q(I)Zhr-ﬁgsen[ X ](Qn—l)'

The strategy involves minimizing the quadratic error between s(z) and g(x) by
adjusting the structural parameters A, and h, to ensure g(z) closely resembles the
model. A first-harmonic approximation is used as an initial guess for the minimiza-

tion algorithm, resulting in a grating of the type:

Gun = {As, Z : hs] . (3.62)

Algorithm 1 shows the procedure based on Rayleigh optimization and profile
translation using the MMH method. In this algorithm, x represents the linear
vector of abscissas defined from 0 to 6A, with a samples. The algorithm performs
multiple minimizations depending on the user-defined parameter m,.., producing
a pair of structural parameters for each harmonic. The procedure begins with the
manual input of parameters by the user, including 6 (the angle of incidence of the
light beam on the grating), the real and imaginary parts of the dielectric function
(¢ and €”), the diffraction mode [, the wavelength of incidence );, and the refractive
index of the sensed medium n,. Subsequently, the necessary assignments are made,
and the nonlinear regression procedure is executed my.. times, generating a results
document for each iteration.

This strategy allows the designer to obtain an optimized design using a compu-

tationally efficient method and then, during the manufacturing stage, the sinusoidal
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Algorithm 1 Pseudocode for design optimization of plasmonic diffraction grating
with HMM.
input 6,¢,¢", 1, \;,n,

ho < 10 nm
Ao < Eq. (23)
hs, As < RayleighOptimization; (Conducts optimization on structural parame-
ters to maximize sensitivity based on a Rayleigh description)
a <+ 2000;
x < LinearVec[0,6A4,a]; (Creates a linear vector from 0 to 6A; with a points)
9(x) < Eq. (31);
model < Eq. (29);
InitialGuess < Eq. (32);
m < 1; (Sets number of harmonics equal to 1)
while m # my,,, do
hy, A, < NonLinearRegression(g(z), model, Initial Guess, m);
Generates document with A, and A, for each harmonic;
m+—m-+1
end while
Generate plots

grating design can be translated into the most suitable profile based on the avail-
able manufacturing method. Also, multiple gratings with different profiles can be
generated and its sensitivity computationally studied before fabrication in order to
decide which one is more suited to the particular application.

It is important to mention that the applicability of the optimization strategy
suggested in this work is the same as the Rayleigh method, that is the ratio of the
sinusoidal grating amplitude to its periodicity has to be below 0.142521. For the
application in plasmonic gratings, this limit of applicability does not impose any
impracticalities since the observation of the SPR in gratings occurs with amplitudes
of the order of tens of nanometers while the periodicity is at least of the order of the
incident wavelength. Considering that better sensitivities are generally observed in
the infrared, this condition is always satisfied.

Another important consideration about the HMM and the associated optimiza-
tion strategy is how it can handle fabrication constraints such as minimum feature
sizes for etching and lithography processes. The limits of the etching procedures

could be implemented in our strategy as constraints to reduce the algorithm search
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space, but considering the typical values of the grating amplitude are of the order
of tens of nanometers, the optimal values usually do not represent a fabrication
challenge. Our strategy can handle the lithography limitations by choosing the ap-
propriate order of diffraction. From Equation 3.58 one can state that the order of
diffraction can heavily affect the periodicity of the optimal design. So, in a practical
situation, the fundamental mode of diffraction is preferred since it leads to higher
sensitivities, but depending on material and incident wavelength the optimal period-
icity can be under the minimum feature size for a particular lithography procedure
to be employed. In that case, a new design can be made to optimize a device for the
second order of diffraction, and the optimal periodicity would be around twice the
previously obtained and likely to be above the minimum feature size. The trade-off
faced in this situation is that employing higher orders of diffraction would diminish
the sensitivity of the device compared to the fundamental mode, but harmonic de-
tection systems could still be employed in an experimental implementation to obtain

good sensitivities.

3.4 Algorithm results, convergence and computa-
tion time

The algorithm described was implemented in the Julia programming language
(Project,2025) due to its suitability for scientific computation and typically fast ex-
ecution times. This work was carried out using version 1.11.2 of the aforementioned
language on a personal computer equipped with an Intel® Core™ i7-1065G7 proces-
sor and 8 GB of RAM. The initial investigation focused on the convergence of the
structural parameters of the grating obtained through the algorithm. Specifically,
the variations in amplitude and periodicity as a function of the number of harmonics
were analyzed for a particular set of input parameters in the optimization process.
Fig. 3.7 presents the results up to 80 harmonics, demonstrating reasonable conver-

gence of the amplitude parameter around 20 harmonics. The periodicity parameter
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appears to converge more gradually; however, the difference between the values ob-
tained for 20 and 80 harmonics is less than 3 nm. This slight variation does not
result in a significant loss of sensitivity, as the sensitivity is not heavily dependent
on the periodicity. Furthermore, the design can be tuned to resonate at the central
wavelength of the laser used in the interrogation system, considering that the peri-
odicity primarily influences the resonant wavelength. Based on these findings, the
nominal values for the designed gratings were determined using the HMM with 20
harmonics. A detailed analysis of the spectra and its effect on sensitivity is provided

in Section 3.5.
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Figure 3.7: Convergence of structural parameters.

Another important metric supporting the usability of the design strategy pro-
posed in this work is the computation time. For the HMM to be a reasonable
alternative to the C method, it must not impose significant computational com-
plexity compared to the Rayleigh-based optimization. This aspect was evaluated
by running the algorithm 20 times using the same set of sinusoidal grating parame-

ters. For each iteration, the total computation time and the percentage of this time
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attributed exclusively to the compilation process were recorded. Fig. 3.8 presents
the results for these metrics, showing an average computation time of 8.22 seconds,

with 89.23% of this time, on average, associated with the compilation process.
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Figure 3.8: HMM computation time.

Following the investigations of convergence and computation time, ten struc-
tures were designed using the HMM for five different incident wavelengths in the
infrared spectrum. These designs were generated under the first harmonic approxi-
mation and with twenty harmonics, allowing for comparison with a C method-based
optimization strategy. All designs were conducted using the optical constants of
palladium (Pd) obtained from an experimental database (Johnson e Christy,1972)
and were developed in accordance with Algorithm 1. The results are shown in Table

3.1.



60

Table 3.1: Gratings obtained by C method and HMM strategies.

Ai(nm)  A(nm) h(nm) m Method

1392 138842 3848 1 HMM
1392 1386.39 31.54 20 HMM
1392 1385.01 32.95 - C
1531 152788 38.72 1 HMM
1531  1525.64 31.74 20 HMM
1531  1524.72 34.62 - C
1568  1564.26 39.54 1 HMM
1568  1561.97 3241 20 HMM
1568  1561.16 35.05 - C
1571 1568.55 40.33 1 HMM
1571 1566.25 33.06 20 HMM
1571 156547 35.10 - C
1654 164994 4121 1 HMM
1654  1647.52 33.78 20 HMM
1654  1647.00 36.04 - C

3.5 Spectral comparison between the C method

and HMM obtained gratings

Based on the results presented in Table 3.1, it is important to compare the re-
flectance spectra of the designed structures and the corresponding sensitivity values.
All reflectance spectra, R(\), were computed using the finite element method [11],
implemented in the commercial tool COMSOL, to solve the electric field through

continuity conditions at the interfaces. Fig. 3.9 shows the modeled structure.
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Figure 3.9: Geometry and mesh of the FEM model. The Figure indicates the port and the
perfect electric conductor.

The fields are calculated with the use of the Electromagnetic Waves, Frequency
Domain (ewfd) interface. This interface solves the time-harmonic wave equation for
the electric field. Such interface is configured to solve the the harmonic wave equa-
tion for the in-plane electric field vector, employing a quadratic field discretization.

As a feature of the ewfd interface the Port is a platform that must be configured
to emit the incident field. In this work it is configured an input power of 1W/m
and the input quantity as the magnetic field Hy = (0,0, —1) A/m. The feature of
automatic diffraction order calculation is also employed with the sensing medium
refractive index ny = 1. It also used the Diffraction Order functionality to absorb
orders +1 and £2, in order to take into consideration only the fundamental mode
of diffraction.

The Wave Equation modules are configured for each medium in terms of its
refractive indexes.

The computation used a triangular mesh with element sizes ranging from 295
nm to 0.59 nm. Beyond the ruled region, the metal has extra 90 nm thickness. The
emission is modeled with 10)\; distance of the grating surface, ensuring criteria 3.26

is satisfied. Additionally, the sensitivity was calculated and compared. Figs. 3.10



62

to 3.14 show the results.

The numerical results demonstrate that the first harmonic approximation pro-
vides resonance values reasonably close to the optimal ones. A minimization routine
was subsequently employed to determine the parameters yielding the structure with
optimal sensitivity. The analysis indicates no significant difference in the wave-
length of maximum coupling between the C method-based optimization and the
20-harmonic HMM. Comparable sensitivity results were observed in all cases and
the HMM produced marginally higher sensitivity values. Considering that there is
only one optimal set of amplitude and periodicity parameters, the small difference
between obtained sensitivities shows that the HMM and the C-method both con-
verge to the same solution. This results demonstrate that our approach can obtain
the optimal solution in short periods of time. This strategy could be employed to
investigate the performance of unconventional grating profiles without conducting
new electromagnetic calculations and possible adaptations to the previously cited

algorithm to deal with new geometries.
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Figure 3.10: Grating spectral properties comparison for A; = 1392 nm. a) Reflectance for

gratings according to Table 3.1. b) Calculated sensitivity curve.
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3.5.1 Triangular diffraction grating design

Initially, the rectangular profile was investigated considering that it consists of
two discontinuities and it was expected that a greater number of harmonics would
be necessary to obtain convergence. Now, an alternative profile and material are
investigated to provide practical results about the HMM applicability to different
structures. The method is then conducted based on Nb as the metal, with optical
constants obtained from Ref (Golovashkin et al.,1969a), A; = 958 nm, and the profile
of the triangular grating being modeled by

o) = >3 U [W] | (3.63)

Similarly as the results exposed in Fig 3.7, a convergence investigation was con-
ducted with the same criteria of convergence being adopted. Table 3.2 shows the
result.

According to the results in Table 3.2, the design can then be conducted with
4 harmonics. It is expected that such a profile would require less harmonics for
convergence than the rectangular one since the triangular wave shape is more easily
described by a sinusoidal model and Gibbs overshooting is not a concern compared
to the sharp edges of the rectangular profile. It shows that the number of harmonics
for convergence is dependent on the desired profile and for structures other than

rectangular and triangular explored here, it is recommended to run a convergence
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test before conducting new designs.

Table 3.2: Triangular Nb gratings designed by HMM.

m Ai(nm)  hy(nm)
1 951.78  29.61
2 95245  29.24
3 95231 29.19
4 95236  29.18

3.6 Fabrication of HMM designed devices

3.6.1 Diffraction Grating Fabrication

In order to validate the proposed design method, one particular design was chosen
for fabrication. Based on the nominal values for 20 harmonics and an incident
wavelength of 1531 nm, as specified in Table 3.1, the device shown in Fig. 3.15
was considered for fabrication. The layout considers a squared 25mm? chip with a
squared 4mm? grating area. For adhesion a 10 nm Ti layer is employed followed by
the Pd grating itself. Fig. 3.16 shows a detail of the .gds file that is read by the

lithography equipment.

b) __~ Pd (155 nm)

Ti (10 nm)

I

>
>

A

Si (500 pm)

5 mm

Figure 3.15: Dimensions of diffraction grating chip. a) Chip area and grating. b) Thickness of
each layer of the structure.
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Figure 3.16: Details of the .gds file.

The fabrication process began with a 500 & 50 um Si substrate, onto which a
10 nm Ti film was evaporated, followed by the deposition of a 155 nm Pd film.
This process was conducted with a Lesker PVD 200 evaporator. A temperature
controlled resist coating was then conducted at 90 °C. The process continued with
the optical lithography procedure with the use of a Heidelberg MLA 500 and the
samples were exposed to an optical dose of 110 mJ/ cm®.

The process continued with reactive ion etching (RIE) of the Pd layer, performed
at a pressure of 50 mTorr and an Ar flow rate of 50 standard cubic centimeter per
minute. This process lasted for approximately 3 minutes. Following this step, the
resist was removed, and the samples were inspected using an optical profilometer and
a Scanning Electron Microscope (SEM). The Fig. 3.17 shows the batch of fabricated

diffraction grating devices.
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Figure 3.17: Silicon wafer with fabricated devices.

3.6.2 Profile and periodicity characterization

To inspect and provide structural characterization of a sample, a S neox pro-
filometer, commercialized by SENSOFAR, was employed to analyze the profile of
the Pd surface. Fig. 3.18 presents the profilometry results for a specific sample.
SEM imaging was performed using an Inspect F electron microscope, which facili-
tated both visual inspection of the grating and the measurement of its periodicity.
Fig.3.19 displays the SEM images of the sample.

The results of this characterization enable the evaluation of structural parame-
ters, underscoring that the HMM generates a design that is fabricable. Additionally,
the real grating can be computationally compared to the nominal design in terms

of its spectral properties.
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face profile and measurement points.
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Figure 3.19: Scanning Electronic Microscopy images. a) Periodicity measurement. b) 73° im-
age.
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3.7 Spectral Comparison Between Fabricated and
Nominal Grating

To estimate the impact of fabrication variations in structural parameters on
the spectrum and sensitivity of the grating, a numerical comparison was conducted
in the plane wave regime. Under identical conditions, the numerically calculated
spectrum for the nominal parameters of the designed grating was compared with
that of the fabricated device. For the real device parameters, a variant periodicity
model was employed, based on the measurements shown in Fig. 3.19a. For the
amplitude, the mean value of the measured points in Fig.3.18b was used, resulting
in a characterized parameter of h., = 30.8nm. This approach approximates the
experimental spectra of the device by considering periodicity variations measured
over two grating periods and an average amplitude value. Optical constants for Pd
were adopted in accordance with (Johnson e Christy,1972).

Fig.3.20a illustrates a clear and expected resonance shift, as the resonance posi-
tion is highly sensitive to periodicity variations. Fig.3.20b presents a comparison of
sensitivity and the corresponding wavelength that maximizes it. From this compar-
ison, three sensitivity peaks can be identified. The first peak occurs in the region
immediately before plasmonic coupling, representing the highest theoretical sensitiv-
ity. However, this peak is unrealistic because it corresponds to the transition from a
propagating diffracted wave to an evanescent wave, which does not exist in practice.
This discrepancy arises because, in an experimental environment, the incident field
is not a pure plane wave but a beam with a degree of divergence. Consequently, this
peak is drastically reduced in real scenarios.

The second highest sensitivity peak and its location on the spectrum are more
relevant for practical applications, in the image the coordinates are shown to in-
dicate the spectral position of the maximum sensitivity point. A 46 nm shift was
observed between the nominal and characterized grating points of maximum ob-

servable sensitivity. This highlights that, depending on fabrication precision, some
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optical sources initially considered may not be suitable for interrogating the real
device. This result, although approximate since it only considers two periods of
the real device, indicates that devices designed with the HHM can be produced by
widely adopted fabrication procedures with similar sensitivity to the theoretical one.

It is also important to note that the variable periodicity allows coupling at nearby
wavelengths, leading to additional resonances due to the splitting effect. Since the
focus here is on the position and sensitivity of the resonance closest to the wave-
length of incidence, these secondary and split resonances are not shown in Fig. 13b.
The selection of the spectral region to be employed in a measurement system based
on these devices should be determined following a thorough far-field reflectance spec-
trum measurement. The proximity of the coupled wavelengths could, potentially,
reduce the sensitivity if they are close enough and lead to a widening of the final
resonance obtained.

The amplitude variation has a stronger effect on the sensitivity and its varia-
tions due to fabrication error can affect the sensitivity of the real device. From a
fabrication perspective, it is expected that the periodicity variation is the dominant
error compared to amplitude variation since the depth of the etching process can be
more easily controlled compared to the lithography defined pattern of the periodic
surface, in which fabrication tolerances can affect the periodicity variation due to

edge roughness.
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Chapter 4

Tunable Diode Laser Plasmonic

Grating Spectroscopy

T HE design and development of portable plasmonic embedded measurement
systems represent a significant engineering challenge, aimed at delivering the
high sensitivities observed in devices based on such physical phenomena to field ap-
plications. This chapter proposes the Tunable Diode Laser Plasmonic Grating Spec-
troscopy technique to achieve a system architecture in which narrower resonances
observed in metallic diffraction gratings enable the spectral detection of analytes.
The primary application investigated is hydrogen sensing using Palladium (Pd) and
Niobium (Nb) hydride-forming structures. Analytical and numerical simulations are
employed to assess the influence of hydrogen gas presence on the metal dielectric
function and structural parameters. It is demonstrated that highly linear detection
can be achieved using spectral detection systems, and in the case of an Nb grating

on a flexible substrate, a theoretical ppm limit of detection is attainable.
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4.1 Portable Plasmonic Measurement Systems and
the Hydrogen Sensing Problem

The Surface Plasmon Resonance (SPR) effect is typically observed in prism-
based coupling schemes (Kretschmann,1971; Otto,1968b), and most proposed sens-
ing devices and systems operating based on this effect are configured accordingly
(Liedberg et al.,1983). Several portable devices utilizing the Kretschmann config-
uration have already been reported in the literature, including those designed for
both angle-resolved and wavelength-resolved measurements (Masson,2020; Yesudasu
et al.,2021). Notable examples include the Biacore (Karlsson et al.,2012), developed
by the company of the same name and commercialized in 1990, as well as the
SPREETA (Melendez et al.,1997), developed by Texas Instruments. These devices
require precise alignment, and the quality of their measurements is highly depen-
dent on the opto-mechanical system employed. Moreover, technologies based on
this configuration tend to be bulky and challenging to integrate with other systems,
as angle-based interrogation requires mechanical rotation of the device for resonant
angle measurements, where greater linearity is observed.

Diffraction grating coupling is another configuration that enables the observa-
tion of the SPR effect, which can be analyzed in both the angular and spectral
domains. This configuration facilitates the narrowing of the resonance curve (Arora
et al.,;2018), opening up the possibility of exploring alternative methods for interro-
gating the SPR effect in gratings through spectral variation, without the need for
broadband light sources. This capability is of significant practical importance, as
prism-coupled devices face two major impracticalities. The first is the necessity for
angular variation of the sample to observe the effect, which becomes problematic
in field implementations, particularly when developing portable and/or embedded
systems. While broadband sources and spectrometers can be employed to address
this issue, these components are bulky and difficult to integrate into practical field

measurement systems, limiting their use primarily to laboratory-based technologies.



5

Given the resonance narrowing in diffraction gratings, it is worth exploring meth-
ods to achieve the required spectral variation for grating resonance observation at
a fixed angle—without relying on broadband sources—to develop an interrogation
configuration for the SPR phenomenon that overcomes the aforementioned imprac-
ticalities (De Freitas Fernandes et al.,2022). In this context, the Tunable Diode
Laser Plasmonic Grating Spectroscopy (TDLPGS) technique is proposed.

This chapter presents a system architecture for a practical and portable device
that employs a Distributed Feedback (DFB) laser capable of operating under two
regimes. First, thermal control is proposed to achieve linear spectral variation,
enabling the identification of the most sensitive part of the spectrum. This approach
could be employed with gratings in gold (Au) or silver (Ag), materials for which
narrower resonances are expected. Additionally, a sinusoidal wavelength modulation
scheme is introduced through modulation of the injection current. While thermal
control has been previously suggested for fast switching in a communication context
(Ueno et al.,2015), to the best of the author’s knowledge, its use for interrogating
plasmonic devices has not been yet explored and it consists in a novel proposal of
this work.

The proposed technique is then applied to the sensing of hydrogen gas (Hz) us-
ing palladium (Pd) and niobium (Nb) optimized gratings, metals known to form
hydrides in the presence of this gas, resulting in optical and structural variations.
This application is selected due to the critical need for monitoring Hs in various
industries (Le et al.,2023), as well as the challenges associated with handling the
gas. Hydrogen has a Lower Explosive Limit (LEL) of only 4% volume concentra-
tion, is a small molecule with a high risk of leakage, and poses significant safety
concerns in its storage and transportation. Additionally, when ignited, its flame is
invisible (PubChem,2025; Yang et al.,2021). Another motivation is the exploration
of periodicity changes in the grating when the film is exposed to hydrogen, which
increases sensitivity. This approach contrasts with previously suggested Hy sensors

that utilize periodic structures, such as Pd-coated Fiber Bragg Gratings (FBGs),
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which detect the presence of the gas by measuring the strain caused by hydrogen
absorption and its effect on the internal grating periodicity. In this work, the ma-
terial loaded with the gas serves as the periodic structure, leading to a more direct
transducing mechanism (Sutapun,1999; Trouillet et al.,2006; Silva et al.,2013). it is
also, according to the author’s knowledge, the first detailed analysis of optical and
mechanical variations on plasmonic properties of metallic hydrides.

Optimized structures are obtained using the Harmonic Minimization Method
(HMM) (Fernandes et al.,2025), and the technique is investigated through analytical
models that account for gas diffusion in the metals, the dielectric function of the
hydride, and the elastic expansion of the films. Numerical simulations are employed
to validate the technique and provide calculations of the diffracted fields.

It is shown that a system architecture compatible with a portable, embedded
system can achieve high linearity and, depending on the choice of material, a ppm

limit of detection.

4.2 Diffraction Grating Design and Physical As-

pects of Hydrogen Adsorption

4.2.1 Diffraction Grating Design by Harmonic Minimiza-

tion Method

To simulate the proposed technique with maximum sensitivity, a design optimiza-
tion technique should be employed to obtain values for the periodicity and amplitude
of the grating that maximize the sensitivity S, defined as the absolute value of the
first derivative of the reflectance with respect to wavelength: S = ‘% . In this work,
the diffraction gratings are designed in a rectangular shape, as their fabrication is
achievable through widely adopted processes such as optical or electron-beam lithog-
raphy. The optimized structures are obtained using the Harmonic Minimization

Method (HMM), considering 20 harmonics (Fernandes et al.,2025). This approach



7

allows for the determination of optimal grating parameters by first optimizing a sinu-
soidal grating using a Rayleigh-based description of its reflectance (Rayleigh,1907).
From the resulting profile function, a rectangular grating with similar sensitivity
is calculated. This method provides good initial guesses for both parameters, en-
abling the use of gradient-based optimization. For the amplitude, it is known that
observing the Surface Plasmon Resonance (SPR) effect typically requires grating
amplitudes on the order of tens of nanometers. Consequently, values between 10
nm and 100 nm are explored, with a resolution of 0.01 nm. For the periodicity, an
initial estimation can be derived from the grating equation using the wavevectors

illustrated in Fig. 4.1.

2
ki =k [— 4.1
l a;+ Av ( )

employing the expression for the surface plasmon wavevector,

ksp = k;p + jkg]m (42)
with (Fontana2004,2004)
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K., = koy/ 4.3
sp 0 ¢ + 61’ ( )
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with €, = ¢ — j€e” being the metal dielectric function and e, = n? being the
dielectric function of the sensing medium. Then, under normal incidence regime and
satisfying the coupling condition k; = k), the expression for the grating periodicity

initial guess

én \
Az:l:l)\<€/+772> . (4.5)
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A

Figure 4.1: Wavevector of excited surface plasmon on a diffraction grating.

4.2.2 Diffusion of Hydrogen in Metal Gratings

It is important to propose a model for the diffusion of hydrogen in the metallic
grating to justify the approach for effective dielectric function calculations and to
derive an equation for the response time of the sensing system. Given that the
grating amplitude is on the nanometric scale, the diffusion is modeled as diffusion
across a planar surface. This simplification is justified by the goal of obtaining
an estimation of the sensor response time and the concentration distribution, as a
thorough analysis of the diffusive behavior over the periodic geometry is beyond the
scope of this work. Therefore, by considering an interface between a solution of H,
in air and a metal at z = 0, and applying Fick’s second law, the diffusion process

can be described.

on(z,t) D82n(z, t)

_ 4.6
ot 0z2 ' (4.6)

for the conditions
lim n(z,t) =0, (4.7)
n(z#0,t=0) =0, (4.8)

one can obtain the following profile for the gas concentration n

2

n(z,t) = ngexp <_4ZDt> . (4.9)
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with ng being the fixed concentration on the surface. The response time ¢, is then

proposed as the time necessary for the optical power to decay by a factor of exp(—1)

at z = d(n, A) with §(n, \) denoting the concentration-dependent penetration depth
1

00 ) = STy (W) (4.10)

leading to

1
1N = 15D o Tl (D (4.12)

The equation above is used to calculate the response time for both materials in

the concentration range investigated in this work.

4.2.3 Effective Dielectric Function Modeling

Considering the diffusive behavior of hydrogen (H) atoms in palladium (Pd) due
to gas molecule dissociation, a model for the effective dielectric function must be
employed. For this purpose, a specific consideration regarding the concentration
distribution in Eq. 4.9 is necessary. The equation predicts a concentration that
varies with depth into the metal, meaning that the intruder (H) is not uniformly
distributed within the grating. In this work, we adopt the approximation that such
variations have a negligible effect on the effective refractive index of the hydride,
Nes. This assumption is reasonable in the limit of low gas concentrations, leading to
an approach in which the optical properties of the hydride are treated as isotropic.

In light of this argument, two main approaches for modeling 7. are found in the
literature: the Bruggeman (Bruggeman,1935) and Maxwell-Garnett (Garnett,1904)
models. The Bruggeman model presents certain limitations, such as symmetry
(i.e., switching the host and intruder materials yields the same result), which is
undesirable in this case, where the host is a metal. Clearly, if the roles are re-
versed—making H the host and Pd the intruder—the dielectric function should differ

from the original case. Additionally, a comparison between these models for a metal-
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lic host and a spherical intruder molecule, both with spherical geometry, has been
reported (Markel,2016a). This comparison demonstrates that the Maxwell-Garnett
approach more effectively describes the dielectric function of the composite, as sup-
ported by numerical data. Therefore, in this work, the effective dielectric functions
of both PdH, and NbH, are modeled using the Maxwell-Garnett approximation
(Markel,2016b), expressed in terms of the refractive index of the hydride.

To obtain the effective refractive index of the metal under hydrogen load, one
needs to consider a particular volume V' with the macroscopic electric field constant
within it containing a number N of particles of linear polarizability . The consid-

ered scheme is shown in Fig. 4.2.

Figure 4.2: Collection of dipoles subjected to an external field.

Considering that this volume is subjected to an external electric field szt, one
must state that the interaction between the dipoles contribute to a net zero electric
field and is considered that each dipole acquires dipole moment d = aE;ct. That

leads to a total dipole moment of the volume V',

d_;fot = NaEZzt (412)

Considering that the our composite sample will have an effective dielectric func-
tion €. in a host medium of dielectric function €, one can state that the polarization

vector of the sample is
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Eef—EhE»

P 4.13
ypm (4.13)

with E being the field inside the volume V. The total dipole moment is then

dpy =VB=V<L IR (4.14)
4

At this point is important to obtain an expression for the electric field of the

dipole inserted in the host medium. Employing Gauss’s law

— —

V-D=¢V-E=d4nc (4.15)

where c is the electrical charge density, one can obtain for the field of the dipole,

g= L P d=d dmses) (4.16)

Defining the total field as

E(f) = Eea(7) + 3 (E3 (7). (4.17)

with Eg(f’) being the field of n -th dipole. Calculating the average term with the

use of Eq. 4.16 , one can write

E :7/ ByF —Pr = - 418
< d> \% r<R d<7ﬂ " ) " 36h ( )
and for the total field 4.17
E(F) = Eeact(fj + N(_gd% (419)
h
using the relation d=aFE ,
= 47N | =
E<T) = ( - BEhVO‘)Eext(F)- (420)

Equating Eqs. 4.12 and 4.14, and with the use of Eq. 4.20,
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An(aN/V)

1 — (47/3¢)(aN/V) (4.21)

Eef = €h+

which is the Maxwell-Garnett equation for the effective medium. Writing in terms
of the molar concentration and emplying the constitutive relation ¢ = 7%, one can

re-write Eq. 4.21 as

draNap
= 2 4.22
Tlet \/nh 7 + (47/3n})(aNap)’ (422)

in which the polarizability « can be obtained by solving the Laplace equation for
the sphere considered in Fig. 4.2 and choosing appropriate boundary conditions at
the surface and at the infinity. This results in a polarizability,

2 2
N — Ty
a=Rin3 - ,
02 2

(4.23)

with Ry as the van der Walls radius of H according to (Bondi,1964), N, is the
number of Avogadro, p the concentration of intrusive agents in mol/m? and n; and
nn are the refractive indexes of the intruder and the host, respectively. To obtain a

relation between p and the atomic concentration n one can write

p =n- ;01 =n- V/“//m = %7 (424)

with N7, being the mole number of metal in the sample, V' the volume sample and

V™ the molar volume of the metal. With these equations, one can calculate the

optical effect of hydrogen presence on the metallic grating resonance.

4.2.4 Elastic expansion in Metal Films Under Hydrogen
Load

To model the expansion of the grating under hydrogen loading and its effects
on the structural parameters, several considerations are necessary. In this work,

we assume an elastic model for the metal expansion. It is known that under heavy
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hydrogen loading, the metal can exhibit plastic deformation; however, for the sake of
simplicity, the effect of the plastic region on the grating resonance will be investigated
in future works. An important detail of the metal layer behavior is the nature
of the substrate. Rigid substrates, such as metals deposited over titanium (T1i)
or chromium (Cr) adhesion layers, can suppress the lateral expansion of the film,
leaving only the vertical expansion as observable. In the case of a flexible substrate,
the film is free to expand laterally, and for a diffraction grating, this results in
periodicity variation, which can significantly influence the sensitivity of the final
system. It is also expected that, depending on the film thickness, some periodicity
variation may occur even with rigid substrates.

With these arguments in mind, two scenarios are explored in this work. The
first is a rigid substrate scenario, where no lateral expansion occurs, and the second
is an ideally flexible substrate scenario, where the metal grating is free to expand
laterally. Fig. 4.3 illustrates the vertical and lateral expansions, along with the

associated proportional deformations e, and e,.

Ao Shape of expanded grating

Figure 4.3: Expansion effect of the hydrogen absorption on the grating structure. On the case
of rigid substrate the variation on A is non-existent.

Considering that the proportional deformation associated with isotropic lattice
expansion can be written as(Wagner et al.,2016)

AL
€) = T = Oégd/Nb N, (425)

with afld/ o being the expansion factor with its value being adopted from (Peisl, 1978)

as ab? = 0.063 and o’ = 0.058. In the case of rigid substrates the expansion as-
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sociated with €, is suppressed, but in the case of a flexible substrate one can state
that €, = ¢y. For the case of vertical expansion the contribution of the Poisson effect

must be considered and for Pd the one can write (Wagner et al.,2016)

Pd _ 3044Pd
# 4011Pd + 8012Pd + C44Pd

" €0 (4.26)

€

and for Nb(Laudahn et al.1999)

CNb + 30N — 20HP

Nb
—(1 :
o e TNE T/ (U

(4.27)

with ng and C’g b being the elastic stiffness of Pd and Nb, respectively, which are
obtained from the literature (Klein, 1968; Wagner et al., 2016; Bolef, 1961). With
the Eqgs. 4.25 to 4.27 it is possible to calculate the effect of a gas concentration n

on both amplitude and periodicity of the grating as

AN=\-¢ (4.28)

and

Ah = h-PUNY, (4.29)

4.3 Tunable Diode Laser Plasmonic Grating Spec-

troscopy Technique and Simulator Algorithm

4.3.1 Proposed System Architecture

The models proposed in Section II are now employed to validate the Tunable
Diode Laser Plasmonic Grating Spectroscopy (TDLPGS) technique proposed in this
work. To achieve fixed-angle operation, a setup based on the observation of the
fundamental mode of diffraction of the grating under normal incidence is ideal, as

this mode exhibits higher sensitivity and narrower resonances. Additionally, the
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alignment process is simplified under normal incidence conditions. The proposed
system architecture is fiber-based, featuring decoupling from the fiber to the sensing
medium, reflection at the grating, and recoupling into the fiber, as illustrated in Fig.

4.4.
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Figure 4.4: Proposed system architecture.

The setup incorporates a Distributed Feedback (DFB) laser, where both thermal
and current variations can be utilized to modulate its emission wavelength. Given
that the resonance widths for the materials investigated here are expected to be on
the order of 10 nm, it is preferable to modulate the emission wavelength through
current variation in a Wavelength Modulation Spectroscopy (WMS) scenario. This
approach is complemented by spectral detection systems such as Fast Fourier Trans-
form (FFT)-based detection and lock-in amplifiers. The beam emitted by the laser
is split by a 50/50 coupler, with half of the optical power directed to the system
and the other half detected by photodetector PD;. The transmitted beam then
passes through another optical coupler, where half of the input power is directed to
a Gradient Refractive Index (GRIN) lens for efficient coupling and decoupling from
the fiber. After decoupling, the beam is reflected by the grating and then coupled

back into the fiber, where it is detected by photodetector PD,. Each photodetector
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is paired with a polarizing film to ensure that only the intensities associated with
p-polarization are measured. The reflectance is calculated as the ratio of the mea-
sured intensities from PDsy and PD;. The reflectance curve is then normalized and
analyzed using the FFT and lock-in subsystems.

A practical consideration involves the distance between the tip of the fiber and
the grating. It is crucial to ensure that the area associated with the beam diameter
of the same order as the grating area, otherwise, the grating will reflect the beam

as if it were a flat surface.

4.3.2 Simulation Algorithm

To simulate the effect of hydrogen presence on the fundamental mode plasmonic
resonance of the grating under normal incidence and to obtain results considering
both detection techniques, an algorithm was developed to implement analytical cal-
culations for the effective dielectric function of the metal and the elastic expansion
effects on the structural parameters of periodicity and amplitude. The results of
optical and mechanical variations for a specific concentration nn are then used in
a numerical simulation based on the Finite Element Method (FEM) to calculate
the reflectance of the grating. The numerical computation employs a model of a
horizontally infinite grating implemented through a Floquet-type periodic bound-
ary condition. The distance from the grating to the emission port is fixed at 10);,
where \; is the design incident wavelength, and a spectral range from 1520 nm to
1580 nm is used. The mesh is generated with triangular elements, with the largest
and smallest sizes set to 300 nm and 0.59 nm, respectively.

The data obtained from the numerical simulation is then processed by the de-
tection routine, which includes a detection method based on the maximum value
of the magnitude of the Fast Fourier Transform (FFT), implemented using the
Cooley-Tukey algorithm (Cooley e Tukey, 1965), as well as a digital lock-in am-
plifier (Michels e Curtis, 1941; Kishore e Akbar, 2020) to analyze the signals. The

overall algorithm used to obtain the results of this work is presented in Algorithm
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2.

Algorithm 2 Pseudocode for simulation of TDLPGS.

input 0;, Re(n,), Im(nm), L, Nis Ns, Nmag
[h, A] +— HHMoptimization|0;, Re(nm), Im(nm), 1, Ai, ns);
n < LinearVec|0,n44];
Nes < Eq. (12);
Ah < Eq. (19);
if substrate == flexible then
AA + Eq. (18);
elseAA = 0;
end if
t, < Eq. (11);
R = CalculateReflectance(6;, 0y, I, \i, ns.Ah, AN);
FFTsignal = FFTanalysis[R];
LockInsignal = LockInAnalysis[R];
Generate plots

Initially, the angle of incidence 6;, the metal refractive index 7,,, the diffraction
order [, the design wavelength of incidence J\;, the sensing medium refractive in-
dex ns, and the maximum concentration n,,,, are input. The optimal rectangular
grating is then obtained, consisting of the pair of structural parameters [h, A]. Sub-
sequently, an equally spaced linear vector n, representing the concentration range
to be explored, is created. Eq. 4.22 is employed with n to calculate the refrac-
tive index of the hydride 7n.r, while Eq. 4.29 is used to determine the amplitude
variation. In the case of a flexible substrate, Eq. 4.28 is applied to compute the
periodicity variation. With this information, the response time ¢, is calculated. The
numerical model is then employed to compute the reflectance associated with the
desired diffraction order. Finally, R is a three-dimensional matrix that stores the
reflectance over wavelength for each combination of elements from the 7.¢, Ah, and

AA vectors.
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4.4 Results

4.4.1 Study of Optical and Mechanical Variations on Plas-

monic Resonance

Considering the previously proposed models, each transducing mechanism is ini-
tially analyzed separately to understand the effects of dielectric function, amplitude,
and periodicity variations on the sensor response. Subsequently, the combined ef-
fects are evaluated for both rigid and ideally flexible substrates.

According to the literature, hydrogen at ambient pressure and temperature forms
the hydride PdH, with an atomic concentration of n < 0.7(Kawae et al..2020).
Therefore, this concentration range will be examined.

For the Pd grating presented in Table 4.1, the effect of optical variations on

resonance, as indicated in Table 4.2, is illustrated in Fig. 4.5.

Table 4.1: Gratings obtained by HMM for A; = 1531 nm. Optical constants according to
(Johnson e Christy,1972) for Pd and according to(Golovashkin et al.,1969b) for Nb

Material h(nm) A(nm)

Pd 31.74  1525.64
Nb 34.12  1526.38

Table 4.2: Optical and mechanical variations for Pd grating.

n  Re(nes) Im(ne) h(nm) A (nm)

0 2.93 8.25 - -
0.1 8.21 8.42 32.14  1535.25
0.2 10.01 11.50 32.53 1544.86
0.3 9.82 13.57 32.94  1554.47
0.4 9.26 14.69 33.33  1564.09
0.5 8.75 15.30 33.73  1573.70
0.6 8.34 15.65 34.13  1583.31
0.7 8.01 15.87 34.53  1592.92
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Figure 4.5: Effect of dielectric function variation on Pd grating’s resonance curve for different
concentrations n.

It can be stated that concentrations below 0.1 have a greater influence on the
real part of the effective refractive index, shifting the resonance to significantly lower
wavelengths. For higher concentrations, the effect of the imaginary part becomes
dominant, with its increase leading to deeper resonances. This result suggests that,
even for a non-modulated incident beam, it would be possible to detect low concen-
trations.

Next, the effect of mechanical variations on resonance is examined. Initially,
only the elastic expansion in amplitude is considered. Fig. 4.6 presents the results

corresponding to the variations outlined in Table 4.2.
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Figure 4.6: Effect of amplitude variation on Pd grating’s resonance curve for different concen-
trations n.

From these results, we observe that as the amplitude deviates from the optimized
value, higher quality factors are obtained, accompanied by deeper resonances. This
mechanism can also contribute to the overall sensitivity of the device.

The variation in periodicity is constrained by the stiffness of the substrate, as
previously mentioned. Here, we analyze the effect of this variation by considering
an ideally flexible substrate, where the metal film is free to expand laterally. Under

this assumption, Figure 4.7 presents the results for periodicity expansion alone.
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Figure 4.7: Effect of periodicity variation on Pd grating’s resonance curve for different concen-
trations n.

It is evident that the use of flexible substrates can significantly enhance the
system’s sensitivity, as the resonance position is highly responsive to variations in
the grating period. Another possibility is that, even with rigid substrates, some
lateral expansion may occur in sufficiently thick films, where the upper part of the
grating has some freedom to expand, potentially increasing sensitivity. The effect
of periodicity variation has the potential to dominate the overall sensitivity of the
device.

With each transduction mechanism analyzed separately, we can now examine
how the device behaves in a scenario more representative of real-world conditions.
Considering a rigid substrate, Figure 4.8 presents the results of optical and mechan-

ical variations in response to hydrogen concentration, evaluated simultaneously.



92

Reflectance
Q
~

0.1+

O-O T T T T T T
1.52 1.53 1.54 1.55 1.56 1.57 1.58

Wavelength (um)

Figure 4.8: Effect of gas presence on Pd grating’s resonance curve with rigid substrate for dif-
ferent atomic concentrations for different concentrations n.

For a scenario that involves an ideally flexible substrate, Fig. 4.9 presents the

results for the same concentration range.
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Figure 4.9: Effect of gas presence on Pd grating’s resonance curve with flexible substrate for
different concentrations n.
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In the case of gratings designed with Nb, we analyzed the effects of absorption on
the optical constants and structural parameters simultaneously for both substrate
types, considering the grating presented in Table 4.1.

To perform the simulation, it is first necessary to determine the atomic concen-
tration at which Nb begins to undergo plastic deformation. Beyond this concentra-
tion, the grating will no longer return to its initial dimensions if the concentration
decreases. According to the phenomenological model(Hamm et al.,2015), this con-

dition can be expressed as

1.2
nh’ = - Ln(5d), (4.30)

for the critical concentration at which plastic deformation begins, as a function
of film thickness d, we consider, for example, a 150 nm thick metal film, yielding
ny = 0.053. Based on this value, simulations for the Nb device were conducted for

x < 0.05. Figs 4.10 and 4.11 present the results for rigid and flexible substrates,

respectively.
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Figure 4.10: Effect of gas presence on Nb grating’s resonance curve with rigid substrate for
different concentrations n.
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Figure 4.11: Effect of gas presence on Nb grating’s resonance curve with flexible substrate for
different concentrations n.

4.4.2 Wavelength Modulation Techniques

FFT-based detection

In order to achieve higher sensitivities while maintaining the same system ar-

chitecture, the sensor is analyzed under sinusoidal wavelength modulation of the

employed laser source. Under this condition, the laser current is modulated at 1

kHz, resulting in a beam with a similar modulation frequency in wavelength. It is

relevant to mention that this modulation frequency can also be object of an opti-

mization study.

For this simulation, a 1 mW optical power beam is used. The detection subsystem

consists of a Transimpedance Amplifier (TTA) circuit, incorporating a photodetector

with a responsivity of 0.9 A/W, with its current signal mapped to a 0V-5V range.

Further calculations proceed with a Discrete Fourier Transform (DFT) implemented

using the radix-2 Cooley-Tukey algorithm. Defining the DFT as



95

N-1 i

Ap=> anexp(—ank:) (4.31)
n=0

with k£ being an integer between 0 and N — 1, the fast algorithm consists in
calculating separately the even and odd indexed inputs as, and as,; and combining

these results to produce the DF'T of the whole sequence. Separating the even and

odd sums,
N/2-1 i N/2-1 2
A= > agexp(—=>2n)k) + > asprrexp(——=(2n + 1)k) (4.32)
n=0 N n=0 N
which can be rewritten as
2mj
with
N/2-1 i
Ep = nz:% agnexp(—N—/znk) (4.34)
and
N/2—-1 i
Oy = nz::O a2n+1ea:p(—N—/2nk). (4.35)

That means that the transform Aj previously calculated for 0 < £ < N — 1 is
now described as two transforms for 0 < k£ < N/2 — 1. Employing the periodicity
of the complex exponential function one can write

215

With Eqgs. 4.33 and 4.36, it is possible to calculate, recursively, the desired
transform of the signal. It is important to mention that the laser is tuned to have

its central wavelength at the point of maximum sensitivity of the curve for n = 0,
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this results in a signal with a weak second harmonic and the detection is focused on
the first harmonic of the reflection signal.

The results for Pd and Nb are presented in Fig 4.12 and 4.13, respectively. The
sign of the signal derivative can vary depending on the substrate nature since the

shifting of the resonance is highly affected by it.
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Since the modulated incident beam is expected to enhance sensitivity, the in-
vestigated concentration range is reduced by one order of magnitude compared to
the previously used range for the rigid substrate and by two orders for the flexible
substrate. The results indicate a significant degree of non-linearity for Pd in both
substrate cases. For Nb, the rigid substrate scenario exhibited high linearity, which
was not observed for flexible substrates.

To minimize the lowest detectable concentration and explore measurement schemes
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with higher linearity, the signals were analyzed using a computationally implemented

digital lock-in technique.

Lock-in-based Detection

The lock-in amplifier is an alternative detection scheme that can be imple-
mented for the optical signal under wavelength modulation. This technique is pro-
posed not only due to its well-established success in spectroscopy(Augulis e Zig-
mantas,2011:Bonati et al.,2022) but also because its digital implementation using
embedded electronic devices remains compatible with a portable system architec-
ture.

The digital lock-in amplifier consists in sampling the signal with the use an ADC,
mixing it separately with a reference signal produced by a local oscilator and with
the same reference signal with a m/2 phase shift. Both signals are then filtered
by a Low Pass Filter (LPF) implemented as an integration based on the rectangle
rule. This produces two components of the signal, the in phase and quadrature
components, X and Y, respectively. Another two components are obtained from

the first two, the magnitude component M, defined as

M=VX>+Y?, (4.37)

and the phase component O, defined as

0 = arctg*(Y, X). (4.38)

In this case the squared arctg function is used in order to obtain a phase signal
that covers the four trigonometric quadrants. Fig. 4.14 shows the architecture of

the digitally implemented lock-in amplifier.
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Figure 4.14: Architecture of digital lock-in amplifier implementation.

In this work, lock-in detection is computationally implemented to calculate the
magnitude, phase, and both in-phase and quadrature components of the received
signal, locked at the modulation frequency.

The results for Pd gratings with rigid and flexible substrates are presented in
Figures 4.15 and 4.16, respectively. Similarly, the results for Nb gratings are shown
in Figures 4.17 and 4.18. The investigated concentration ranges are reduced by one

order of magnitude compared to those analyzed using FFT-based detection.
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Figure 4.17: Results for lock-in detection in the case of rigid substrate Nb grating. a) Magni-
tude of lock-in signal, b) Phase, ¢) In-phase and d) Quadrature components for different concen-

trations n.
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It is important to make a consideration about the Limit of Detection (LOD) of
the proposed scheme to ensure the investigated concentration ranges are above it.
To estimate the LOD in terms of minimum detectable reflectance change, one can

write

7
LOD = §p - — 4% 4.39
U mas R P (439)

where dv is the resolution of the Analog-to-Digital Converter (ADC) used in the
TIA, 4,4, is the maximum photocurrent of the photodiode, v,,4, is the maximum
voltage readable by the ADC, R, is the responsivity of the photodiode, and P is
the emitted laser power. Considering a 0V-5V range and a 16-bit ADC, we have
ov = 0.076 mV and v,4, = 5V. For i,4, = 0.9 mA, R, = 0.9 A/W, and P = 1 mW,
the limit of detection (LOD) is calculated as 1.52 - 107°.

Numerical simulations confirm that a reflectance change is observed for a concen-
tration variation of dn = 1073 in the Pd grating, yielding R = 3.1-1073. For the Nb
grating, with on = 107, the corresponding reflectance change is R = 2.24 - 1075.
This indicates that all investigated concentration ranges for both structures are
above the LOD. Both dR calculations were performed considering incidence at the
wavelength of maximum sensitivity.

To facilitate comparisons, it is useful to establish a relation between atomic and
volumetric concentrations. For this purpose, the total volume of the hydride can be

expressed as

Vi =V + Vig = N"V™ 4 nN"VH (4.40)

with V,,, and Vi being the volumes of metal and hydrogen, respectively, N
the number of metal atoms and V™ and V! the atomic volumes of the metal and
hydrogen. To obtain the volume percent concentration of hydrogen ¢(%) one can

write
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V
(%) = 100 - -2, (4.41)
Vr
and considering a spheric geometry for each atom one can obtain
xR,
(%) = ———+. 4.42
)= g v o 442

Applying the equation above with Rpg = 137 pm (Slater, 1964) and n = 1073
one can obtain ¢(%) = 0.67%. For Nb one can employ Ry;, = 146 pm (Slater, 1964)
and n = 107 to obtain ¢(%) = 0.0055%. It is important to note that the latter
concentration is equivalent to 55 ppm, indicating that this technique employed with
the Nb grating could achieve ppm limit of detection.

The saturation of the proposed technique is directly related to the maximum
concentration of hydrogen the metal can absorb for a particular temperature and
pressure. For ambient temperature and 1 atm pressure, Pd forms the hydride with
a concentration of up to PdHy 7, for Nb this concentration is around 0.5 (Pryde e
Titcomb, 1969). Such values can change according to temperature and pressure,
but it requires high pressure (GPa) and high temperature (10% °C) to obtain higher
concentrations (Wang et al., 2024). Since such temperature and pressure ranges are
not likely to be observed in practical sensing scenarios, one should not expect that
this factor could significantly affect the saturation of the proposed technique.

Another important environmental factor is humidity and its effect on the grating
resonance. The air relative humidity can affect the sensing medium refractive index,
however, a grating made of metals such as Nb and Pd is insensitive to refractive
index variations due to larger resonance widths caused by lower imaginary refrac-
tive indexes compared to standard plasmonic materials such as gold and silver. A
humidity-related effect that would provide a significant change to the instrument’s
response is the dew point. In that case, the formation of droplets of water on the
grating surface would require a separate analysis to investigate its effect on the grat-

ing resonance.
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4.4.3 Sensor Response Time

The sensor response time is calculated using Eq. 4.11 for the previously consid-
ered concentration ranges. The values for the diffusion coefficient for Pd and Nb are
obtained from (Katsuta et al., 1979) and (Cantelli et al., 1969), respectively. The
results are presented in Fig. 4.19.

It is important to mention that this response time calculation is a "pure” ap-
proach, in which the goal is to validate the choice of material and spectral range
to be employed in order to achieve better response times but the characteristics of
the sensing medium is also very important for the response time since the model
considers a fixed concentration on the surface, but in a practical situation the time
of gas injection and geometry of the sensing medium is of great importance. It is
also important to mention that the response time of the photodiodes also add up to

the total response time of the measuring system.
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Chapter 5

Oxide/Metal /Hydride Plasmonic
Devices for Hydrogen Sensors

Based on D-shaped Optical Fibers

T HIS chapter brings results about the design of Oxide/Metal/Hydride planar struc-
tures for D-shaped single mode fibers (SMF) with the aim of proposing hydrogen
sensitive devices. The text discusses, firstly, the Kretschamnn configuration in D-
shaped optical fibers, it details the construction of a numerical model associated
with an eignevalue solver for modal analysis, the optimization of the structure as
wells as computational experiments concerning the contact of the device with a hy-

drogen gas concentration.

5.1 Kretschmann configuration in D-shaped opti-
cal fibers

Until now, this work has dealt with the SPR effect in diffraction grating, but its
observation on planar surfaces is the most commonly employed type of structure on
which sensors are based. This configuration refers, structurally, to a metal layer,

with typical thickness on the order of tens of nanometers, between a dielectric and a
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sensing medium that could be gaseous or liquid. The SPR effect was first observed
in this configuration with a prism-based coupling scheme (Kretschmann,1971), but
can also be observed in different optical fiber structures such as the D-shaped one.

This type of fiber structure employ a polishing procedure to obtain D-shaped
sectional profile, leaving the core of the fiber closer to the external medium. This
type of fiber has found a great number of applications in the field of sensors and
instrumentation since it is very sensitive to optical and structural variations on the
external medium. Fig. 5.1 provides a schematic for a general D-shaped fiber with
dy, d,, and d, being the hydride, metal and oxide thicknesses, respectively. Fig. 5.2

shows a three-dimensional representation of the proposed device.

1d
dn .
dm \\:
dO —\.
Cladding (zq) i T,
Core (g 4"&7‘k r‘v Idc

Figure 5.1: Longitudinal scheme for D-shaped optical fiber with a multilayer structure.

Figure 5.2: Three-dimensional scheme of the proposed sensor structure.
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In this work, we introduce the Oxide/Metal/Hydride structure, in which a par-
ticular oxide of choice is employed to tune the plasmonic resonance. This is achieved
by the refractive index difference between the clad and the oxide on the D region,
enabling the sensor to operate in a more practical wavelength and to tune the point
of maximum sensitivity to the central wavelength propagating on the fiber’s core.
The metal layer permits the enhancement of the device’s sensitivity by employing
materials with better plasmonic properties such as Au, Ag, Cu, or Al even consid-
ering that such metals alone would not lead to a transducer specific to hydrogen.
The hydride layer is composed of a hydride-forming metal such as Pd and Nb which
would benefit from hydrogen specificity and its optical and structural variations
could be employed to enhance sensitivity. It is important to mention that the OMH
structure would provide better transducing performances than the Oxide/Hydride
(OH) structure considering the fact that planar structures in a wavelength-resolved
measurement lead to much wider resonance widths compared to the inclusion of Au
for example, that means the OH structure would benefit from specificity but would
result in lower sensitivity compared to the OHM structure.

Since the sensing methodology consists of the interaction between the light that
escapes the core to the clad with the external medium, it involves the out-coupling
of the beam propagating on the core to the clad and external medium and then
coupling again on the core. That means that, from a practical perspective, the
sensor should be interrogated in terms of its transmission. For this goal, one can
employ Fresnel relations to the problem.

First, one should consider the number of reflections on the D region, shown in

Fig. 5.1. One can readily state that the number of reflections ¢ can be written as

Ly
§= d—ctan(ﬁ). (5.1)

with 6 being the incident angle. Considering that along the D-shaped section
there are 0 reflections by the multilayer structure deposited on the fiber, the trans-

mission of the device is written as
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T=R, (5.2)

with R,, denoting the Transversal Electric (TE) Fresnel reflection of the m layer

structure and given by

Lm—1)m + Imexp(—2jknd) 2

R, 1= , , 5.3
! L+ -1y ml'mexp(—=275knd) (5:3)

with reflection coefficients given by

6mkm—l - 6m—lkm
me m = > 5.4
b emk1 + €1k, (5.4)
and

k,, = ko\/em — €1(senb)?. (5.5)

Although the Fresnel-based description provides a reasonable explanation of the
observation of the effect this model does not provide an accurate description of the
fiber response since it ignores the cylindrical to D-shaped to cylindrical geometry
changes and therefore it cannot account for the losses due to the polished area. This
indicates that conducting optimization based on such a model would be inadequate
since there are behaviors that are important to the sensor performance that are not
taken into account. One good alternative to this model would be the construction of
a numerical model based on the Finite Element Method (FEM) to describe precisely
the geometry of the device and obtain computational results that are close to the

experimental situation. In the next section, such a model is detailed.
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5.2 Numerical modeling of OMH structures over
D-shaped optical fiber

To obtain the response of a D-shaped SMF with a multilayer structure over the
polished region it is possible to implement a bi-dimensional model, as seen in Fig.
5.3. For this calculation, the COMSOL ewfd interface is also employed to search
for possible modes that, for the desired geometry, correspond to a propagating wave
according to the wave equation.

The mode analysis, consists in searching for a particular number of modes given
by the user, based on an initial guess. The process then inputs a mode frequency
into the Helmholtz equation for electric fields and then searches for a solution in the
form of a wave traveling in the D-shaped fiber. That means two numerical routines
are employed together, the FEM for solving the wave equation and an eigenvalue
solver.

The eigenvalue algorithm used was the Arnoldi iteration (Arnoldi,1951). This
algorithm finds approximations to eigenvalues of a matrix A by means of the con-
struction of an orthonormal basis on the Krylov subspace, defined as the span of an
arbitrary vector under v powers of A. The search starts with an arbitrary vector ¢

then a power iteration takes place to calculate A%, Aq, A%q, ... , to form the matrix

K, = (b, Aq, -+, A"'b). (5.6)

Since the matrix A is not necessarily orthogonal, one can employ the Gram-
Schmidit orthogonalization process,
v—1
Uy = K, — Zprojquv (5.7)
j=1
to obtain an orthogonal basis of the Krylov subspace. This basis is then an

approximation of the eigenvectors associated with the v largest eigenvalues, based

on their absolute value, with AV~1b being the approximation of the dominant eigen-
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vector.

The library employed is ARPACK which implements Implicitly Restarted Arnoldi
Iteration (IRAI), which is a variant of the technique to improve convergence time
developed in FORTRAN 77(Lehoucq et al.,1998).

Employing the process of inputting a mode into the Helmholtz equation and
searching for solutions associated with the dominant eigenvalues, one can numeri-
cally obtain the modes associated with both TE and TM polarization states that
propagate on the waveguide. These obtained modes can be described as the effec-
tive refractive index n.; by which the beam propagating on the core of the fiber
is subjected. With these values, one can calculate the transmittance of the device

according to

T = exp[2Im(ney)koLa] (5.8)

and with this procedure one can model the device response in a more realistic
manner.

To explicit practical matters of how the model is built one should start with the
model of the geometry of the device and associating the materials with each region.
The geometry is defined as the transverse section of the fiber, in which the hydride
layer is implemented by the use of the Transition Boundary Condition. This feature
represents a layer with a particular thickness and associated refractive index that
imposes a discontinuity in the tangential electric field and can be employed for thin
layers, such as the case of Pd and Nb metals in this device. Fig. 5.3 shows the
scheme for the geometry implemented with reduced cladding diameter for better
visibility. Then a triangular mesh with a maximum and minimum element size of
5 pm and 0.155 pm, respectively, and a maximum element growth rate of 1.3 and
curvature factor of 0.3 is built. The modeled geometry and the mesh can be seen in

Fig. 5.4
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with the propagation along the fiber core and Ey(x,y) an initial value for the field
given by the user.

With this numerical model and Eq. 5.8, one can obtain reliable results for
the structure Transmittance and therefore, conduct computational experiments and

device optimization.

5.3 Optimization of Oxide/Metal/Hydride Struc-
tures

With the aid of the numerical model, a few computational experiments were
conducted to observe the effect of the oxide, metal and hydride layer thicknesses.
The first analysis is made for an oxide/metal/hydride structure implemented with
TiOy, Au and Pd with a fixed value for the oxide thickness d, of 550 nm and hydride
dp, = 5 nm. The oxide thickness was obtained after a few computations to shift the
Au plasmonic resonance expected to be observed at the visible spectrum for the case
of d, — 0 to the infrared, so the sensor can be interrogated on the low-loss spectral
region of the fiber. This thickness value will be subject to optimization later on.

The transmittance curve of the structure used as an initial guess is seen in Fig 5.5.
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Figure 5.5: Transmittance curve for the structure used as an initial guess with d, = 550 nm,
d,, = 10 nm and dj, = 5 nm.

With the mentioned d, and dj, values, a simulation was conducted with a sweep
on the metal thickness. For this, a range of metal thickness d,, from 10 nm to 2 nm
was investigated with a 2 nm step. Fig. 5.6 shows the results for the effect of d,, on

the device sensitivity defined by

S(\) = |g§ (5.10)
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Figure 5.6: Effect of metal layer thickness variation on device sensitivity.

It is shown that higher sensitivities are observed for increasing values of d,,.
In this case, the ideal situation would be employing a film thickness as thick as
possible, without saturation of the resonance, that is,a flattening of the resonance
dip. There are, of course, practical limitations related to film thickness. There could
be limitations of the fabrication method to be employed or minimum and maximum
thickness requirements for the mechanical stability of the device. In this work, the
minimum/maximum metal layer thickness is a parameter inputted into the design
procedure.

With d,, = 10 nm, a similar computational experiment was conducted with a
sweep on the oxide thickness. The values investigated were between 550 nm and 580
nm with a 10 nm step. It is clear that a thicker oxide layer results in a resonance
shift towards the infrared, as expected since this layer is employed to shift the Au
resonance from the visible to around 1550 nm. Fig. 5.7 also shows that the oxide

layer has an effect on the curve sensitivity, indicating that higher values of d, result
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in less sensitive structures, even though its influence is not as strong as the metal

layer d,,.
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Figure 5.7: Effect of oxide layer thickness variation on device sensitivity.

The last computational experiment intended to explore the influence of each
layer was conducted to inquire about the effect of the hydride forming layer, in our
case, realized in Pd. Since the metal has a higher real refractive index than the
air, which was the medium in contact with the Oxide/Metal structures previously
explored, it is expected that its presence would enlarge the resonance of the under-
lying OM structure. Considering such an argument, lower values of Pd thickness d,
were investigated and its effect on the resonance and sensitivity of the device were

analyzed. Fig. 5.8 shows the results for d,,, = 10 nm and d, = 550 nm.
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Figure 5.8: Effect of hydride layer thickness variation on device sensitivity.

It is evident that a thinner layer of Pd results in higher sensitivities, it is also
clear that the hydride-forming layer also results in a resonance shift. It is concluded
that all three layers have an effect on both resonance position on the spectrum and
on the device sensitivity, ideally, the suggested optimization routine should take
into consideration the maximum sensitivity obtainable at a particular wavelength
of incidence.

Another effect that should be considered while optimizing an OMH structure,
is the possible saturation of the resonance. Such saturation consists in the case of
an arbitrarily wide spectral region in which the transmission of the device shows no
variation, causing a flattening of the resonance dip. This is a design feature related
to the experimental method and architecture that would be used to interrogate the
fiber. Considering this, the following parameter is inputted by the user to avoid
generating a design in which there would be a resonance saturation for a particular

experimental setup
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oT
Psat = ﬁ (511)

This parameter consists of the minimum average sensitivity calculated for two
points, one of them being the point of lowest transmission, that is, the resonance
condition, and another one chosen by the designer. It is not recommended to choose
two points over a wide spectral range since the saturation is indicated by an average
value between them. In this work, it is considered that for a 6\ = 1 nm the system
can detect an intensity change 07" = 0.0001, leading to a saturation parameter
Psat = 0.0001 nm 1.

To ensure that the designed device has its peak of sensitivity on the desired
wavelength, the optimization of the oxide layer is given in terms of resonance tuning
and not aiming for higher sensitivities, since it is shown from the computational
experiment that this layer has a greater effect on the resonance position on the
spectrum than on sensitivity. For this, the d, parameter is optimized to minimize
the function g(A\) = |Muaz — Ael, with A\pae being the wavelength of maximum sen-
sitivity for a particular structure and A, being the desired wavelength of maximum
sensitivity for the final structure. On the other hand, the metal and hydride layers
are optimized for enhancing the device sensitivity, which means the parameters d,,
and dj, are optimized to maximize the function S(\) = abs(9T/ON).

To assess the fact that all three thickness parameters have an influence on reso-
nance position and sensitivity, a recursive optimization routine is implemented. The
previous analysis indicated that thinner layers of Pd would provide better sensitiv-
ity, which means the minimum craftable thickness could be employed. However, one
could take into account that the thickness variation due to hydrogen absorbance is
dependent on the original thickness of the film, with thicker films permitting a higher
variation which could, potentially, impact the final sensitivity. If higher values of dj,
are chosen, one should employ higher values of d,,, to achieve similar S(\) sensitivity
to the case with thinner Pd layers. This increase in the metal thickness is limited

to the penetration depth of the light into the structure, since if the light does not
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penetrate enough to interact with the Pd layer, the hydrogen specificity is lost. The

optical power penetration depth for Au is given by

1

Pau = 2koIm(n)

= 11, 48nm. (5.12)

To choose a maximum value of the metal layer thickness to use as a constraint on
the optimization routine with a safety margin, 90% of ¢4, is used. It is preferable
to employ thinner values of Pd since the thickness variation occurs on the Pd layer
with nanometric dimensions and this mechanism is not expected to provide a great
contribution to the final sensitivity of the device. This is later explored in this
chapter.

Then, the oxide layer is optimized to tune the resonance to the desired wave-
length. The process then continues to optimize the metal layer, also considering the
saturation and thickness criteria. Following this, the oxide layer is again optimized.
This procedure is repeated until the final structure obeys the tuning stop criteria A,
which is the accepted error between the desired wavelength of maximum sensitivity
and the wavelength of maximum sensitivity of the final device, and the saturation
criteria considering final values obtained for each layer thickness. This procedure is
highlighted in Algorithm 3.

The final structure obtained applying this optimization strategy was d, = 515.5
nm, d,, = 2 nm and d, = 1 nm. Fig 5.9 shows the transmittance curve and its
sensitivity, ensuring that the final device obeys both the tuning and saturation

criteria.
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Algorithm 3 Pseudocode for OMH structure over D-shaped fiber optimization.

input Initial Guesses <+ {d, d°,,d’}
input {dy, dmn dminy
{n,m,l} < {0,0,0};
while abs[T(dyt, dFL dntt N,pe) — T(dpt dirl di N ps—1)] = pear &
g(dytt drtt ditt \) > A, do
while abs[T(d"*, Nps) — T(d" Mps—1)] > Pear & diT > d™ do
if n == 0 then
GradientOptimizationStep(S(\), d°,)
n++;
else
GradientOptimizationStep(S(X), dL,);
n++;
end if
end while
while abs[ ez — A > Aer do
if m == 0 then
GradientOptimizationStep(error(dy), d2)
m-++;
else
GradientOptimizationStep(error(dy), d?™)
m-++;
end if
end while
while abs[T(d Aps) — T(dEH Nps—1)] = Dsar & 5T > d™ do
if | == 0 then
GradientOptimizationStep(S(\), d°)
14+
else
GradientOptimizationStep(S(\), d)
14
end if
end while
while abs[ Az — A > Ao do
GradientOptimizationStep(error(dy), d?™)
m-++;
end while
end while
Generate plots;
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Figure 5.9: Resonance for optimized device. a) Transmittance curve with inset indicating that
the psqe condition is satisfied and b) Sensitivity curve showing that its maxima occurs at the
desired wavelength of 1550 nm.

Since the principle of operation of the sensor is based on the variation of trans-

mittance due to concentration variation, there must be a justification for an opti-
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mization procedure that is being conducted in terms of wavelength. Considering
that, ideally, the optimization should maximize the transmittance variation for a
particular change in gas concentration at a particular wavelength, one should em-
ploy an initial guess for each layer of the OMH structure, and obtaining such an
initial guess depends on the tuning of the resonance, a feature that is contemplated
in Algorithm 3. Additionally, this optimization in terms of wavelength can be con-
sidered an approximation to the sensitivity S(c(%)) = |0T/0c(%)| since under the
condition of resonance, the wavevector on the Pd layer kp; = k,,, with k;, being
the surface plasmon wavevector, is approximately invariant, leading to the claim
that a variation on the refractive index of the Pd layer is directly proportional to a
variation of refractive index. There are two arguments against this approximation,
for example, the fact that for larger resonance widths, such as the case presented
in Fig. 5.9, assuming the wavevector coupling condition is not adequate and the
fact that the refractive index variation occurs on both real and imaginary parts.
Nonetheless, this strategy is employed in order to obtain reasonable sensitivity for
a wavelength of choice, and its result can then be applied to an optimization for
maximizing S(c(%)) as an initial guess.

It is important to notice that the optimization strategy is conducted with a fixed
value of residual cladding T, that is considered enough to guarantee the mechanical
stability of the D-shaped section of the optical fiber. Employing thinner residual
cladding would affect the resonance by increasing losses on the D section leading
to deeper resonances for the same set of OMH thicknesses. It is expected, initially,
that the same sensor performance would then be obtained from different values of
d,, and dj, and with a re-design of the OMH structure it would not necessarily
lead to better sensitivity. Later on this chapter, a new design will be conducted
to investigate this effect. Nonetheless, variations on residual cladding should be
considered in the device design since the uncertainty of the fabrication method can
impact the sensor performance and it is notably relevant for its possible impact on

saturation.
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To ensure that the uncertainty on the 7, value coming from the fabrication error
does not impose a loss of resolution due to resonance saturation, the effect of residual
cladding variation according to the uncertainty o the polishing procedure described
in (Alves et al.,2022) is adopted. With an uncertainty of ¢ = +90 nm, Fig 5.10
shows the results of the variation on the device resonance and impact on sensitivity.

It is shown that, for the suggested fabrication procedure, there would be no
significant loss of sensitivity due to the uncertainty of residual cladding. For the
case in which T, = 2.5um — o, it is calculated a AT = 0.009 for AX = 1 nm,

ensuring that the condition pg,; is still met.
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5.4 Computational Experiment on Designed Sen-
sors Subjected to Hydrogen Gas Presence

With the optimized structure, a computational experiment was conducted to
assess the performance of the device under hydrogen load. The effect of the gas
presence on the device resonance is investigated and two different interrogation
schemes are proposed, fixed wavelength and sinusoidally modulated wavelength, in
the last case two different detection schemes were investigate, FFT-based and Lock-
in amplifier-based detection.

Concentrations between 0% and 4% were investigated, that is, below the Lower
Explosive Limit (LEL). The percentage concentration ¢(%) is related to atomic con-
centration n through Eq. 4.42 and the optical and thickness variation are calculated
from Eqs. 4.22 and 4.29. From this procedure, for the mentioned concentration

range, results for the effects of hydrogen absorption are shown in Table 5.1.

Table 5.1: Optical and mechanical variations for Pd grating.

no (%) Re(ne) Im(ner) d (nm)

0.0075 0.5 3.25 8.12 1.000942
0.015 1 3.57 7.93 1.001885
0.023 1.5 3.94 7.76 1.002890

0.03 2 4.28 7.64 1.003770
0.038 2.5 4.68 7.55 1.004775
0.046 3 2.09 7.50 1.005780
0.054 3.5 5.49 7.49 1.006786
0.061 4 5.84 7.51 1.007665

It is clear that the hydrogen-dependent variation that dominates the sensitivity is
the optical one, with thickness changes being on the order of 1072 nm, corroborating
the argument previously presented on the possibility of employing thicker Pd layers

for greater mechanical variation and, therefore, greater sensitivity. The results of the
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effect of hydrogen presence on the device resonance is shown in Fig. 5.11, showing

that there is significant transmission variation for the investigated concentration

range.
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e (%) = 0 %
|| — C(O/o) =1%
0.7 — C(O/o) =2%
e ¢(%0) = 3 %0
0.6 1 — C(O/O) - 40/0
L
@)
S 0.5
£
g 0.4-
b2y
-
£ 034
=k
0.2 +
0.1
0-0 T T T T

1.54 1.56 1.58 1.60 1.62 1.64 1.66 1.68 1.70

Wavelength (um)

Figure 5.11: Effect of hydrogen gas presence on the device resonance between 0%-4% concen-
tration range.

It is noticeable that a higher variation in transmittance is observed around 1.66
pm than in the previously chosen wavelength of 1.55 pym. This can be explained
considering the results in table 5.1, in which the variation of Re(7.s) with respect to
c(%) is significantly linear, but Im(n.s) shows stagnation for concentrations above
2.5%. For this reason, the gas presence has the effect of shifting the resonance and
increasing its width with the Re(n.s) variation being the dominant cause and this
widening effect occurs mostly in the second half of the resonance, that is, beyond the
wavelength of maximum coupling. With the possible problem of obtaining greater
sensitivity on larger wavelengths at the risk of being on the spectrum of higher
losses on the fiber, one can run the optimization described in Algorithm 3 in order
to ensure that the second peak of sensitivity (see Fig. 5.9) is tuned at the desired

wavelength.
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Considering a practical operation of this device, it could be interesting to observe
the effect of the gas concentration on the transmittance of the device for a fixed
wavelength, in this case, A = 1550 nm. Fig 5.12 shows the results. The obtained

linear sensitivity was 0.01712 %!
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Figure 5.12: Effect of hydrogen gas presence on the transmittance at 1550 nm between 0%-4%
concetration range.

The non-linearity of this proposed interrogation scheme is noticeable with the
signal presenting a clear parabolic profile, even though it benefits from the simple
experimental setup and control needed to implement this instrument. Harmonic
detection techniques with FFT and lock-in amplifier-based detection schemes are

employed to investigate the possibility of obtaining higher linearities.

5.5 Wavelength Modulation Techniques in D-shaped

OMH structures

Considering the wavelength modulation interrogation, a sinusoidally modulated

beam with central wavelength A = 1550 nm and amplitude A\ = +0.3 nm was used.
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The optoelectronic detection circuit and modulation frequency considered were the
same as described in Section 4.4.2.

For the FFT-based detection, the same principles of using the magnitude of the
transform at the modulation frequency as the sensor signal are used. Fig. 5.13 shows
the result of the obtained response, it is clear that some degree of non-linearity is

observed. The linear sensitivity calculated was 5.132 mV/%.

125 A

120 A ”

Max. Magnitude (mV)

105 - Re

=== Linear regression

T T T T T T

0.0 0.5 1.0 1.[5 210 2j5 3.0 3.5 4.0
Concentration (%o)

Figure 5.13: Maximum values of the FFT in function of hydrogen gas concentration.

The lock-in computational analysis explored all available signals, which are the
in phase, quadrature, phase and magnitude signals. The lock-in based detection per-
mitted highly linear measurements for in phase, quadrature and magnitude signals,
with sensitivities of 1.2-1075mV/%, 1.6-10~°*mV /% and 2.0-10~°mV /% magnitude
components. The phase signal resulted with a slightly higher degree of non-linearity
compared to other lock-in signals with linear sensitivity of 3.8 mrad/%. Fig 5.14

show the obtained results.
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To find the Limit of Detection (LOD) of this technique, the same optoelec-
tronic detection circuit is considered, as described in Section 4.4.2 to provide easier
comparison between both techniques. As previously explained, the LOD based on
minimum detectable change of optical power is 1.52 - 107°. Considering this value,
the numerical model was used to calculate, based on concentration dependent op-
tical and mechanical variation, the concentration needed to provide such a optical
power variation at 1550 nm incident wavelength. The resulting LOD in terms of
hydrogen concentration is LOD.) = 5,04 - 107*%, corresponding to 5.04 ppm.

Two other situations are explored in order to investigate previously mentioned
hypotheses. Firstly, a new design is generated to ensure that the choice of thinner
layers of the hydride provide better results than employing thicker values. For that,
it is used a fixed value for the Pd thickness layer of 5 nm and optimal values of d,
and d,,, are obtained according to a procedure similar to Algorithm 1. The obtained
structure is then d, = 568 nm, d,, = 9.5 nm and d;, = 5 nm. The sensor response
in a fixed wavelength interrogation is shown in Fig 5.15 with a linear sensitivity of
-0.00985% L. It is clear, in comparison with Fig. 5.12, that this approach does not
lead to more sensitive devices since the signal variation for the same concentration
range is smaller. This confirms the hypothesis that aiming for higher sensitivities by
employing thicker films is an inefficient design strategy since the optical variations

dominate the sensitivity of the fiber sensor and not the mechanical one.



Transmittance at 1550 nm

0.41

0.40 -

0.39 A1

0.38 A

0.37 A

T

0.0

T

0.5

T

1.0

1.5

2.0

2.5

T

3.0

Concentration (%)

3.5

133

Figure 5.15: Fixed wavelength response to gas presence for structure with d, = 568 nm, d,,, =

9.5 nm and dj = 5 nm.

The other hypothesis is that similar sensitivity could be achieved by employ-

ing different residual cladding thickness by adjusting the thicknesses of the OMH

structure. To investigate this claim, a new design is conducted for a fixed value of

T, = 1.5um. Using the same initial guesses for the oxide, metal and hydride layers

and Algorithm 1, the obtained structure was d, = 566 nm, d,, = 2 nm and d;, = 8

nm. The result is seen in Fig. 5.16.
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Figure 5.16: Transmitance curve for device with 7,, = 1.5pum, d, = 566 nm, d,,, = 2 nm and dj,
= 8 nm.

It is noticeable that decreasing the thickness of the residual cladding increases
the losses in the D profile region, which was, of course, expected. But it is also
noticeable that the losses influence a wide region of the spectrum, with a tendency
to saturate the resonance valley and increase the resonance width. So, to avoid
saturation, it is necessary to considerably reduce the sensitivity of the device by
employing thinner metal layers and thicker hydride layers. It was also investigated
the fixed wavelength response of the sensor, as shown in Fig. 5.17. The linear

sensitivity obtained was -0.0109 %~!.
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Figure 5.17: Transmitance curve for device with 7, = 1.5um, d, = 566 nm, d,,, = 2 nm and dj,

= & nm.

With this result one can conclude that the initial design defined by 7T, = 2.5um,

d, = 515.5 nm, d,, = 2 nm and d; = 1 nm, presents the most sensitive one.

One should notice that every design considered here employs a 3 mm D section

length, Lp. From a fabrication perspective, it could be interesting to employ higher

values of L;. The expected effect is that the increase of the D section length should

bring higher losses, similarly to the decrease of T,. A strategy of increasing Lg

and decreasing T, could result in a sensitive device if these two effects are correctly

dimensioned.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

This thesis concerns, mainly, the theory and computational engineering tech-
niques in metal hydride plasmonics and its devices and systems. In light of the
scenario of the state of the literature review presented in Chapter 2, this work sug-
gested the Harmonic Minimization Method for optimal design of plasmonic diffrac-
tion grating sensors, the Tunable Diode Laser Plasmonic Grating Spectroscopy
technique for portable plasmonic sensing and its application to hydrogen gas de-
tection with Pd and Nb gratings. This thesis also proposes a sensor based on Ox-
ide/Metal /Hydride structure over D-shaped optical fiber for hydrogen sensing and
a fabrication constraint-aware optimization procedure.

Concerning the HMM computational data results presented, it can be concluded
that with the development of such method for the design of metallic diffraction
gratings sensors is effective in terms of obtaining maximum sensitivity structures,
particularly when compared to those designed using a C method-based approach.

The proposed method, when integrated with a Rayleigh-based optimization al-
gorithm, introduces no significant additional computational cost, achieving an av-
erage computation time of approximately 8.22 seconds, with 89.23% of this time
attributed to compilation. Furthermore, it was observed that the structural param-

eters converge appropriately with an increase in the number of harmonics used in
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the optimization process for both rectangular and triangular gratings profile.

A batch of devices was fabricated in accordance with a design obtained using
the HMM, and the structural parameters of a sample were measured using AFM
and SEM. The experimental characterization data were subsequently employed in
numerical calculations of the grating’s spectrum, allowing its sensitivity to be com-
pared with the structure defined by the nominal parameters. Real and designed
devices show similar sensitivities.

The Tunable Diode Laser Plasmonic Grating Spectroscopy (TDLPGS) technique
introduced in this work presents a well-founded system architecture suitable for im-
plementing portable plasmonic measurement systems, applicable in both gaseous
and liquid environments. The proposed simulation method, based on homogeniza-
tion theory for effective dielectric function modeling and the elastic expansion model,
is well suited for analyzing the plasmonic properties of hydrogen-absorbing metal
Sensors.

Simulation results demonstrate that for the system architecture evaluated under
wavelength modulation interrogation—through a computational implementation of
FFT analysis of the detected optical signal—reasonable linearity was observed in
Pd gratings for concentration ranges of 0 < n < 0.07 and 0 < n < 0.007 for
both substrate cases. For Nb-based structures, good linearity was obtained for
0 < n <0.005 under a rigid substrate, but highly non-linear detection was observed
for a flexible substrate in the range 0 < n < 0.0005.

For Pd structures, detection based on a digital lock-in detection scheme resulted
in highly linear detection for all four signal components under a flexible substrate
for 0 < n < 0.007. For Nb gratings with a rigid substrate, high linearity was also
achieved for all four components within the concentration range 0 < n < 0.005.
For a flexible substrate, good linearity was observed for the magnitude, in-phase,
and quadrature components for 0 < n < 0.0005. Additionally, it is calculated that
for the implementation with Nb diffraction gratings using the lock-in amplifier, the

system could achieve a ppm detection limit while maintaining good linearity.
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An estimation of the sensor response time is also proposed in order to permit
the designer to choose adequate materials and spectral ranges in order to optimize
the response time, even tough other considerations of experimental nature, such as
the design of the gas chamber and velocity of gas flow, would be very important to
determine the system final response time.

The presented work on Oxide/Metal/Hydride structure over D-shaped optical
fibers presented a proposal of a device, optimization routine and measurement
method. The device design considers a 7705 layer for resonance shifting from the
visible spectrum to the infrared spectrum in order to obtain a response on the low
loss spectral region of a single mode fiber, together with a Au layer with the purpose
of increasing the sensitivity of the device since it has a greater imaginary refractive
index compared to Pd. The third layer is a hydride-forming material, in the case of
this device, Pd. The last layer is in contact with the sensing medium containing a
hydrogen gas concentration and is used to provide specificity to the sensor.

The optimization procedure is based on declaring the fabrication constraints in
terms of minimal and maximum layer thickness limits, as wells as central wave-
length of operation and employing a recursive gradient-based optimization to result
in thicknesses of each layer of the OMH structure. Such procedure results in a struc-
ture with the central wavelength previously declared being the point of maximum
sensitivity with respect to wavelength variations.

The main transduction mechanism of the fiber-based device is the modulation
of the real and imaginary refractive index of the Pd layer that occurs with the
formation of the hydride. Since optimal structures are obtained with thin hydride
layers, the thickness variation due to hydrogen absorption is negligible and leads to
no significant increase in the sensitivity of the device.

The device, when operated in a fixed wavelength interrogation mode showed good
sensitivity but also a significant degree of non-linearity for the 0% to 4% concen-
tration range. However, this interrogation method permits a very simple operation

from an experimental perspective. Harmonic detection systems are also suggested
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to be employed with the fiber-based device, in which the FFT and Lock-in analysis
were investigated in order to obtain higher sensitivities and better linearities. It
was shown that with a sinusoidal modulated incident beam with 1550 nm of central
wavelength and 0.3 nm amplitude, the lock-in amplifier analysis resulted in highly-
linear measurements.

This thesis provides a contribution to existing knowledge of a number of engineer-
ing techniques for hydrogen gas sensing. The HMM, in which the idea of aligning
a low complexity diffraction formalism with a profile translation algorithm based
on harmonic analysis was first proposed. This computational method permits the
design of multiple gratings with different profiles based on a single sinusoidal grat-
ing, permitting easy comparison of different structures in terms of sensitivity and
adequacy of fabrication with minimum computational complexity. This method can
be employed for the design of diffraction grating for different target analytes and
different materials, being transferable for multiple scenarios in which the design of
grating-based sensing is important. Future works on the HMM will include a thor-
ough investigation of profiles and materials not yet researched, as well as validation
of the choice of algorithm parameters in different regions of the spectra. The behav-
ior of the non-linear regression quality parameters for different scenarios should also
be studied in the near future. Another possibility is the investigation of the HMM
capability of designing grating with modulated widths.

The TDLPGS technique proposed has its greater significance in the proposal
of a system architecture that permits the construction of portable plasmonic mea-
surement systems, with this setup finding applications in different sensing scenarios
as well. The principle of using the grating periodicity variation as a direct contri-
bution to the device’s final sensitivity was also presented for the first time in the
literature, as far as the knowledge of the author goes. Future work will include a
comprehensive analysis of the effects of plastic deformation under hydrogen load-
ing on plasmonic coupling properties and its contribution to device reversibility. It

will also be the subject of research on how to include reversibility in the design
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procedure of the grating device. Furthermore, the experimental implementation of
the proposed technique remains a key objective of the research group. Only then
can the models suggested here be compared to experimental data, enabling further
refinements and developments of the model. The optimization of the modulation
frequency will also be investigated.

Also, a design routine has been proposed for OMH structures for D-shaped op-
tical fiber. Considering that until this work there was no clear design methodology
proposed in the literature for plasmonic sensors in D-fibers. This work presents a
computational analysis of the effect of each device parameter and provides an analy-
sis of the presence of hydrogen gas on the designed structure. The optimization strat-
egy will still be refined to include an extra step for maximizing the transmittance
variation for a particular change in gas concentration, using the wavelength-based
optimization result as an initial guess. The effect of the choice of which sensitivity
peak to use will also be thoroughly investigated in light of the effect of Re(n.y)
variation. Future works concerning the proposal of this device will deal with the
fabrication of OMH structures for D-shaped fiber and its experimental characteri-

zation and validation as a sensor.
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Chapter 7

Accomplishments

‘ | \ s chapter brings the accomplishments of this thesis work in terms of published

journal articles, conference papers, recognitions and prizes.

7.1 Journal Articles

o Prospects for Developing Pressure and Tactile Sensors Based on Surface Plas-
mon Resonance - IEEE Sensors Journal. Vol 22, Issue 19, pages 18620 - 18630.
José Otavio Maciel Neto, Gabriel de Freitas Fernandes, Gustavo Oliveira
Cavalcanti, Ignacio Llamas-Garro, Jung-Mu Kim, Eduardo Fontana. DOI:

10.1109/JSEN.2022.3199730.

o Tunable Diode Laser Plasmonic Grating Spectroscopy for Hydrogen Sens-
ing - IEEE Photonics Journal. Vol. 17, Issue 3. Gabriel de Freitas
Fernandes, Ignacio Llamas-Garro, Joaquim Ferreira Martins-Filho, Eduardo

Fontana. DOI: 10.1109/JPHOT.2025.3567000.

o Harmonic minimization method for plasmonic diffraction grating sensor de-
sign - Applied Optics. Vol 64, Issue 15, pages 4415-4425. Gabriel de Freitas
Fernandes, Felipe José Lucena de Aratjo, Ernande Ferreira de Melo, Igna-
cio Llamas-Garro, Joaquim Ferreira Martins-Filho, Eduardo Fontana. DOI:

10.1364/A0.560988
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e Non Invasive Profilometry of Sealed Otto Chip Devices by Scanning Opti-
cal Reflectometry - IEEE Transactions on Instrumentation and Measurement.
Vol 72. Gabriel de Freitas Fernandes, Jung-Mu Kim, Ignacio Llamas-
Garro, Gustavo Oliveira Cavalcanti, Joaquim Ferreira Martins-Filho, Eduardo

Fontana. DOI: 10.1109/TTM.2025.3590830

o Oxide/Metal /Hydride Plasmonic Devices for Hydrogen Sensors Based on D-
shaped Optical Fibers. (Under development). Gabriel de Freitas Fernan-

des, Henrique Patriota Alves, Joaquim Ferreira Martins Filho.

7.2 Conference Papers

o Tunable diode laser surface plasmon spectroscopy - 2022 International Optics
and Photonics Conference. (Gabriel de Freitas Fernandes, Raoni Freitas
de Gées, Ernande Ferreira de Melo, Eduardo Fontana. DOI: 10.1109/SBFoto-
nlOPC54450.2022.9992903

o Harmonic Minimization Method for Pd Plasmonic Diffraction Grating Design
- 2024 International Optics and Photonics Conference. Gabriel de Freitas
Fernandes, Ernande Ferreira de Melo, Eduardo Fontana. DOI: 10.1109/SB-
FotonlOP(C62248.2024.10813538

o Design of Oxide/Metal /Hydride Plasmonic Devices Based on D-shaped Opti-
cal Fibers for Hy Sensing. Submitted to 2025 International Optics and Pho-
tonics Conference. Gabriel de Freitas Fernandes, Henrique Patriota Alves,

Joaquim Ferreira Martins-Filho.

7.3 Recognitions and Prizes

e 1st place in Doctorate admission process, awarded with CNPq scholarship -

Universidade Federal de Pernambuco. 2021
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Best paper award - 2022 International Optics and Photonics Conference. 2022

CAPES Print Scholarship. 2023

Startup 20 prize. Prize conceded during Startup 20 event, a G20 forum, to

TerraSafe, a solution for in depth soil moisture sensing for landslide prevention.

2024
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