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ACRONYMS

AWGN Additive white Gaussian noise

BI Bimodal interferometer
BOX Buried oxide
BR Back-reflections

BSA Bovine serum albumin

CE Coupling efficiency

CMOS Complementary metal-oxide semiconductor

DAQ Data acquisition (board)
DI Deionized (water)

DSP Digital signal processing
EDFA Erbium-doped fiber amplifier

FA Fiber array

FEM Finite element method
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FIR Finite impulse response

FOM Figure of merit
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FTIR Fourier transform infrared (spectroscopy)

FWHM Full width at half maximum

GC Grating coupler
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GUI Graphical user interface
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ICL Inter-band cascade laser
IL Insertion loss
IPA Isopropyl alcohol

IQ In-phase and quadrature
KK Kramers-Kronig (relations)
LOC Lab-on-chip

MFS Minimum feature size
MIR Mid-infrared
MM Multimode

MMI Multimode interference (coupler)

MPW Multi-project wafer

MSE Minimum squared error

MZI Mach-Zehnder interferometer

NIR Near-infrared

PC Photonic crystal

PCD Polycrystalline diamond
PD Photodetector

PDMS Polydimethylsiloxane
PIC Photonic integrated circuit
PML Perfectly matched layer
POC Point of care

PSD Power spectral density
QCL Quantum cascade laser

RIN Relative intensity noise

RR Ring resonator

SEM Scanning electron microscope

SiNOI SiN-on-insulator
SM Single-mode
SNR Signal-to-noise ratio

SOI Silicon-on-insulator
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SWG Subwavelength grating

TDLAS Tunable diode laser absorption spectroscopy
TE Transverse electric

TFWG Thin-film waveguide

TIA Transimpedance amplifier

TM Transverse magnetic
UMZI Unbalanced Mach-Zehnder interferometer

VIS Visible

VOC Volatile organic compound

XT Cross-talk
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CHAPTER 1
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INTRODUCTION

Integrated photonic sensors are key to addressing many current global challenges, such as
those derived from climate change and aging populations. These devices can precisely de-
tect small quantities of the chemical substances involved in threatening processes, includ-
ing greenhouse-effect gases or illness biomarkers. This thesis is concerned with advancing
photonic sensing architectures for improved performance in different environmental and
medical applications. In this introductory chapter, the motivation behind this work is ex-
plained (Section 1.1) and the field of optical sensing is presented (Section 1.2), showing
how waveguide-based photonic sensors are powerful tools for the detection of critical an-
alytes. Afterwards, the main contributions of this thesis are outlined (Section 1.3) and the
organization of the document is described (Section 1.4).

11 Addressing XXI century challenges with photonic sensors

The Global Trends for 2040 report [1], published in April 2024 by the European Strategy
and Policy Analysis System (ESPAS), defined the forthcoming era as one of polycrises.
Of the different challenges identified in the document, current and future environmental
emergencies and global health management stand out as two major concerns. Three out of
the nine vital processes that maintain the stability of the planet, defined by the scientific
community in the past decade [2, 3], have already been pushed beyond safety levels:
climate change, loss of biodiversity and changes in the nitrogen cycle. Climate change is
arguably the most visible of the former, especially in Europe, being the fastest-warming
continent on Earth [4]. The massive emission of greenhouse gases, as carbon dioxide
(CO;), methane (CHy) or nitrous oxide (N2O), that results from human activity is the
main cause of the accelerated global warming. In fact, the Intergovernmental Panel on
Climate Change (IPCC) estimated that, compared to 2019 levels, a 43% reduction in global
emissions by 2030, and a 69% by 2040, should be accomplished in order to limit the rising
of temperatures to 1.5°C [5]. These goals seem unattainable with current policies, so a
tougher global-scale pollution control is expected in the near future.

The environmental degradation imposes threats to human health [6], such as the
spread of zoonotic diseases passed from animals to humans, increased health risks due
to heat stress and even the possible emergence of ancient viruses from permafrost [7].
As the recent COVID-19 pandemic showed, the proliferation of contagious illnesses is
vastly facilitated by globalization. Furthermore, the longer life expectancy achieved dur-
ing the past decades, despite being a positive ongoing trend, induces a higher prevalence
of age-related illnesses, e.g., cancer, diabetes and Alzheimer [8]. Longer-living humans,
combined with a generalized decline in birth rates in developed countries, result in an
increasingly aging global population with a higher demand for healthcare. However, the
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Figure 1.1: Schematic representation of a generic sensor, composed of a signal source, a transducer
element, which is in contact with the sample containing the analyte, a signal detector and a signal
processor.

impact of health inequalities is still significant. Even in advanced economies, like those
of EU countries, a lower life expectancy is strongly correlated to a lower socio-economic
position [9]. Finally, despite its huge economic footprint, amounting to 10.9% of EU’s
gross domestic product in 2020 [9], and being a major employer [10], the health sector is
finding difficulties in recruiting highly skilled professionals since the pandemic. Know-
ing that the cost of early diagnosis is trivial compared to the economic consequences of
large-scale disease [11], widely available rapid diagnosis tools have become essential.

A crucial step toward facing the highlighted challenges is detecting and monitoring
the problem-causing substances, which may be pollutant gases, volatile organic com-
pounds (VOCs), disease biomarkers or viruses. At this point, sensors play a decisive role
[12, 13]. A generic sensor, as the one schematized in Fig. 1.1, can be defined as a device
which detects or measures physical properties or their changes and provides a certain out-
put or measurement in response [14]. In the case of gas and biological sensors, the device
is usually composed of an input signal source, a transducer element, an output signal de-
tector and a signal processing stage to produce the sensor output. The transducer element
needs to be in contact with a sample where the target analyte is present, e.g., CO, in air
or bovine serum albumin (BSA) protein in blood. Such sensors can be broadly classified
according to the operating principle of the transducer element [15]. According to this cri-
terion, sensors can be either optical [16, 17], electrochemical [18, 19], electrical [20, 21],
mass-sensitive [22, 23], magnetic [24, 25] or thermal [26, 27], among others. For each of
these categories, several implementation approaches have been proposed. Waveguide-
based photonic sensors, which belong to the group of optical sensors, constitute the core
of this thesis. Hence, a dedicated introduction to the field of optical sensing is provided
in Section 1.2.

The desired characteristics of a sensor are generally shared by the different implemen-
tations, regardless of the type of transducer employed. In the first place, analytes should
be detected in small amounts, as required for most sensing applications, i.e., the limit of
detection (LOD) should be as small as possible. A low LOD benefits from a high sen-
sitivity, defined as the relationship between the output signal and the concentration of
analyte, and a low uncertainty in the read-out. Sensors yielding a quantitative output fa-
vor precise detection and monitoring. Furthermore, many use-cases require specificity,
guaranteeing that the sensor only reacts to the targeted substance, thus avoiding the risk
of false positives. Other interesting properties are label-free operation, compact size, cost-
effectiveness, high detection speed and ease of use.

1.2 Optical sensors

The history of optical sensing dates back to the 16th century, when methods based on ab-
sorption, emission and fluorescence were first proposed, but did not achieve maturity un-
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Figure 1.2: (a) A portion of the electromagnetic spectrum. Abbreviations: extreme-ultraviolet
(EUV), far-ultraviolet (FUV), mid-ultraviolet (MUV), near-ultraviolet (NUV), visible (VIS), near-
infrared (NIR), mid-infrared (MIR), far-infrared (FIR). (b) Free-space propagation of a lightwave.
In a homogeneous medium, the real part of the complex refractive index influences the accumu-
lated phase shift, whereas the imaginary partis associated to light absorption. Light can propagate
in a sample and interact with a target analyte.

til the first laser was demonstrated in 1960 [28]. An optical transducer transforms changes
in optical properties, which take place as a result of the interaction between light and
the sample, into a measurable output signal. According to the monitored property, opti-
cal sensors can be divided into refractive index [29, 30], absorption [31, 32], reflectance
[33, 34], luminiscence [35, 36], fluorescence [37, 38], optothermal [39, 40] or scattering
sensors [41, 42]. This section is focused on refractive index and absorption sensors, as
those are the kinds that are treated in this work. A possible sub-categorization arises
from the operation wavelength. Of the whole electromagnetic spectrum [43], a portion
of which is shown in Fig. 1.2(a), the near-infrared (0.76-2 pm) and the mid-infrared (2—
20 um) are the two regions which will receive the most attention throughout this the-
sis. As it will be further explained in Sections 1.2.1 and 1.2.3, working in the NIR takes
advantage of well-developed telecom technologies, while operating at MIR wavelengths
provides inherent sensor specificity.

1.21 Refraction and absorption sensors

For a high-level understanding of the principles of refractive index and absorption sens-
ing, it be can useful to consider the free-space propagation of a monochromatic lightwave
in a homogeneous medium, schematized in Fig. 1.2(b). Each medium can be charac-
terized by its complex refractive index (n + jk), whose value is a function of the wave-
length (A). The wavelength in the medium is inversely proportional to the real part of the
complex refractive index (n), and, therefore, the phase shift accumulated by the wave is

proportional to the latter, i.e.,
2T

By
where iy, is the initial phase shift of the wave and L is the interaction length. In turn, light
absorption is influenced by the imaginary part of the index (k) and follows an exponential

Y = @in + —nL, (1.1)
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Figure 1.3: (a) Schematic representation of the fundamental origin of refraction. (b) Schematic
representation of the absorption of a photon with energy AE. (c) Light absorption spectra of
different gases, represented in terms of the absorption coefficient («). All data are extracted from
[46].

pattern, described by the Beer-Lambert law under standard conditions [44, 45]:
I = Iine oL, (1.2)

where [ is the transmitted intensity, i, is the intensity before interaction with the medium
and o = (47/)\)k is the power absorption coefficient (in m~!). The complex refractive
index of a sample is dependent on both the wavelength and the presence of an analyte.
In fact, the absorption coefficient from Eq. (1.2) can be expressed as

a = kC, (1.3)

where & is the molar napierian absorption coefficient (in m>mol~!) and C is the concen-
tration (in mol m~2). The relationship between the real refractive index of a sample and
the concentration of a specific analyte can be found in literature and databases or mea-
sured. This way, quantitative detection of changes either in light refraction or absorption
leads to the determination of the presence and quantity of the analyte.

On the physical origins of refraction and absorption

The apparent reduction of the propagation speed in a medium described by the real re-
fractive index (n) can be explained more thoroughly by considering the medium as a
continuum of discrete layers. When light shines onto one of said layers, it acts as an exter-
nal force on the electrons in that layer, which begin moving up and down with a behavior
that can be modeled as an oscillator. This motion generates a secondary electrical field
(Ea), which shares the same frequency as the field from the source, but with a relative
phase change 7/2, as schematically represented in Fig. 1.3(a). The amplitude of such
field is small compared to the amplitude of the source, and depends on the relationship
between the frequency of incident light (w = (27/)\)c, where ¢ = 3-10° m/s is the vacuum
speed of light) and the natural frequency of the oscillator (wp, ), so that [47]

q

where ¢ = 1.6 - 10712 C and m = 9.1 - 1073! kg are the electron charge and mass, respec-
tively. Adding the incident and the induced fields yields a total field which is identical
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to the incident one, but phase-shifted by an amount that depends on |E;,|. The succes-
sive phase shifts provoked by the continuum of layers result in an effective reduction of
the wavelength, by the factor referred to as n, which is intrinsically related to the atomic
properties of the material. Due to the described frequency dependence of E,, different
wavelengths are subject to different phase shifts when entering the same medium. That
is the reason behind dispersion, i.e., the relationship between the refractive index of a
material and the wavelength of propagating light.

Light absorption (and emission) is due to either electronic, vibrational or rotational
transitions between the different energy levels of a molecule [48]. These transitions can
occur separately or in combinations. Simultaneous changes in rotational and vibrational
states are denoted as ro-vibrational transitions. Vibrational motions can be decomposed
into a sum of normal modes, each of them associated to a natural wavelength A\, and a
quantized energy level. The fundamental wavelengths of most chemical bonds corres-
pond to the MIR regime, while their overtones are located in the NIR. At room tem-
perature, a normal mode can transit from its ground state (Ey) to the first excited state
(E1, E1 > Ey) if the energy AE = E; — Ej is supplied to the molecule [49]. This means
that if a photon with energy

he

AE = —
)\m’

(1.5)
where h = 6.63 - 10734 mzkg /s is the Plank’s constant, interacts with the molecule, it can
be absorbed, as shown schematically in Fig. 1.3(b). Each of these transitions generates an
absorption line at the natural absorption frequencies and their overtones. A specific line
can be characterized by its profile, generally Lorentzian or Voigt, and strength. Here it is
worth highlighting that the overtone’s absorption lines in the NIR are around two orders
of magnitude weaker than the fundamental ones, located in the MIR. The set of charac-
teristic absorption lines of each molecule creates a unique absorption spectrum, which
can be considered as a molecular fingerprint and used to quantitatively identify a sub-
stance, as will be further emphasized in Chapter 2 (Section 2.4). In Fig. 1.3(c), a fraction
of the MIR absorption spectra of different gases can be observed as an illustrative exam-
ple, evidencing the differences in position, shape and strength. As it has been previously
explained, molecules also show unique dispersion spectra. A detailed explanation of the
relationship between absorption and dispersion features in a resonant medium, using a
Lorentzian oscillator as a model, can be found in [50].

1.2.2 Benchtop optical sensors

Analyte concentration measurements via refractive index sensing, especially in fluids, can
be performed by benchtop refractometers, mostly based on prisms, as the one schema-
tized in Fig. 1.4(a), or on interferometers, represented in Fig. 1.4(b). In the former, light
rays with varying angles impinge on the interface between a prism and the sample. By
detecting the reflected light as a function of the emission angle, the critical angle can be
monitored [55]. This magnitude is proportional to the refractive index of the sample and
can be used to determine analyte concentration. In the latter, differences between the re-
fractive indices of the sample and a reference substance are extracted from an interference
pattern, generated when the two branches of the interferometer are combined [56]. Inter-
ferometric refractometers are often called differential refractometers and can operate at a
fixed wavelength.

The two dominant techniques for absorption-based sensing are Fourier transform in-
frared (FTIR) and tunable diode laser absorption spectroscopy (TDLAS), which can both
be considered as packaged free-space systems and are schematically shown in Figs. 1.4(c)
and 1.4(d), respectively. FTIR is traditionally used when a broad absorption spectrum of



6 Chapter 1. Introduction

(a)

Prism Photo- | Signal
detector processing

Source

[ ~L: —\
e
O0000060

Sample
2 0 o P

(b) Interferometer
E Splitter Mirror
ource Reference path
Sample £3 . /
. 00520 Splitter Photo- | Signal /\/\/\/\/\
Mirror D° 0 o) detector "| processing
Sensing path x0)
© Sample |
Broadband Michelson 00,00 Photo- Signal
source interferometer P o0 o detector processing
A
(@) Sample |
Tunable 00,00 Photo- | Signal
source P o o detector "I processing
A

Figure 1.4: Schematic representation of benchtop optical sensors. (a) Prism-based refractometer.
(b) Interferometric refractometer. (c) FTIR absorption spectrometer. (d) TDLAS absorption spec-
trometer.

asampleis needed [57]. Light radiated from a broadband source enters a Michelson inter-
ferometer with moving mirrors to select the transmitted wavelengths. After light interacts
with the sample, an interferogram as a function of mirror displacement is converted into
an absorption spectrum via computational Fourier-transform. TDLAS are more straight-
forward systems, motivated by the advent of quantum cascade lasers (QCLs) and inter-
band cascade laser (ICLs), which are narrow-linewidth tunable sources working around
a single wavelength [58]. In a basic TDLAS configuration, the wavelength of the source is
scanned around a specific absorption feature of the target analyte, allowing for substance
identification while using just a fraction of its spectrum [59].

While high-end benchtop implementations can achieve proficient results, these sys-
tems are bulky, expensive and fragile, especially considering that they contain free-space
optics. In addition, they require relatively high sample volumes and careful mainte-
nance, making them unsuitable for in situ analysis in point-of-care (POC) or point-of-
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Figure 1.5: Commercial optical refractive index and absorption benchtop sensors. (a) Pyxis RT-
50 PRISM prism-based refractomer [51]. (b) Wyatt Optilab interferometric refractometer [52].
(c) Bruker Invenio FTIR absorption spectrometer [53]. (d) Ametek 5100HD TDLAS absorption
spectrometer [54].
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Figure 1.6: Schematic representation of a lab-on-chip based on a photonic waveguide sensor. A
light source, a photonic waveguide acting as a transducer element, a photodetector and a CMOS
signal processing stage are integrated on a silicon chip. A microfluidic cell incorporating the sam-
ple is placed over the sensing region.

need (PON) settings or distributed sensor networks. In Fig. 1.5, commercially available
models are shown as representative examples [51, 52, 53, 54]. Only the Pyxis RT-50 prism-
based refractive index sensor can be considered moderately compact, but its accuracy and
measurement range are low compared to the remaining alternatives. The expansion of
optical sensing techniques beyond laboratory environments would deeply benefit from
more compact, robust and easily transportable approaches. In this context, the field of
integrated photonics emerges as a powerful tool for sensor miniaturization.

1.2.3 Integrated photonic sensors

Integrated photonics has become a key technology in tele- and data-communications over
the past decades [60]. As a dynamic field, it is increasingly finding new applications in
areas such as data centers [61], computing [62], autonomous vehicles [63], astronomy
[64] and sensing [65]. Within the different photonic platforms, Group IV photonics, also
known as silicon photonics, are of particular interest, because they leverage the same ma-
terials and fabrication processes as complementary metal-oxide semiconductor (CMOS)
microelectronics. This enables robust, high-yield device processing [66], contributing to
cost-effectiveness. Telecommunications wavelengths, i.e., 1.31 pm and 1.55 pm, have been
the preferred operation regime, mostly due to the existence of high-quality light sources
and detectors, along with optical fibers with virtually no loss or dispersion. However,
as it was outlined at the beginning of this section, the MIR regime is highly interesting
for sensing applications due to its intrinsic molecular selectivity and has been driving
increasing attention. Even though MIR technologies are not as mature as their NIR coun-
terparts, promising advances are being made toward MIR sensing systems, which benefit
from operating in the spectral fingerprint regions and achieve unprecedented results in
terms of sensitivity, selectivity and limit of detection [67, 68].

By guiding light confined in optical waveguides instead of relying on free-space pro-
pagation, photonic integrated sensors offer sub-millimeter-sized solutions which can op-
erate with microliter sample volumes and are suitable for dense integration in multiplexed
sensing platforms [69, 70, 71]. These sensors can achieve an outstanding performance and
deliver quantitative, real-time measurements with minimal to none sample pre-treatment.
Moreover, mass production in microelectronics foundries is enabled, which cuts costs so
that devices can be totally or partially disposed of after use, an interesting feature when
working with biological samples. CMOS compatibility also brings the possibility of im-
plementing lab-on-chip (LOC) systems as the one schematized in Fig. 1.6: miniaturized
chips incorporating sources, photonic transductors, detectors, microfluidics and signal
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processing elements [72, 73]. Such devices could directly deliver the relevant results in an
user-oriented format, or report them to a secure repository, and could therefore be oper-
ated by untrained personnel. This concept could entirely transform the chemical sensing
field. For example, LOC designed for clinical diagnosis could be brought to developing
countries and used in regions with limited access to medical centers. Environmental sen-
sors could be deployed in remote locations, implementing distributed networks for local-
ized data collection and the creation of real-time pollution maps. Space exploration robots
could be equipped with a set of ultra-light, multi-purpose spectroscopic LOCs, avoiding
the cost and delay of transporting samples back to Earth. Other potential beneficiaries are
the security (e.g., detection of hazardous leakages), transport (e.g., emission monitoring)
and food (e.g., freshness and quality control) industries.

This work focuses on dielectric waveguide-based photonic integrated sensors, as a
versatile way to implement high-performance devices within a reduced footprint. How-
ever, there are many other alternatives to free-space optical sensors [74, 75], such as those
based on optical fibers [76, 77], attenuated total reflection (ATR) elements [78, 79], pho-
tonic crystals (PC) [80, 81] and surface plasmon resonance (SPR) [82, 83]. A comprehen-
sive review of these implementations is beyond the scope of this thesis, so the reader is
referred to the provided references for further information.

1.3 Overview of this thesis

This thesis is devoted to the investigation of different integrated photonic sensing archi-
tectures, providing novelty and improvements with respect to the state of the art. The ul-
timate goal of any sensor could be minimizing the LOD, but additional factors such as the
amount of retrieved information per measurement, the sensor footprint or the complex-
ity of the system should also be taken into account. Three main contributions arise from
these considerations and support the aim of this work: two novel near-infrared sensing
architectures (Sections 1.3.1 and 1.3.2) and a theoretical study of thin-film mid-infrared
waveguides (Section 1.3.3). The new NIR sensing configurations incorporate the cohe-
rent phase read-out technique which was earlier proposed for sensing applications by the
Photonics & RF Research Lab of the University of Mélaga [84, 85]. A graphical overview
of these three main contributions can be found in Fig. 1.7.

1.31 Complex refractive index sensor

Most photonic integrated sensors detect changes in either the (real) refractive index or the
absorption of the sample, related to the imaginary index, as seen in Section 1.2. While an-
alyzing these magnitudes independently may suffice to detect many analytes, such tech-
niques do not provide a complete description of the sample. Complex refractive index
sensors delivering simultaneous information about refraction and absorption have great
potential in areas such as material science or multi-analyte detection [86]. Besides pro-
viding a deeper insight into the nature of a substance, such sensors could leverage the
high sensitivity of refractive index measurements with the specificity of absorption and
perform redundant measurements in critical scenarios. Moreover, their versatility, en-
abling the operation of a single design in a wide range of use-cases, makes these sensors
excellent candidates for mass production. However, despite their scientific interest and
growing popularity in free-space systems [87, 88], few implementations can be found in
the field of integrated photonics.

Such a sensor, based on a modified Mach-Zehnder interferometer that simultaneously
provides phase and intensity measurements, has been suggested as a proof-of-concept.
Two generations of sensors were designed for a silicon nitride platform for near-infrared
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wavelengths. First-generation sensors exhibited several problems, such as excessive pro-
pagation losses and uncontrolled reflections, and were discarded after preliminary evalu-
ations. Design improvements were incorporated to the successful second-generation sen-
sors. These sensors were validated with bulk sensing experiments with liquid samples at
a fixed (Ao = 1.55 um) wavelength, and an analytical cross-talk model was developed to
improve the quality of absorption measurements. The best sensor achieved a LOD in the
order of 107¢ RIU both for the real and imaginary parts of the index. To best of the author’s
knowledge, this is the first time that both quantities are simultaneously measured with
such low LODs. Tentative spectroscopic measurements showed promising results, while
highlighting further improvements required for high-precision scanned-wavelength op-
eration. The main results related to this contribution can be found in [89].

1.3.2 Bimodal refractive index sensor

Conventional interferometric refractive index sensors, as the example shown in Fig. 1.4(b),
split the input signal into two physically different paths, thus increasing the footprint of
the device. With the aim of providing a more compact alternative, photonic integrated
sensors based on bimodal waveguides avoid including a reference branch. Instead, two
different modes supported by a multimode waveguide, which experience different opti-
cal paths and serve as sensing and reference channels, are excited [90]. This is an attrac-
tive approach for dense sensor integration in multiplexed-detection platforms. However,
these sensors usually face challenges associated with an inadequate mode excitation and
the read-out of their sinusoidal output signal, which may deteriorate performance to le-
vels below those required in highly-demanding applications such as early medical diag-
nosis.

To overcome these limitations, a novel near-infrared bimodal sensing architecture com-
bining a bimodal waveguide with a controlled modal excitation and coherent phase de-
tection is proposed. First-generation sensors were designed for a silicon-on-insulator
platform at A\g = 1.31pum, incorporating a mode converter based on mode evolution in
counter-tapered waveguides. However, experimental measurements revealed that the
designed configuration did not work properly. Additionally, the fabricated waveguides
were fragile and chemically reactive, resulting in irreparable physical and chemical dam-
age after measurements. A second generation was implemented in a silicon nitride plat-
form at Ao = 1.55 um, allowing for bigger dimensions that increased mechanical robust-
ness. As a mode converter, a well-trusted architecture based on a MMI, a phase shifter
and a Y-junction was employed [91, 92]. This generation showed excellent performance
in bulk sensing experiments, reaching a LOD in the order of 10~ RIU, which is the best
reported, to the best of the author’s knowledge, for a bimodal sensor operating at NIR
wavelengths. This contribution is published in [93].

1.3.3 Waveguides for absorption spectroscopy

Mid-infrared absorption spectroscopy of aqueous solutions, such as most biological flu-
ids, is a well-trusted analytical tool for biomedical and environmental applications, owing
to the combination of a great sensitivity and inherent selectivity. Although essential in
many fields, working with water-based samples is challenging because of its high absorp-
tion and spectral overlap with several organic compounds. This fact highlights the need
for devices with a proficient performance. As a result of the growing interest in integrated
photonic approaches, a wide variety of platforms to implement MIR waveguide-based ab-
sorption sensors populate the state of the art [94]. However, as such sensors have usually
been designed for different wavelengths and tested with different analytes, fair compar-
isons between existing alternatives are often difficult to establish. This in turn hinders the
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development of fully optimized spectroscopic systems, and, ultimately, the realization of
lab-on-chips devices suitable for real-world operation.

In this thesis, an analytical expression of the LOD of waveguide-based absorption
spectroscopic systems is derived, and the existence of an optimum interaction length is
shown. With the aim of optimizing the LOD, four representative thin-film waveguide
platforms (gallium arsenide, chalcogenides, germanium-on-silicon and diamond), typi-
cally employed in the analysis of aqueous samples [94], are modeled and rigorously de-
signed at \g = 6 um (amide vibrational band). A single figure of merit is used to eval-
uate the trade-off between sensitivity and losses, and it is demonstrated that this metric
determines the optimum achievable performance of the sensor. This approach, besides
defining a general waveguide design framework for optimum results, enables, for the first
time, a fair comparison between four popular platform alternatives. Most of this work
was carried out during a research stay at the University of Ulm (Ulm, Germany) under
the supervision of Prof. Boris Mizaikoff, and is published in [95].

1.4 Organization of this thesis

This thesis is organized as follows:

Chapter 1 is this current introduction.

Chapter 2 explains the fundamentals of photonic integrated sensors based on dielectric
waveguides and key performance metrics, including sensitivity and LOD, are de-
fined. To complete the chapter, a review of the state of the art of such sensors is
provided.

Chapter 3 contains the methods and protocols, concerning electromagnetic simulations,
layout design and experimental characterization, followed throughout this thesis.

Chapter 4 introduces the concept of complex refractive index sensors and demonstrates
a near-infrared sensor based on a Mach-Zehnder interferometer for simultaneous
phase and absorption measurements.

Chapter 5 proposes and experimentally validates a near-infrared refractive index sensor
based on a bimodal waveguide, which combines a controlled modal excitation with
a coherent phase read-out.

Chapter 6 presents a theoretical study of four representative thin-film waveguide plat-
forms for mid-infrared absorption spectroscopy of aqueous solutions, enabling a
comparison of their limit of detection.

Chapter 7 draws the conclusions and suggests further research lines.
In addition, seven appendices are included:

Appendix A shows the relationship between the radiation angle of a grating coupler and
the polishing angle of a fiber.

Appendix B provides expressions to calculate the noise-floor of a sensing setup and a set
of noise reduction strategies.

Appendix C describes the fabrication of the microfluidics flow-cells employed in the near-
infrared sensing experiments.
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Appendix D includes brief information about the measurement setup used to perform
gas sensing experiments at the University of Tromse (Tromse, Norway), under the
supervision of Prof. Jana Jagerska, and the obtained results.

Appendix E introduces the designed suspended silicon waveguides for methane detec-
tion at mid-infrared wavelengths, and discusses their expected performance.

Appendix F includes a short curriculum vitae of the author.

Appendix G summarizes the thesis in Spanish.
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WAVEGUIDE-BASED PHOTONIC INTEGRATED SENSORS

The aim of this chapter is providing the fundamentals of waveguide-based photonic inte-
grated sensors, which are the focus of this thesis. For that purpose, the field of integrated
photonics (Section 2.1) will be briefly introduced before specifically studying photonic
sensing waveguides and how light interacts with the sample (Section 2.2). Afterwards,
refractive index sensing architectures will be covered, with an emphasis on interferome-
tric approaches (Section 2.3). Typical strategies to achieve analyte selectivity will also be
explained (Section 2.4), and the figures of merit that allow comparisons between diffe-
rent sensor implementations will be defined (Section 2.5). This chapter concludes with a
review of the state of the art of integrated photonic sensors (Section 2.6).

21 Integrated photonics

The growing field of integrated photonics was already introduced in Chapter 1 (Sec-
tion 1.2.3). The key components of integrated photonic circuits are photonic waveguides,
which can be engineered for a wide variety of applications, and used to implement more
sophisticated devices [96]. This section focuses on said waveguides and on two photo-
nic devices which are especially relevant for this work: multimode interference couplers
(MMIs) and surface grating couplers (GCs).

211 Photonic waveguides

Photonic dielectric waveguides are made of materials such as silicon and germanium
and confine light into a guiding layer, which has a higher refractive index (n;) than the
upper- and lower-cladding layers (n2). Although the full electromagnetic description of
the waveguide must be obtained by solving Maxwell’s equations [97], the concept of to-
tal internal reflection from ray theory, schematized in Fig. 2.1(a), provides an intuitive
explanation of the physics underneath [43]. When light impinges on the interface be-
tween the core and the cladding of an internal reflection element with an incident angle
0; > arcsin(ng/nq), it is not refracted into the cladding medium, but, instead, it is re-
flected back to the core. This way, light is confined and guided along the waveguide. An
exponentially-decaying evanescent field appears at the locations where the ray is in con-
tact with the waveguide interface. As the thickness of the guiding layer decreases, the
number of total internal reflections increases. When the core dimensions are comparable
to the wavelength, modal behavior is reached and a continuous evanescent wave appears
all over the interface. This is the case of the waveguides studied in this thesis.

13
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Figure 2.1: (a) Evolution from a macroscopic internal reflection element to a single-mode wave-
guide. As the higher-index core thickness decreases, the number of internal reflections increases.
Modal behavior is achieved when the waveguide dimensions approach the working wavelength.
(b) Silicon nitride strip waveguide. The silica upper cladding is not shown to ease visualization.

Waveguide modes

Waveguides generally support two different types of field distributions, called modes, ac-
cording to the polarization, i.e., the direction at which the main component of the electric
tield points. In practical waveguides where there are both vertical and horizontal light
confinements, such as the strip waveguide shown in Fig. 2.1(b), these modes are called
quasi-TE and quasi-TM. When the polarization is quasi-TE, the main electric field com-
ponent (Ey) is parallel to the chip surface, whereas in the case of quasi-TM polarization,
the main electric field component (Ey) is perpendicular to the chip surface. To simplify
nomenclature, it is common to refer to TE and TM modes. Figure 2.2 shows the field pro-
file of the fundamental and the first high-order TE and TM modes of a silicon nitride strip
waveguide with a silica cladding, a height of H = 0.3 um and a width of W = 3 um, for
a 1.55-pm wavelength. Each mode has a different complex effective index (neg + jkeft),
and is guided when the real part of its effective index is larger than the maximum index
of the upper or lower cladding of the waveguide. Here it is worth highlighting that, even
though the majority of the field intensity is confined to the waveguide core, there is a frac-
tion of the field which extends to the cladding in the form of an evanescent wave. In fact,
the imaginary part of the effective index of the represented modes accounts for absorp-
tion losses in the silica cladding, as will be seen in Section 2.2.2. The number of modes
supported by a waveguide depends on its index contrast, dimensions, and the operating
wavelength. A waveguide is considered single-mode for the TE or TM polarization when
only the fundamental mode of that polarization is guided.

Propagation losses

In Chapter 1 (Section 1.2), the concept of light absorption in a dielectric medium was in-
troduced. In a waveguide, the absorption coefficient of each mode is related to the imag-
inary part of its complex effective index, as will be detailed in Section 2.2.2. The most
common sources of loss in a waveguide are:

Absorption by the materials. Each of the materials conforming the waveguide absorbs
light to some extent, by the physical principles explained in Section 1.2.1. When
the effect of this phenomenon is negligible (k ~ 0), the material is considered
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Figure 2.2: Mode field profiles of a silicon nitride strip waveguide with height H = 0.3 um and
width W = 3 um at the wavelength A = 1.55 um. (a) Fundamental TE mode. (b) Fundamental
TM mode. (c) First high-order TE mode. (d) First high-order TM mode.

transparent at the operation wavelength. Otherwise, the material is an absorbent.
For instance, water, which acts as an upper-cladding material for sensors working
with aqueous samples, has an imaginary refractive index of kp,0 = 1.49 - 107* at
Ao = L.55um. In a sensing waveguide with a moderate evanescent-field overlap
with the sample, such as those employed in the configurations presented in Chap-

ters 4 and 5, water induces losses in the order of 10 dBcm ™.

Light scattering. Fabrication imperfections such as surface roughness and defects in the
waveguide materials lead to propagation losses due to light scattering at the defect
points [98]. The larger the roughness is in relation to the wavelength, the stronger
the scattering losses are [99]. A modeling approach to enable the computation of
scattering losses due to sidewall roughness can be found in [100].

Leakage to a higher-index substrate. In most photonic integrated platforms, materials
are stacked over a substrate, such as silicon in Fig. 2.1(b). When the refractive index
of the substrate is higher than that of the lower cladding, the electric field of the
mode may leak to the former if the thickness of the latter ( Hpox ) is insufficient [101].
Typical buried oxide (BOX) thicknesses in silicon and silicon nitride platforms, such
as those which will be described in Chapter 3 (Section 3.2.1), are 2 um and 3 pm,
respectively. Such values are usually large enough to prevent significant leakage.

Curvature losses. In bent waveguides, radiation losses and mode mismatch losses in the
transition between straight and bent waveguides must be accounted for [102]. In the
silicon nitride NIR sensing architectures presented in this work, 90-degree single-
mode bent waveguides have a minimum 50 pm radius to minimize such losses, as
it will be discussed in Chapter 4. If the remaining sources of loss, i.e., absorption,
scattering and leakage, are expected to be significant, the bending radius should
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Figure 2.3: (a) 2x3-MMI implemented in silicon nitride. (b) Electric field propagation along the
MMILI. The input signal is split into the three outputs, which have a 120° relative phase difference.

be adjusted to achieve a trade-off between avoiding curvature losses and increasing
propagation losses.

For a more comprehensive study of loss mechanisms in dielectric waveguides, the
reader is referred to [103].

21.2  Other photonic structures

Apart from being routed, light can also be further processed by more complex waveguide-
based devices, thus increasing the capabilities of integrated photonic circuits. In this sec-
tion, multimode interference and surface grating couplers will be briefly discussed due to
their importance in the sensing architectures presented in Chapters 4 and 5. Some other
useful photonic devices are tapers [104], resonators [105], phase shifters [106], polariza-
tion rotators [107], and filters [108].

Multimode interference couplers

Multimode interference couplers are waveguide-based devices used to split and combine
guided light into different output paths. They rely on the self-imaging principle, which
describes how replicas of an input electric field appear at several positions of a multimode
waveguide section [109, 110]. In this work, 1x2-, 2x2- and 2x3-MMIs are used for light
routing and recombination in the NIR sensors. The 2x3-MM]I, represented in Fig. 2.3(a),
is of particular interest, as it enables the coherent phase detection scheme which will be
introduced in Section 2.3.2. In this structure, input light is split into three output ports.
Each of the output signals has a relative phase shift of 120° with respect to the rest. This
behavior can be expressed by the transfer function

1 efj%ﬂ
How-r — L oo j2r j2r (2.1)
2x3 7 e s |, .

_i2m

e s 1

where (9,3 is a constant phase value [111]. A top view of the electric field propagation
along such a silicon nitride MMI can be observed in Fig. 2.3(b). MMI performance is
usually measured in terms of insertion losses, phase error and port imbalance, which
should all be minimized below reference values as 1 dB, 3° and 0.5 dB, respectively.
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Figure 2.4: (a) Surface grating coupler. Guided light is coupled to/from the chip from/to an optical
fiber. (b) Field propagation in a grating coupler, showing how light is radiated out of the chip.

Surface grating couplers

A grating coupler like the one depicted in Fig. 2.4(a) is a planar diffractive structure,
periodic or quasi-periodic, which couples the waveguide mode to an off-chip free-space
plane wave [112]. Such devices are necessary due to the large size mismatch between the
mode field diameter of a standard optical fiber (~ 10 pm in the NIR) and the micrometric
dimensions of photonic waveguides. A side view of the electromagnetic field radiation in
a silicon grating coupler is shown in Fig. 2.4(b). The diffracted beam can be detected by
a CMOS camera or intercepted by an optical fiber positioned at a specific angle over the
grating (see Appendix A), and guided toward a photodetector. In virtue of the reciprocity
principle, the behavior of the device is equal for light coupling to and from the chip. An
ideal grating coupler should have a high efficiency, a wide bandwidth and negligible back-
reflections (BR). Typical values for the coupling efficiency of a standard grating coupler
are around —3 dB, while the 1-dB bandwidth is in the order of 30 nm. Reflections can be
neglected when BR < —20dB.

2.2 Sensing waveguides

In waveguide-based photonic integrated sensors, at least one photonic waveguide is em-
ployed as a transducer element. To enable light-matter interaction, the waveguide core
is exposed to the sample, which can now be considered as the upper-cladding material,
as shown in Fig. 2.5(a). The analyzed sample usually corresponds to a target analyte,
diluted at a certain concentration (C'), into a gaseous or liquid solvent. As discussed in
Section 1.2 (Chapter 1), the sample can be characterized by its complex refractive index,
Nsample (A C) + jKsample (A, C'), which is dependent on the wavelength and on analyte con-
centration. Due to the overlap between the evanescent field of the mode and the sample,
the complex effective index of the mode, neg(A, C) + jkest (A, C'), reflects the variations of
the refractive index of the sample with wavelength and concentration. These changes
in the complex effective index alter light propagation properties, i.e., accumulated phase
shift and absorption, which can be correlated with the quantity of analyte. This is known
as bulk evanescent-field sensing, and is schematically illustrated in Fig. 2.5(b). For com-
pactness, wavelength and concentration dependencies will be omitted for the remainder
of this chapter.
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Figure 2.5: (a) Sensing waveguide. The waveguide core is exposed to the sample, which acts as
an upper cladding. (b) Evanescent field light-sample interaction. The variations in the refractive
index of the sample with wavelength and analyte concentration change the effective index of the
mode via its evanescent field.

2.21 The confinement factor

The confinement factor (I5) of a guided mode in the i-th layer of the waveguide is a mea-
surement of the light-matter interaction within that area. It has traditionally been defined
as the proportionality constant between the losses experienced by the mode () and the
absorption coefficient of each material («;), when no other sources of loss are considered,
so that

Qleff = Z Fiai. (22)
i

This definition can be extended to the relationship between the complex effective index
of the mode and complex refractive index of the material (n; + jk;):

Neff + jkeff = Zﬂ(ni +jki). (2.3)

In evanescent-field photonic sensors, the main focus is upon the external confinement
factor, i.e., the confinement factor in the analyzed sample (I'xample). AS I'sample defines
the sensitivity of the waveguide mode, as it will be further emphasized in Section 2.5,
and is therefore a key design parameter, it is convenient to express it in meaningful terms.
Although an expression can be derived from Poynting theorem [113], Robinson et al.[114]
proposed an alternative formula for I'zmple by following a perturbational approach for
dielectric waveguides,

I _ g ffsample EIE‘Qd:L‘dy
sample — nsample ff_oooo E‘E|2dl‘dy )

(2.4)

where ng denotes the group index, ¢ the electric permittivity and E the electric field. In
periodic waveguides, this calculation should be done in a volume-unit accounting for a
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complete period [115]. From this expression, it is clear that the confinement factor is
ruled both by the energy density fraction and by waveguide dispersion, made explicit by
the fraction ng/ngample- Consequently, two strategies to enhance the confinement factor
arise: delocalizing the mode (higher overlap with the sample) and engineering wave-
guide dispersion (higher ng). In fact, by properly combining both approaches, I'sample
can be greater than unity [116]. As the main interest for the design of photonic sensors
is set upon in the confinement factor in the sample, I,mple will be simply referred as I’
throughout this thesis.

2.2.2 Light-sample interaction

In this section, the fundamental mode of the waveguide shown in Fig. 2.5 will be conside-
red. As was established in Section 2.1.1, said mode propagates with a complex effective
index nefs + jketr, which is influenced by the complex refractive index of the sample (Eq.
(2.3)). After propagating through the waveguide over an interaction length L, the ampli-
tude of the electric field can be expressed as

E(L) = E(O)ejQTﬂ(neff'erff)L' (2.5)
From this expression, a phase constant

2
Beft = et (2.6)

which is proportional to ng, can be defined. The accumulated phase shift of the mode
can thus be expressed as

(L) = 9(0) = el = negiL. (27)

A
where ¢(0) is the initial value of the phase shift, considered zero throughout this thesis
unless said otherwise. Detecting this phase shift would lead to a measure of neg, which
can be correlated to the presence of analyte. Analogously, the modal absorption coeffi-
cient, in terms of power and with m~! units, can be expressed as

47
Qreff = —~Keff, (2.8)

where the direct proportionality occurs with k.. The absorption of the analyzed sample
contributes to the effective absorption coefficient, so that

Qleff = Qint + Fasamplea (29)

where ajn is the intrinsic loss coefficient of the waveguide, which accounts for the re-
maining sources of loss, and asampte = (47/A)ksample- It is worth noting that agample in-
cludes both the absorption of the analyte («,) and the solvent (asoivent), i-€., Qsample =
Ogolvent T Ota-

Photodetection of the lightwave yields a measure of the field intensity, which is pro-
portional to the squared field amplitude, i.e., (L) o< |E(L)|?. The output intensity signal
can be expressed as

I(L) = I1(0)e kL, (2.10)

from which the absorbance of the analyte can be calculated by taking

A= —log,, <£)((LL))> =I'eCL, (2.11)
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Figure 2.6: (a) Ring resonator. Light with a resonant wavelength circulates along the ring and is
not transmitted. (b) Output signal of a ring resonator. The presence of analyte induces a change
in the resonant peak of the transmission spectrum.

where Io(L) = I(0)e~ (@nt+ovent) L j5 the background output intensity, C' is the concen-
tration of analyte (in molm~) and ¢ = log,,(e)aa/C is the decadic molar absorption
coefficient of the analyte (in m? mol~!), which is related to the napierian decadic coeffi-
cient () introduced in Section 1.2.1 of Chapter 1 (Eq. (1.3)) as € = xlog,,(e). Therefore,
by monitoring changes in light absorption at the output of a waveguide, an analyte with a
known molar absorption coefficient can be quantitatively detected. This is often referred
to as evanescent-field absorption sensing. However, with this technique, the phase shift
of the lightwave has been lost in the detection process, so no information about changes
in the real part of the effective index can be retrieved. More sophisticated sensing archi-
tectures must be employed to recover this magnitude.

2.3 Refractive index sensing architectures

The goal of the different refractive index sensing architectures is transforming changes in
the real effective index (n.¢) of a mode into variations in output intensity signals, which
are readily measurable with photodiodes. As a consequence, the imaginary part of the
complex effective index will be omitted in this section. Most of the sensors with the ability
to deliver refractive-index information are based on either resonators or interferometers.

2.31 Resonant sensors

Resonant sensors have become very popular due to their high sensitivity and reduced
footprint, which enables dense integration and multiplexed detection of different analytes
[117]. Several resonating architectures, such as rings [118], racetracks [119], disks [120],
spirals [121] or Bragg gratings [122] have been proposed. In a simple ring resonator (RR)
as the one schematized in Fig. 2.6(a), light is coupled from a straight waveguide via its
evanescent field into a ring-shaped waveguide, which is exposed to the analyzed sample.
When the resonant condition for a ring with radius R,

Lneff == m)\res, m € N, (2.12)

where L = 27 R is the ring perimeter, is fulfilled, light with a wavelength A is trapped
inside the resonator. As a consequence, the transmission spectrum of the device shows a
resonance dip around A, as in the example in Fig. 2.6(b). The quality factor measures
the sharpness of the resonance, and can be expressed as

>\I' es

© = Fwom (213)
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Figure 2.7: (a) Conventional MZI sensor. Signal splitting and recombination is performed by
a 1x2-MMIL. (b) Output signal of a conventional interferometer. The most important read-out
limitations are sensitivity fading, directional ambiguity and fringe order ambiguity.

where FWHM denotes the full width at half maximum. The spectrum is periodic, with a
distance between adjacent resonance peaks called free spectral range (FSR). A change in
the concentration of the analyte induces a shift in the position of the resonant wavelength
[117]:

)\res
g
Therefore, by measuring Alres, Anegs can be determined and correlated to changes in the
concentration of the analyte. This technique requires a tunable laser source or a spec-
trometer, thus elevating system complexity and cost. Other limiting factors for this archi-
tecture are propagation losses, which degrade performance, and the length of the FSR,
which may compromise the measurement range of the sensor.

Ares(Anggs) = Aneg. (2.14)

2.3.2 Interferometric sensors

Optical interferometers generate constructive and destructive interferences between two
lightwaves with different optical paths. Interferometric sensing configurations can achieve
a remarkably high sensitivity and are therefore used in highly demanding applications
such as the detection of gravitational waves [123] or precision astrometry [124]. When
they are employed for chemical sensing applications, changes in the generated interfer-
ence pattern are quantitatively linked to the presence of the target analyte. Among the
different integrated interferometric sensing configurations, Young interferometers (YI)
[125], Hartman interferometers (HI) [126], dual-polarization interferometers (DPI) [127],
Mach-Zehnder interferometers (MZI) [128] and bimodal interferometers (BI) [129] are
the most commonly employed. Extensive reviews of the aforementioned architectures
can be found in [130] and [131]. With the exception of the BI, which will be specifically
studied in Chapter 5, all these configurations include two physically separated paths. The
sensing path is exposed to the sample, whereas the reference one is isolated from it.

In a conventional MZI as the one schematized in Fig. 2.7(a), the mode propagating
through the reference waveguide has an effective index nX;, which differs from that of
the mode of the sensing waveguide, nJ,. As a consequence, after traveling through the
sensor arms, which will be assumed to be equal in length (L) for simplicity, the modes
have accumulated a relative phase shift

2m
Ap(Anegr) = ~=AnegL, (2.15)
where Angs = n3, — n;. By detecting changes in Ay, changes in An. can be calculated,

and so can changes in the refractive index of the sample be monitored. A key advantage
of these interferometers is that they can work at a fixed wavelength when the changes in
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the concentration of the analyte are dynamic. However, these devices are sometimes op-
erated by scanning the wavelength while keeping the analyte concentration stable. In this
case, a concentration-dependent wavelength shift is recorded, similarly to the resonant
architectures described in Section 2.3.1 [132].

In conventional MZIs, there is a direct recombination of the reference and sensing
paths. As a result, an output intensity signal

I(Ap) = Ir + Is + 2y/TrI5 cos(Ayp), (2.16)

where Ir and Is are the intensities of the reference and sensing paths, respectively, is
detected. This output is a periodic function of Ay, i.e., I «x cos(Ay), whose sinusoidal
nature imposes the following analytical challenges, highlighted in Fig. 2.7(b):

Sensitivity fading. Maximum sensitivity (|01/0A|) is only achieved at the quadrature
point, while it completely fades at the maxima and minima of the intensity function.

Directional ambiguity. It is impossible to determine whether the concentration of ana-
lyte has increased or decreased, as the cosine is an even function, i.e., cos(Ap) =
cos(—Ap).

Fringe-order ambiguity. Phase shifts greater than 27 cannot be resolved, so continuous
phase-tracking is required. This is not a substantial limitation, as in most practical
systems the sampling rate is much faster than the changing speed of the output.

Different phase compensation and modulation techniques, like those based on electro-
optic [133], thermal [134] and liquid crystal [135] modulators, have been applied to over-
come these drawbacks. Spectral interrogation techniques have also been proposed [136].
However, the practical implementation of said solutions is usually complex and expen-
sive, as it requires adding costly equipment as tunable laser sources and spectrometers
or a substantial modification of standard fabrication processes. Another approach arises
from adapting coherent receiver techniques from telecommunications [111] to sensing
applications [84]. Due to their importance for the work compiled in this thesis, these
coherent read-out techniques are explained in further detail.

Coherent phase detection

Coherent read-out techniques provide a solution for the sensitivity fading and directional
ambiguity which hinder the performance of conventional interferometric sensors, at the
expense of increasing the number of output signals to be detected. Although most con-
figurations can benefit from this detection scheme, this explanation is particularized for
a MZI, like the one depicted in Fig. 2.8(a). The 2x1 combiner from the conventional
MZI is substituted by a 2x3-MMI as the one described in Section 2.1.2. As a result of the
combination in the MMI (see Eq. (2.1)), each detected output

1 2
In(Ag) = 3 IR-i—Is—i—Qs/IRIScos(Ago-i-;(m—2)>], m=1{1,2,3}  (2.17)

constitutes an interferometric signal, equivalent to those obtained from conventional con-
figurations (see Eq. (2.16)), but with a 120° phase shift between them. An example of
such signals can be observed in Fig. 2.8(b). Once digitized, the three output signals can
be combined by a read-out matrix, with ideal-case coefficients

5 iy
C= 1

-1 _:V3
3 — )72

, (2.18)
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Figure 2.8: (a) MZI sensor with coherent readout. The sensing and reference arms are combined
ina 2x3-MMIL. (b) Output signals of the MZI. Each of the outputs is an interferometric signal with
a 120° phase shift with respect to the other two. (c¢) In-phase (real) and quadrature (imaginary)
parts of the generated complex signal. (d) Complex plane representation of the generated signal,
projecting a circle in the IQ plane.

to generate a complex signal in the in-phase and quadrature (IQ) plane
z=Cl.1, (2.19)

where I = [I; I I3]T. Expressing z by its real and imaginary parts, shown in Fig. 2.8(c),
yields

z = \/Irls (cos(Ap) + jsin(Ag)) = /IgIs™?, (2.20)
which, with continuous changes of Ay, projects a circle with a radius R = y/IrIs in the IQ
plane, as shown in Fig. 2.8(d). Now, the pursued phase shift can be directly retrieved as
Ay = arg(z), thus achieving an unambiguous measurement with a constant sensitivity
(|0z/0Ap]). In practical implementations, hardware non-idealities transform the descri-
bed IQ-plane circle into an ellipse, provoking read-out errors. These deterministic errors

can be corrected with calibration methods, as will be described in Section 3.4 of Chapter
3.

2.4 Specificity to the analyte

The aforementioned waveguide-based sensor alternatives translate changes in the imagi-
nary or real refractive index of the sample, induced by changes in analyte concentration,
into intensity changes in the output signal, which can be measured with photodetectors
and used to calculate absorbance or phase shifts, respectively. However, this alone does
not guarantee that the sensor is specific to the target analyte, as any change in the compo-
sition of the sample, e.g., the addition of a further component, would induce a complex
refractive index change, which would be misinterpreted. Specificity strategies are thus
mandatory to ensure that the sensor discriminates between the different elements that
can be found in the analyzed substances. The method of choice depends on whether the
sensor measures absorbance or phase-shift changes, and, most importantly, on whether
these measurements are performed at a fixed wavelength or over a spectral range. Two of
the most prominent approaches are molecular fingerprints and surface functionalization.
These are not mutually exclusive and can be combined for improved results [137, 138].
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Figure 2.9: (a) Methane absorption and dispersion spectra around A = 3.27 um calculated from
the HITRAN database [46]. (b) Methacrylamide spectrum in the amide rotational band (5.5-
— 8.5 um), extracted from the NIST database [139]. Dispersion spectra cannot be calculated from
the available data.

2.41 Molecular fingerprints

In Section 1.2.1 of Chapter 1, the physical principles behind light refraction and absorption
were introduced. It was thus seen that each molecule exhibits a characteristic absorption
spectrum, induced by vibrational, rotational and ro-vibrational transitions, which is called
molecular fingerprint and acts as a unique identifier. In the spectroscopic analysis of sim-
ple molecules, like gases, recording a narrow spectral bandwidth around a characteristic
absorption peak, as the example shown in Fig. 2.9(a), is sufficient to determine the pres-
ence and concentration of the target. In more complex molecules, like peptide chains, the
same functional groups can be found in different substances, generating shared absorp-
tion bands. It is thus preferred to examine a wider range of the molecular fingerprint, as
shown in Fig. 2.9(b), rather than a single peak. With an increasing number of bands and
the overlap between them, more sophisticated approaches, as chemometrics and multi-
variate data analysis, are needed to unequivocally identify the analyte [140]. These tech-
niques are especially useful in spectral regions with weaker absorption features, like the
NIR. Although molecular fingerprints are usually related to absorption spectroscopy, dis-
persion spectra can also be recorded and employed for analyte identification. This tech-
nique has the potential to overcome some of the limitations of absorption spectroscopy,
such as non-linearity and a limited dynamic range [141]. Unfortunately, the reference
dispersion values of relevant molecules are not always available in chemistry databases,
so a pre-calibration of the sensor may be needed.

2.4.2 Surface functionalization

Surface functionalization consists in the chemical modification of the waveguide surface
with chemical groups that capture specific molecules. Although this technique is also
useful for absorption sensors [142], refractive index sensors take the most advantage of
it. In the detection of gases or VOCs, enrichment layers such as mesoporous coatings
[143] or metal-organic frameworks (MOF) [144], which preferentially adsorb the target
molecules, are widely used. In biosensing applications, it is common to add a biorecog-
nition layer, formed by bioreceptors as enzymes, antibodies, or nucleic acids [145]. These
recognition elements only bind to a specific analyte. Functionalization steps include sur-
face activation, bioreceptor immobilization and blocking the free areas [146]. A schematic
representation of a functionalized waveguide can be seen in Fig. 2.10. In this scenario,
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known as surface sensing, changes in the complex effective index of the guided mode can
only be attributed to the adherence of the target analyte.

2.5 Figures of merit

As it will be evidenced in the state of the art reviewed in Section 2.6, a vast variety of
sensing waveguides and configurations have been proposed over the last years. As a con-
sequence, meaningful and quantitative metrics are needed in order to compare between
different alternatives with as much independence of their specific implementations as
possible. For a better understanding of the scope of such metrics, it can be useful to dis-
tinguish between different performance levels: that of the waveguide, the architecture,
the device and the whole system [147]. The general expressions given in this section will
be particularized to each specific sensing architecture in Chapters 4, 5 and 6.

2.51 Waveguide-level

The sensitivity of the waveguide mode reflects the rate at which a physical change in the
sample is mapped into a change in the real or imaginary part of the effective index. This
can be expressed as

8n ff
Sm,neff: 32 )
2.21
g _ Okeg (221)
m, ket — ot )

where £ is any physical parameter. In pure absorption sensors, it can sometimes be more
straightforward to define the mode sensitivity as

Ocveft

vaaeff = aé- ) (222)

which, considering Eq. (2.8), reduces to Sm a4 = (47/)X)Sm k. The physical magnitude
represented by £ can be electromagnetic or chemical, and depends on whether bulk or
surface sensing is performed. Table 2.1 summarizes some typical examples, along with
commonly employed units. Here it is worth noting that, considering Eq. (2.3), the con-
finement factor coincides with the modal sensitivity to changes in the (complex) refractive
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Table 2.1: Typical definitions of waveguide mode sensitivity for different considered physical mag-
nitudes.

Parameter Type Expression Units
Complex refractive index Bulk gz:g;gz::gg: RIU/RIU
Analyte concentration Bulk ?)Zj: ;gg RIU/M
Thickness of adsorbed layer ~ Surface gzzf?g; RIU/nm
Mass-density of adsorbed layer Surface gz:g ;gz RIU/pg - mm 2

Table 2.2: Architectural sensitivities of three typical sensor alternatives: waveguide, ring resonator
and Mach-Zehnder interferometer.

Architecture Expression  Units
Waveguide OA/Okeg au/RIU
Ring resonator OAres/Onegg  nm/RIU

Mach-Zehnder Interferometer ~ dp/0neg  rad/RIU

index of the sample, i.e.,

Oneti __Okett  _ (2.23)
ansarnple 8ksample

2.5.2 Architecture-level

The sensitivity of the architecture is the relationship between the change in the real or
imaginary parts of the effective index of the mode and the measured magnitude (X).

0X
Sany =
T One (2.24)
ox '
PR Dlegy

The particular expressions for the waveguide, RR and MZI sensors explained in this chap-
ter are given in Table 2.2. Note that S, is the same for MZIs with direct and coherent
readout.

2.5.3 Device-level

The total sensitivity of the photonic device can be calculated as the product of the wave-
guide modal and architectural sensitivities, so that

X
S = SaSm = ¢ (2.25)

which can be calculated considering the different partial sensitivity alternatives in accor-

dance to the sensor type and application.

2.5.4 System-level

While the previous performance levels depended only on the integrated photonic circuit,
the detection capabilities of the sensor depend also on the resolution of the system, A Xpin,
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which is conditioned by the noise-floor. It is common practice to express A Xmpin as three
times the standard deviation of the measured signal, ox [148]. Consequently, the limit of
detection (LOD), defined as the smallest change in the sample which can be resolved by
the system, can be calculated as

30x

LOD = Agmin = W7

(2.26)
and shares the units of &.

2.6 State of the art

Once the fundamentals of integrated photonic sensors have been introduced, and the
main figures of merit defined, the state of the art is reviewed in this section. The different
sensors are divided according to whether they detect the real (refraction) or imaginary
(absorption) parts of the complex refractive index. The confinement factor ("), the sensi-
tivity of the device (5) and the LOD will be regarded as the key comparative performance
metrics.

2.6.1 Refraction sensors

In Section 2.3, refractive index sensors were divided into resonant and interferometric
architectures. However, as it will be seen below, both approaches can be indeed combined
for improved performance. Table 2.3 gives an overview of a selection of recently published
refractive index sensors, along with their most important characteristics. The sensitivity
is given in d\/0¢ for sensors measuring wavelength displacement and in d¢/0¢ in those
measuring phase shift, with { referring either to ngample or C. LODs are expressed in RIU
whenever possible to facilitate comparisons.

Resonant sensors

The popularity of resonant architectures is mainly due to their potential for dense inte-
gration, as in the RR with an integrated bank spectrometer proposed in [149] to detect
C-reactive protein (CRP) concentrations as low as 32 pg/mL at NIR wavelengths. Cas-
caded RR with a resolution improved through the Vernier effect have been proposed to
detect glucose at A = 1.55 pm [150]. At the same wavelength, a MZI-assisted RR achieved
an eight-fold enhancement on the measurement range, and up to three rings were mul-
tiplexed to perform NaCl bulk sensing experiments [151]. Nitric oxide (NO) has been
in-vitro monitorized in a mouse-wound model with a biofunctionalized SOI RR support-
ing a TM mode at A\ = 1.55 um, achieving a LOD = 500nM [152]. For gas sensing at
A = 1.57um, a SOI ring resonator was functionalized with a ZIF-8 polymer for selec-
tivity and a polydimethylsiloxane (PDMS) layer to increase gas diffusion, detecting CO,
concentrations down to 0.16% [153]. Resonant refractive index sensors are also being in-
creasingly used in the MIR. Two cascaded SOI RR working at A\ = 3.8 um were employed
in the detection of acetone and isopropyl alcohol (IPA) in the liquid phase [154]. By using
suspended membrane Si waveguides with I" = 0.8, a RR designed at A = 2.1 um has been
used to detect CO, with an LOD = 38000 ppm, which could potentially be improved by
reducing measurement noise [155].

Interferometric sensors

In the last years, several improved versions of MZI sensors have appeared, working either
at a fixed or scanned wavelength. Even though liquid samples are the most commonly
used, gas detection has also been demonstrated. A spectrally interrogated unbalanced
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MZI (UMZI) functionalized with a mesoporous silica top-layer was used to detect gas
vapors such as acetone, isopropyl alcohol and ethanol with LODs as low as 195, 741 and
4.8 ppb, respectively [156]. Another scanned-wavelength UMZI achieved a confinement
factor as high as I = 0.8 by using double-slot SOI waveguides at 1.55 pm, and has been
validated with KCI [157]. To compensate for spurious thermal and wavelength drifts, two
cascaded UMZI in a SiO; platform have been designed and simulated, yielding promis-
ing results [158]. Another approach to compensate temperature fluctuations consisted in
coupling a temperature-reference RR to a UMZI, enabling gas sensing in the NIR [159].
There have also been different approximations to achieve a linear phase read-out. In [160],
a MZI with phase-generated carrier (PGC) modulation working with TM polarization
at A = 1.31 pm, where water is less absorbing than at 1.55 um, has achieved a remark-
able I' = 0.5 for a SiN strip waveguide, and a LOD = 2.24 - 10~7 RIU. A coherent MZI
as the one described in Section 2.3.2 was functionalized and used to detect CRP with a
LOD = 184pg/mL, furthermore showing that this configuration can still offer a high
performance while operating with a cheap handheld laser source [85]. Bimodal interfe-
rometers, which will be specifically reviewed in Chapter 5 (Section 5.1.1), are attracting
an increased interest due to their potential to reduce the sensor footprint. In [161], the
sensitivity of a SOI Bl in the NIR was enhanced by regional mode engineering, i.e., leav-
ing localized sections of upper cladding over the core layer instead of opening a sensing
window over the full waveguide, achieving a LOD = 2.44 - 1075 RIU. Finally, it is worth
mentioning that all mentioned sensors operate in the NIR, even though MZI integrated
sensors in a GaAs/AlGaAs platform were developed as early as 2013 and validated at
A = 6 um with deionized (DI) water droplets [162].

2.6.2 Absorption sensors

Evanescent-field absorption sensing is possible just by analyzing the absorbance spectrum
of a photonic waveguide, as explained in Section 2.2. As a consequence, most photonic
absorption sensors avoid further architectural complexity and instead rely on highly sen-
sitive, low-loss, straight or spiraled waveguides. Due to the specific challenges associated
with each regime, NIR and MIR absorption sensors are usually considered different cat-
egories. An overview of recent absorption sensors is presented in Table 2.4. Sensitivity
is expressed as 0A/0C and the LOD is given as analyte concentration in ppm whenever
possible. LODs calculated by a 1-o criterion, typical in gas sensing, were scaled to 3¢ for
consistency.

Near-infrared absorption sensors

There have been scarce advances in integrated absorption sensors in the NIR during the
last years, due to the weakness of spectral features in said regime and the frequent overlap
between spectra of different compounds, paired to the advances on MIR technologies, a
more interesting operation regime. Some contributions can still be found, as the methane
sensor based on a SOI strip with a SiN thin top-layer demonstrated in [164], which ex-
hibited a LOD under 100 ppm. More recently, a nanoporous silica strip waveguide was
employed to perform spectral analysis of different VOCs both in the liquid and gas phases
[165]. A surface-enhanced infrared absorption (SEIRA) effect chalcogenide (ChG) rib
waveguide has also been proposed for improved water absorption detection, but requires
further investigation [166].

Mid-infrared absorption sensors

The MIR is the preferred operating regime for absorption sensors, as numerous molecules
present fingerprint spectra (Section 2.4.1) at those wavelengths. This inherent molecular
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selectivity practically eliminates the need of surface functionalization. A variety of strip
and rib waveguides in different platforms have been proposed. In [167] a germanium-
on-silicon (GOS) multimode waveguide is used to evaluate the structure of bovine serum
albumine (BSA) proteins and their composites by scanning the three amide vibrational
bands (5.5-13 pm). Porous germanium waveguides have been used for the detection of
CO;z (A =4.3um) and CHy (A = 7.7 um) gases with LODs of 3.36 and 5.67 ppm, respec-
tively [168]. Chalcogenide glass waveguides are also widely spread, such as the wave-
guide employed in [138] to sense liquid benzene at 7.7 pm with a LOD of 250 ppb. Detec-
tion of methane was improved in another ChG waveguide by using wavelength modula-
tion spectroscopy (WMS) [169]. This same gas was detected with a limit of detection of
234 ppm with a SOI waveguide at A = 3.29 um [27]. A five-fold improvement in VOCs
(acetone, ethanol, isoprene) sensing was achieved with a SiN waveguide, compared to
SOI [170]. Another enhancement to the SOI platform was performed by synthesizing a
SWG metamaterial waveguide, which, paired with artificial intelligence (AI), could de-
tect low concentrations of IPA and glycerine mixtures and determine their mixing ratio
[171]. A robust and chemically inert diamond waveguide with a AIN lower cladding was
proposed to detect IPA at 6.25 um, exhibiting a LOD = 0.083v% [172]. In gas sensing
applications, where mechanical stability constrains are less restrictive than for liquids,
slot and suspended waveguides provide significantly improved sensitivities. A SOI slot
waveguide with double-tip fork couplers for ethalon suppression achieved sub-ppm CHy
detection working at 3.27 um [173]. A confinement factor beyond free-space (1" = 1.07)
was demonstrated in [116] for the first time with a suspended Ta,Os waveguide by careful
waveguide geometry optimization, and was used to detect acetylene (CoHp, A = 2.6 um).
Recently, the same group achieved isotope-specific CO; detection with high accuracy us-
ing a suspended-membrane SiN waveguide, reaching a LOD down to tens of ppb, thank
to balancing the external and internal mode confinement factors [115]. As a final re-
mark, there is room for different photonic architectures to enhance the performance of
this plethora of waveguides. For example, a ChG ring resonator achieved a four-fold en-
hancement in the detection of aromatic aldehydes in a C,Cly solvent when compared to
a waveguide [174]. To the best of the author’s knowledge, no interferometric-based ab-
sorption sensors have been proposed for the MIR up to date.
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CHAPTER 3

—>0C—"D0<—

METHODOLOGY

This chapter contains the methods and protocols employed to develop and validate the
different sensing architectures presented throughout this thesis. First, basic waveguide
design is covered (Section 3.1), including calculations of sensitivity, losses and coupling.
Then, the selected commercial chip fabrication platforms are introduced and mask lay-
out preparation is discussed (Section 3.2). The near-infrared characterization setup is
described (Section 3.3), along with its different subsystems: optoelectronic, microfluidic
and software. Afterwards, the calibration technique used to compensate hardware errors
in phase measurements is explained (Section 3.4). Finally, cleaning protocols to remove
protective resin from fabrication and leftover impurities after experiments are specified
(Section 3.5).

3.1 Waveguide design

In this work, the focus is set upon creating sophisticated sensing architectures which im-
prove the current state of the art and can achieve a high performance while using standard
waveguide components (Chapters 4 and 5), and on optimizing the geometry of conven-
tional mid-infrared waveguides to enhance their detection capabilities (Chapter 6). For
these matters, the photonic design of the different elements of the sensor is key. This
section covers the analysis of the sensing waveguides, whose characteristics pose a great
influence on the overall results. For classical guidelines to design MMIs and grating cou-
plers, the reader is referred to [110, 175] and [112, 176], respectively.

A silicon nitride (n; = 1.9963, k1 = 0) strip waveguide over a silica (ny = 1.444, ko =
0) substrate, with dimensions H = 0.3um, W = 1pm and Hpox = 3 pm, working at
Ao = 1.55 um, is considered in the examples contained in this section. Pure water (np,0 =
1.3154, kp,0 = 1.5 - 107%) is used as a top cladding. This is the same geometry utilized
in the near-infrared complex refractive index sensors presented in Chapter 4. Unless said
otherwise, the TE polarization is analyzed.

311 Modal analysis

Waveguide modeling was done with Synopsys® FemSIM™, which is a general-purpose
mode solver based on the finite element method (FEM) [177]. Using this software, wave-
guide geometry and materials are defined, and the computational domain is divided into
a non-uniform mesh. Perfectly matched layers (PML) can be added as boundary condi-
tions to calculate leaky modes, e.g., for the calculation of substrate leakage. Once defined,
the solver is able to find the indicated number of modes supported by the structure and
sort them by either the real or the imaginary part of their effective index. As an example,

33
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Figure 3.1: (a) Evolution of the effective index as a function of width for a waveguide with H =
0.3 um at A = 1.55 um. The waveguide materials are a silicon nitride (n; = 1.9963, k1 = 0) core,
a silicon dioxide (ny = 1.444, ko = 0) substrate and a water (npg,0 = 1.3154, kp,o = 1.5 - 107%)
cladding. (b) Electrical field distributions of the TE and TM modes supported by the waveguide
for W =1 um.

in Fig. 3.1(a), the evolution of nes as a function of waveguide width for a strip wave-
guide with H = 0.3 um at A\p = 1.55 pm is shown. The field profiles of the fundamental
TE and TM modes for the width W = 1 um can be seen in Fig. 3.1(b). The calculated
negt gives information about whether the mode is guided, i.e., neg > 192, and the degree
of confinement into the core, as a larger effective index indicates a higher overlap with
the high-index core material. The total propagation loss coefficient () can be calcu-
lated from k¢ (Chapter 2, Eq. (2.8)). For photonic designers, it may be useful to express
propagation losses (Lprop) in dBem™1:

4

\ ko102 (3.1)

Lprop = 1010g, () e 1072 = 1010g,  (€)
The propagation losses of the TE mode shown in Fig. 3.1(b) are dominated by absorption
in the water cladding and amount to 11.33dBecm ™.

3.1.2 Sensitivity

The most common parameter to describe the bulk sensing capabilities of the waveguide
is the mode confinement factor in the sample, which is equivalent to the mode bulk sensi-
tivity. Even though it is possible to implement Eq. (2.4) from Chapter 2 after calculating
the electrical field distribution of the mode and its group index, a simpler approach arises
from Eq. (2.23) (Chapter 2). Following said definition, either the real or the imaginary
part of the index of the upper-cladding material can be swept around their reference va-
lue. The rate at which the effective index changes can then be calculated, yielding a good
approximation for I™:
o Onett o Ak
Ansample Aklsample ‘

(3.2)

Figure 3.2(a) shows a typical curve for the determination of I" = 0.22, where only the real
part of the refractive index is considered. On the other hand, surface sensitivity can be
calculated by adding a biorecognition layer with appropriate refractive index and absorp-
tion values to the model [178], as represented in the inset of Fig. 3.2(b). Representing the
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Figure 3.2: (a) Typical variation of the effective index of the mode as a consequence of variations
in the sample index. (b) Typical variation of the effective index of the mode with an increasing
thickness of an adsorbed protein layer. (c) Evolution of leakage loss with lower-cladding thick-
ness. (d) Losses per 90-degree bend as a function of the bending radius.

calculated negr against the layer thickness (1ayer) yields a curve as the one shown in Fig.
3.2(b), for a lossless layer with refractive index njayer = 1.45. The saturation of the curve
is consistent with the exponential decay of the evanescent field. Surface sensitivity can be
approximated from the linear section as

Aneg  Akeg

S sust N ~ . (3.3)
s Atlayer Atlayer

In the represented example, such sensitivity reaches 9.28-107° RIU/nm.

Effect of thermal fluctuations

The value of the complex refractive index of a material depends on temperature (7).
Therefore, changes in temperature induce changes in the effective index of the mode,
which for chemical sensing applications is considered a drawback. To help with tem-
perature management, it is useful to calculate the modal thermal sensitivity as

_ Oneg | Okegr [ Oni | Ok
Smitemp = ~om HI _ZB(8T+]8T)’ (3.4)

7

where I'; and n; +jk; are the confinement factor in and the complex refractive index of the
i-th material of the waveguide, respectively. Equation (3.4) will be useful in the analysis
of the sensing architectures presented in Chapters 4 and 5.
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3.1.3 Leakage loss

Certain aspects must be considered when calculating a leaky mode. In the first place, a
sufficiently large fraction of the substrate must be included in the computational domain.
The minimum substrate thickness should be determined after carrying out a convergence
study. Then, lossless materials should be assumed, so that the entire modal loss coeffi-
cient can be attributed to leakage. In the waveguide used as an example in this section, this
means that water losses are disregarded. Last, PML boundaries should be set in the verti-
cal direction. Another convergence study should be performed to select a PML thickness.
Once modes are calculated under these conditions, their leakage loss will be given by Eq.
(3.1). However, it is recommended to scan the thickness of the lower cladding and eval-
uate leakage in the swept range to avoid numerical errors. The results should exhibit an
exponential trend as in the example from Fig. 3.2(c). Although the exact value depends
on the target application, leakage losses below 0.1 dBcm™! are typically acceptable.

31.4 Bending loss

As will be further discussed in Section 3.2.2, curved waveguides are employed for on-
chip routing and for achieving large interaction lengths while keeping a reduced foot-
print. However, waveguide bends have associated losses, which are due to radiation and
mode mismatch between the bent and straight waveguides, as schematized in the inset
of Fig. 3.2(d). FemSIM " supports the calculation of bent modes by two different simula-
tion methods: conformal index-mapping, which translates bent into straight waveguides
[179], and direct, which solves Maxwell’s equations in cylindrical coordinates without
approximations [180]. Once the method is selected and the bending radius (R) is set,
pure radiation losses can be calculated in a similar way to leakage (Section 3.1.3), but
adding PMLs in the horizontal direction and scanning the radius. Mode mismatch losses
are calculated by the overlap integral

2
1750 Bal,y) B (o, y)dady
[I2 | Bz, y) Pdady [ | Ea(z,y) Pdedy’

OL = (3.5)

where E; and Ej are the electric field distributions of the straight and curved waveguide
modes, respectively, and the symbol * indicates the complex conjugate [181]. This ex-
pression is also valid to calculate mode mismatch losses between bent waveguides with
different radii. Curvature losses are usually expressed as the loss induced by a 90-degree
bend,

Lgo = Lyad + 2Ltrans, (36)

where Ly,g = —10log,,(e)aes(m/2)R and Lyans = —10log,,(OL). Figure 3.2(d) shows
an example of the evolution of Lgy with an increase in R. The selected bending radius
should yield negligible losses, e.g., Lgy < 0.1dB.

3.1.5 Waveguide coupling

Besides the bending losses, whose calculation has just been described, power coupling be-
tween adjacent waveguides is a limiting factor in the design of spirals. This can be studied
by analyzing two identical parallel waveguides, which form a directional coupler. In such
devices, there is a continuous power transference between the waveguides as light prop-
agates [182]. This structure supports pairs of even and odd supermodes. The final field
distribution results from the combination of the supermodes, which are equally excited
by the input mode, as schematically shown in Fig. 3.3(a). As they have slightly different
propagation constants (S, 3, ), after propagating a certain distance (z’), part of the light
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Figure 3.3: (a) Even and odd supermodes supported by two parallel waveguides. After a distance
2', a fraction of the power launched in one waveguide is transferred to the other. (b) Evolution of
the 40-db coupling distance with the separation between waveguides.

launched in one waveguide has been coupled to the other. Power is completely transferred

at a distance -

/Be - ﬁo .
Waveguides must be separated by a distance Wy, that guarantees negligible coupling
over the lengths expected in the sensor. A typical criterion for setting the lower bound of
Wap is the 40-dB coupling length, i.e., the propagation length that yields 40-dB coupling
between adjacent waveguides. This separation distance can be calculated from the sum
of the two supermodes as [182]

L

(3.7)

L
Z40 = —cos (1 —2-107%). (3.8)
7T

Here it is worth highlighting that the 40-dB limit is an arbitrary criterion that can be made
either more strict or relaxed depending of the design specifications. In Fig. 3.3(b), the
increase of z49 with an augmented gap is shown. Once the gap is selected, it is good
practice to perform light propagation simulations to verify the waveguides are indeed
decoupled [183, 184].

3.2 Chip fabrication

The fabrication of the different generations of sensing chips that were developed through-
out this thesis was carried out in commercial foundries, namely Cornerstone [185] and
Applied Nanotools (ANT) [186]. These companies offer multi-project wafer (MPW)
runs, allowing customers to share manufacturing costs by combining their designs in a
single mask set. The foundry thus receives a mask layout, processes it and delivers the
fabricated chips. Therefore, a suitable sensing chip layout for each platform ought to be
prepared.

3.21 Foundries and platforms

Cornerstone’s silicon nitride platform

Cornerstone is an open source and license-free silicon photonic prototyping foundry which
works in collaboration with the University of Southampton (United Kingdom) and the
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Figure 3.4: (a) SiNOI and (b) SOI platforms provided by Cornerstone and ANT, respectively. Both
foundries offer opening windows on the silica cladding to expose the waveguide to the sample.

University of Glasgow (United Kingdom). Their prototyping platforms use industry-
compatible deep-UV projection lithography. Among the different options they provide,
the silicon nitride platform was the one selected in this thesis to fabricate two genera-
tions of chips. In this platform, schematized in Fig. 3.4(a), patterns are processed in a
single-side polished SiN-on-insulator (SiNOI) wafer with the following characteristics:

e Crystalline silicon substrate.
e Thermal silica buried oxide (BOX) with a thickness of 3 um.

e Low pressure chemical vapor deposited (LPCVD) silicon nitride (Si3sNy4) device
layer with 300 £ 15 nm thickness.

Silicon nitride structures are fully etched with a minimum feature size (MFS) of 250 nm.
A 2-pum silica upper cladding is deposited over the device layer. However, to achieve light-
matter interaction, said cladding is selectively removed from the sensing regions. Thisis a
standardized custom step in the fabrication of integrated photonic sensors. The available
design area is 11.47 x 15.45 mm?.

Applied Nanotools’ silicon-on-insulator platform

Applied Nanotools is a silicon photonics foundry based in Edmonton (Canada). Their
NanoSOI Fabrication Service counts with a 100-keV electron-beam lithography (EBL)
system with negligible stitching errors. The selected ANT platform, schematically rep-
resented in Fig. 3.4(b), was a silicon-on-insulator (SOI) one, including:

e High-resistivity silicon substrate.
e BOXlayer with a thickness of 2 um.
e Monocrystalline silicon device layer with a thickness of 220 nm.

Silicon structures are fully etched, with a MFS of 60nm, although the resolution may
decrease due to proximity effects. In an analogous way as with the previous platform, a
2.2 um silica cladding was deposited. Sensing windows were also requested as a custom
step. The design area for this platform is 9 x 9 mm?

3.2.2 Layout design

Masks were created with Nazca Design [187], an open source photonic integrated cir-
cuit (PIC) design framework based on Python-3, which is designed to efficiently prepare
layouts via scripting. This tool includes modules such as Interconnects and Geometries
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Figure 3.5: Mask layout submitted to Cornerstone’s SiIN MPW#3. The structures included are
either sensor variations (blue discontinuous) or test structures (purple areas). The upper and
lower edges (green areas) are used for surface coupling with a single fiber or an array. Sensing
spirals are aligned in the (light blue) area intended for the microfluidic channel.

[188], which were combined to implement custom component libraries. The mask layout
submitted to Cornerstone’s SIN MPW#3 is presented in Fig. 3.5 as an example of a sensing
chip mask. Several spiral waveguides are integrated to increment propagation distances
while keeping a reduced footprint. Both sensing and test structures are spatially orga-
nized to optimize the available design area while meeting the constrains imposed by the
measurement setup (Section 3.3), especially those regarding the position of light-coupling
and microfluidics areas. These crucial design aspects will be further discussed in Section
3.3.2.

3.3 Measurement setup

Once the fabricated chips are received, they need to be characterized, both optically and
as sensors. The sensing results obtained in this thesis correspond to sensing experiments
performed with liquid samples and operating in the near-infrared. For this purpose, the
measurement setup schematized in in Fig. 3.6(a) was built. A picture of said setup can
be observed in Fig. 3.6(b). Different subsystems, which will be independently detailed in
Sections 3.3.1, 3.3.2 and 3.3.3, can be distinguished: the optoelectronics, the microfluidics
and the software interface. The behavior of the complete system is as follows. NIR light
is emitted by the laser and boosted by an erbium-doped fiber amplifier (EDFA). Input
polarization is manually optimized with a polarization controller. An angled-polished
fiber array (FA) mounted into a 3-axis nanopositioning stage is employed to couple light
into the chip, which is in turn placed in a 4-axis stage to facilitate alignment. The sample
circulates over the sensing areas in a microfluidic channel defined by a PDMS flow-cell,
in alternation with a buffer solution, and interacts with the evanescent field of the guided
mode, thus provoking changes in the output of the sensor. The output signals are coupled
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Figure 3.6: (a) Schematic and (b) picture of the sensor characterization setup, which com-
bines optics, electronics, microfluidics and software. Abbreviations: erbium-doped fiber am-
plifier (EDFA), polarization controller (Pol. cont.), fiber array (FA), photodetector (PD), tran-
simpedance amplifier (TIA), data acquisition board (DAQ), graphical user interface (GUI).

back to the FA, and directed towards amplified (TIA) photodetectors (PD). The resulting
voltage signals are digitized by a data acquisition board (DAQ) and recorded by an in-
house pre-processing software controlled by a Matlab graphical user interface (GUI).

3.81 Optics and electronics components

The optics and electronics components are involved in generating the input signal, cou-
pling it to the chip, recollecting the sensor outputs, detecting them and converting them
to digital signals. The specific elements of the setup are described here.

Laser source. The laser source was a Santec TSL-700, a low-noise external cavity laser
(ECL), which is tunable in the 1.48-1.64 um wavelength range and delivers an op-
tical power up to 13dBm (20mW). For most experiments, it was used at a fixed
wavelength \g = 1.55 um with an output power of 10 dBm (10 mW).

Erbium-doped fiber amplifier. The EDFA was an EAD-500-C from IPG Photonics, work-
ing on the C-band (1537-1565nm). The output power ranges from 18 to 27 dBm for
an input within —3 and 10dBm (0.5-10mW). It was typically set at the 27 dBm
maximum power.



3.3. Measurement setup 41

Polarization controller. Polarization was manually optimized with the Thorlabs FPC562
by sequentially adjusting its three paddles.

Fiber array. Light input/output coupling was performed via an angle-polished 8-fiber
array from O/E Land. Fibers were separated by a 127-um pitch. The polishing angle
was customized according to the radiation angle of the grating coupler. The exact
relationship between the radiation and polishing angles can be found in Appendix
A. The array was placed on a Thorlabs HFAQ01 fiber array holder, mounted on a
Thorlabs MAX300 3-axis stage.

Photodetectors. Outputs were detected by a set of Thorlabs PDA10CS2 InGaAs detec-
tors with built-in transimpedance amplifiers. The responsivity at Ay = 1.55 um was
around 1.05 A/W and the transimpedance gain was switchable between 8 different
levels. Depending on the measured architecture, between three and five different
photodetectors were needed.

Data acquisition board. The data acquisition stage consisted in two independent NI 9239
modules mounted in a NI sbRIO-9239 chassis, both from National Instruments.
Each module had 4 channels, which were digitized at a sampling rate f; = 50 kHz
with 24-bit precision. This allowed for the simultaneous recording of a up to 8 chan-
nels. The maximum input voltage range was fixed at £10V.

Setup noise-floor

In Section 2.5 of Chapter 2, it was explained how the noise-floor of the system determines
the LOD of a sensor, which is the highest-level performance metric and the best suited to
establish comparisons between different configurations. Each of the components of the
setup introduces uncertainty to the measurement. Generally, the laser source introduces
relative intensity (RIN) and phase noises, the EDFA adds on excess noise, mechanical vi-
brations affecting the fiber array induce a stochastic modulation of the coupling efficiency
(often known as mechanical noise), the photodiode suffers from shot noise, the electrical
components of the TIA have an associated thermal noise and the imperfect digitization
process in the DAQ can be modeled as quantization noise. All of these elevate the total
noise level of the measurements, so it is important to understand and minimize the influ-
ence of each source on a system-specific basis [189, 190]. Detailed parametric expressions
of the most relevant noise contributions and a noise-floor optimization strategy can be
found in Appendix B.
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Figure 3.7: (a) PDMS flow-cell design for Cornerstone’s SiN MPW#3 chip. The channel covers all
sensing regions. (b) Close-up picture of the assembly formed by the cell and its holder.
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Figure 3.8: (a) Lateral view of the aligned fiber array and the PDMS flow-cell. Their separation
distance must ensure that their respective holders do not collide. (b) Picture of the FA aligned to
the grating couplers of Cornerstone’s SiN MPW#3 chip. The mask was successfully designed to
avoid collisions.

3.3.2 Microfluidics

The microfluidics system is composed by a NE-1000 Multi-Phaser syringe pump from
New Era operating in withdrawal mode, a gastight 5mL Hamilton 1005 LTN syringe
and a custom-made PDMS flow-cell with a methacrylate holder. Liquid flow-tubes with
0.51 mm internal diameter connect the solutions, which are stored in 5 mL Eppendorf con-
tainers, to the channel inlet, and the channel outlet to the syringe. The goal of the whole
system is providing a controlled flow of liquids over the sensing areas, avoiding the for-
mation of spurious air bubbles. Normally, in a sensing experiment, different samples are
alternated with a buffer solution, which in this work was MilliQ) deionized (DI) water.
To alternate between sample and buffer, the start of the inlet tube is simply changed from
one Eppendorf to another, with the precaution of stopping the pump 10 seconds prior to
said change. This ensures that no air is sucked in the transition. The flow is re-started
once the tube is inside the new solution.

The design and fabrication of the PDMS flow-cell requires special attention due to its
capital importance in optimum sensor operation. A perfect microfluidic channel must
achieve both full coverage of the sensing areas and hermetical sealing. In Fig. 3.7(a), the
design made for Cornerstone’s SiN MPW#3 chips is shown as an example. To fabricate
the cells, custom PMMA molds were filled with an in-house PDMS preparation using
the Dow SYLGARD™ 182 Silicone Elastomer Clear 0.5 kg Kit from Ellsworth Adhesives,
which includes the PDMS and a curing agent. The exact procedure can be consulted in
Appendix C. Once cut out of the mold, liquid inlet and outlet perforations were made to
the channels with 0.5 mm punchers from Darwin Microfluidics. To guarantee optimum
performance, PDMS flow-cells were single-use. A methacrylate holder was designed and
fabricated to maintain the flow-cell in proper position during experiments. Figure 3.7(b)
shows a picture of the whole assembly.

Microfluidics and light coupling

As shown in the layout of Fig. 3.5, the surface of the chip is shared by test, sensing and
coupling structures. When a new chip is being designed, the relative position of the latter
two must be considered. Test structures are not problematic because they are not typi-
cally measured together with microfluidics. Figure 3.8(a) shows a schematic side view of
the fiber array, aligned to a grating coupler, and the microfluidic flow-cell and its holder,
placed on top of the sensing area. It can be seen that, if the separation between the end of
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Figure 3.9: Screenshot of the acquisition and pre-processing GUIL Two additional graphics panels
are not shown for compactness.

the cell and the grating coupler (dg) is not large enough, the FA holder will collide with
the methacrylate holder, impeding correct alignment. Considering a safety distance ds, a
lower limit for dg can be established as

dg > dg+di — do (3.9)
where d; and d» are the distances marked in Fig. 3.8(a). Using trigonometry,

d1 = (tH — tFA) COS(O((;)
tEA (3.10)

d2 = lFA Sln(OlG) — m

where tgs and ty are the thicknesses of the FA and its holder, respectively, lr4 is the length
of the FA outside the holder and ag is the radiation angle of the grating coupler. For the
presented setup, tg = 5mm, tga = 1.5 mm and lgs ~ 2mm. Both ag and dg are degrees
of freedom in the design. The grating couplers designed for Cornerstone’s SiN MPW#3
mask radiated with an angle of ag = 26° to a polished fiber (Ao = 1.55 um), yielding
dg > 4.8mm for dg = 0. Figure 3.8(b) shows a picture of the coupled array, evidencing
that the selected separation between the sensing and coupling areas is much larger than
the calculated minimum.

3.3.3 Acquisition and pre-processing software

Signal acquisition is controlled by a GUI implemented in Matlab [191], of which a screen-
shot is presented in Fig. 3.9. This software enables selecting one of the two available DAQ
modules, connecting to it and adjusting settings. Additionally, pre-processing options
such as digital resampling, filtering or FFT calculations are available. In this thesis, the
only followed pre-processing step was low-pass filtering followed by resampling with a
factor of 20 when long experiments were performed, thus reducing the effective sampling
frequency to f. = 50/20kHz = 2.5 kHz. The digitized signals can be displayed, showing
either instant (lower panel in Fig. 3.9) or averaged values (upper panel in Fig. 3.9), in
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Figure 3.10: (a) Recovered complex signal in the IQ plane. Hardware errors transform the ideal
circle into an ellipse. (b) Phase read-out. When hardware errors are not handled, the recovered
phase is incorrect. (c) Illustration of the blind calibration algorithm used to recover the original
phase shift, based on fitting the measured data to an ellipse and transforming it into a circle.
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graphical panels. The recording option saves the acquired data and additional experi-
mental information to a Matlab file. Here it is worth noting that the GUI was originally
implemented for a different setup with a single DAQ board. As a consequence, it does not
support the connection to two different modules at once. To work around this issue, the
data acquired by each module was displayed and recorded simultaneously by two inde-
pendent GUI instances. When needed, the signals from both modules were synchronized
using timestamps. Further signal processing tasks such as digital low-pass filtering, base-
line correction, read-out or calibration (Section 3.4) were performed off-line with in-house
Matlab scripts.

3.4 Phase signal calibration

In Section 2.3.2 (Chapter 2), the coherent read-out technique employed in the refractive
index sensors from this work was explained. However, the coefficients of the read-out
matrix of Eq. (2.18) are only valid under the assumption of ideal hardware. In practical
systems, there are two major measurement impairments. In a first place, fabrication devi-
ations from the nominal design of the 2x3-MMI can result in phase errors at the outputs,
causing their relative phase shifts to differ from 120°. Second, the output intensities I3, I>
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and I3 may not be coupled to the FA with the same efficiencies. Power imbalances due to
coupling have the greatest effect, as tolerances in the standard fabrication processes are
small compared to fiber alignment errors. When seen in the complex plane, the combina-
tion of phase and amplitude imbalances provokes a linear transformation of the expected
circle into an ellipse, as illustrated in Fig. 3.10(a). This in turn leads to read-out errors like
those in Fig. 3.10(b). Fortunately, these errors are deterministic and can be canceled with
calibration techniques. In this thesis, a blind calibration technique was implemented.

3.41 Blind calibration algorithm

The term blind means that only the measured data is required for calibration. This tech-
nique is based on geometrical properties and works by transforming the obtained ellipse
into a circle centered at the origin of the complex plane. For that matter, the following
steps, schematized in Fig. 3.10(c) are followed.

1. Apply the ideal-case read-out matrix to the output signals to obtain the uncalibrated
signal z.

2. Select a fragment of the signal and fit its datapoints to the coefficients of an ellipse
using Taubin’s method [192].

3. Convert the algebraic coefficients into the radius of the major (R,) and minor (R},)
axes, the angle of the mayor axis () with the real axis and the center of the ellipse

(1 +jeq)-
4. Center at the origin: z; = 2y — (1 +jcq)-
5. Rotate to align the major axis with the real axis: 29 = 21 e .

6. Scale into a circle: z3 = %?} + j%.

7. Restore original angle: z4 = 23€/7.

The main disadvantage from this approach is that the accumulated phase shift must
be large enough to correctly fit the calibration fragment to an ellipse (A¢ > 7). This
is not a problem in most characterization experiments, because the induced phase shifts
are usually around tens of radians. In real applications with very low concentrations of
analyte, a calibration solution, prepared to provoke a sufficiently large phase shift, can be
flowed over the sensor prior to the experiment itself. However, there may be scenarios
where pre-calibrating is not an option, or where the expected Ay is so low that small
deviations due to a sub-optimal fit cannot be tolerated. In such cases, mean squared error
(MSE) calibration techniques can be employed to calculate a corrected read-out matrix
(Chapter 2, Eq. (2.18)) which compensates imbalances [111]. Such techniques need the
generation of a set of estimators 2, which are based on previous knowledge about the
expected shape of the signal. Commonly used estimation functions are polynomials and
sigmoids.

The performance of any calibration technique depends on the variance of the mea-
surement, as a noisier dataset increases the error of the fit. However, it must be noted
that calibrating does not change the original signal-to-noise ratio. The reason behind this
is that linear transformations affect all data alike. Finally, if imbalances change during an
experiment, e.g., due to a progressive misalignment of the FA or a change in the spectral
response of the gratings and MMIs when the wavelength is swept, calibration parameters
must be updated. This would mean selecting different calibration fragments with which
to calibrate different signal fragments.
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3.5 Cleaning protocols

Chip cleanliness, especially in the interaction area, is fundamental for the outcome of
sensing experiments. Unwanted residues could, in one respect, reduce sensor sensitivity
by creating an obstacle between the sample and the waveguide. Additionally, localized
residues could significantly increase scattering losses. This is critical for sensors with
longer sensing paths, which already accumulate a high power loss due to sample-induced
absorption and intrinsic waveguide losses (see Section 3.1). In this section, the protocols
to remove the protecting resist of new chips and to clean chips after bulk sensing experi-
ments are described. Here it is worth mentioning that there is a risk that the sonication
steps included in the following protocols damage the uncladded waveguides, especially
considering that the wafers from the platforms described in Section 3.2.1 are not thermally
grown and thus exhibit lower adhesion between layers. However, similar cleaning proto-
cols had been intensively used on SiNOI platforms, without damaging any structure, by
other members of the Photonics & RF Research Lab prior to this thesis [191], so they were
considered safe.

3.51 Resist removal protocol

This protocol is designed for dissolving and removing the protective resist which is de-
posited after chips are fabricated in order to protect them during the dicing and shipping
processes. This must be performed before any sensor characterization measurement to
ensure that the sensing waveguide is completely exposed to the sample.

1. Sonicate in isopropanol for 15 minutes.
Sonicate in acetone for 15 minutes.
Sonicate in isopropanol for 7 minutes.
Sonicate in acetone for 7 minutes.

Pressure-wash with DI water.

AU R

Dry with N stream.

3.5.2 Residues removal protocol

This protocol is designed for removing residual traces left over the sensing surface after
bulk characterization experiments performed with NaCl solutions, which could signif-
icantly elevate propagation losses if they are not effectively removed. After the correct
implementation of the steps below, the chip can be reused.

1. Sonicate in DI water for 5 minutes.
Pressure-wash with DI water.

Dry with N stream.

Sonicate in isopropanol for 5 minutes.
Sonicate in acetone for 5 minutes.

Pressure-wash with DI water.

N o ok » DN

Dry with N, stream.
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NEAR-INFRARED COMPLEX REFRACTIVE INDEX
SENSOR

This chapter presents a complex refractive index sensor, which is the first near-infrared
novel sensing architecture developed in this thesis. After an introduction to simultane-
ous complex refractive index detection (Section 4.1), the proposed sensing architecture is
detailed (Section 4.2). Then, the design of the two implemented generations of sensors
is addressed (Section 4.3), including the challenges encountered during the characteri-
zation of first-generation sensors and the improvements made in the second generation.
Afterwards, the fixed-wavelength (Section 4.4) and spectroscopic (Section 4.5) experi-
ments carried out for sensor validation are described and discussed. The chapter ends
with a set of conclusions (Section 4.6).

The sensing approach and most of the experimental results presented in this chapter
are published in A. Torres-Cubillo, A. Sdnchez-Postigo, ]J. Jagerskd, J. G. Wangiiemert-
Pérez, and R. Halir, “Simultaneous measurement of refraction and absorption with an
integrated near-infrared Mach—Zehnder interferometer,” Optics & Laser Technology 177,
111154 (2024).

41 Introduction

In Chapter 2, it was explained how changes in the real refractive index (n) of a sample
can be extracted either from wavelength shifts (A)es) in resonant and spectrally resolved
interferometric sensors (Eq. (2.14)), or from phase shifts (Ayp) in fixed-wavelength inter-
ferometers (Eq. (2.15)). Alternatively, changes in the imaginary refractive index (k) can
be measured from the output intensity, generally by calculating the absorbance (A) of
the sample (Eq. (2.11)). In Section 2.4, it was also explained how spectral fingerprint-
ing provides inherent selectivity to a target analyte, whereas non-spectroscopic sensors
require some kind of chemical surface functionalization to achieve specificity. Finally, in
the state of the art (Section 2.6), the division between refraction and absorption sensors
was drawn to simplify comparisons. Sensors falling under one of these categories provide
partial information, because the variations in one part of the refractive index are ignored.

While it is possible to detect analytes by monitoring either refraction or absorption,
both n and % are needed to optically characterize a substance, and are indeed intrinsically
related by Kramers-Kroning (KK) relations, which are bidirectional mathematical rela-
tions which connect the real and imaginary parts of complex functions [193, 194]. When
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Figure 4.1: Complex refractive index of isopropanol in the 1.67-19.1 um wavelength range. Data
extracted from [197].

they are particularized to the complex refractive index, KK equations can be written as

2 > Wk(w)
n(w) =1+ 7TP/0 wa/

— w? (41)
2w ®nWw) -1 '
k(w) = - p/o i,

where w = ¢/\ and P is the Cauchy’s principal value [195]. Here it is worth noting that
the whole spectra of one part of the index must be known in order to calculate the value of
its counterpart at a single wavelength. In practice, these relations are implemented by nu-
merical approximations, whose accuracy depends on wide spectral-range measurements
[196], thus limiting their application for on-site, rapid detection.

There is therefore a need for sensors which directly deliver information about both the
real and imaginary parts of the complex refractive index in a single measurement, thus
leading to a greater insight into the nature of the sample. Some promising field applica-
tions are materials science [86, 198], astrophysics [199, 200] and the detection of volatile
organic compounds. The latter present comparably pronounced absorption and disper-
sion features [201], as shown in Fig. 4.1, taking isopropanol (IPA) as a representative
example. Furthermore, complex refractive index sensors could potentially leverage the
high sensitivity achieved with refraction sensing with the molecular specificity of absorp-
tion. This could in turn pave the way toward improved detection schemes.

411 State of the art

Complex refractive index sensing appears more frequently in free-space implementa-
tions using frequency combs [87] and cavities [88]. However, a few examples of inte-
grated complex refractive index sensors can be found, disseminated in different wave-
length regimes. In the visible range, a Young interferometer in a polymer platform was
proposed and evaluated with ethanol and tartrazine [202]. A PC microdisk resonator
performed multi-biomarker detection by considering both phase and intensity measure-
ments [203]. In the near-infrared, a SWG ring resonator in SOI incorporated absorption
sensing by measuring changes in the gradient of the Fano resonance [204]. The same
read-out scheme has been proposed for a PC Fano cavity, and numerically shown to dis-
tinguish between different ternary mixtures [205]. In another simulation work, a SOl RR
employs multiple wavelengths to selectively detect methanol, ethanol, propanol and wa-
ter by their complex refractive indices [206]. An unbalanced MZI with spectral readout
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Figure 4.2: Schematic diagram of the MZI-based complex refractive index sensor. The five pro-
vided outputs enable the simultaneous detection of phase and absorption changes.

in a SOI platform was used to effectively characterize the complex refractive index of dif-
ferent molybdenum thin-films, but the structure was not evaluated in terms of sensitivity
or limit of detection [207]. In the mid-infrared, a suspended RR was demonstrated for
absorption and dispersion spectroscopy of CO; in concentrations as low as 1% [208]. Fi-
nally, in the work presented in [154], two SOI RR were cascaded to detect changes in the
refractive index of IPA diluted in acetone by taking advantage of the Vernier effect.

In this chapter, a NIR complex refractive index sensor in a silicon nitride platform is
presented. The proposed architecture, which will be explained in Section 4.2, is based on
a coherent MZI, modified to simultaneously perform direct evanescent-field absorption
measurements. This is the first implementation of an integrated interferometric complex
refractive index sensor with a linear phase retrieval, which can operate both at a fixed and
scanned wavelength.

4.2 Sensor architecture

A schematic representation of the proposed sensing architecture is shown in Fig. 4.2. The
sensor is based on a coherent MZI, as those explained in Section 2.3.2 of Chapter 2, but
provides five output signals instead of three. The two additional outputs enable direct
measurements of the attenuation due to the sample. Surface grating couplers are em-
ployed for light input and output, and MMIs for splitting and recombination. Spiraled
single-mode waveguides are used to increase interaction lengths without compromising
footprint. The bulk sensing operation of the sensor and its performance metrics are ex-
plained in the following.

4.21 Working principle

Light from the source is coupled into the chip and divided into the sensing and reference
arms, which are equal in length (L), as shown in Fig. 4.2. In the reference arm, the
mode propagates undisturbed, with a wavelength-dependent effective index nX.(\) +
jk:gff()\). The sensing arm, in turn, is exposed to the sample, which can be considered as
the mixture of a solvent and an analyte diluted at a concentration C. The sensing mode,
with a confinement factor I'()), is able to interact with the analyte through its evanescent
field. A change in concentration modifies the refractive index of the sample:

nsample()v C) = nsample(Av 0) + Ansample()‘v 0)7
ksample()‘a C) = ksample()\a 0) + Aksarnple(/\a 0)7

where ngample(A; 0) + jKsample(A, 0) is the complex refractive index of the solvent without
any analyte. Due to light-matter interaction, the effective index of the sensing mode de-

(4.2)
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pends on the analyte concentration as well as on the wavelength, and can be expressed
as

ngff()‘a C) = ngff()‘v 0) + F()‘)Ansample()\a C>7

S S (4.3)

keff(Aa C) = kjeff()‘v 0) + F(A)Aksample(A7 C),
where nS; (A, 0) +jkS(), 0) is the effective index when the upper cladding is purely com-
posed of the solvent. At the end of the arms of the interferometer, each mode has accu-
mulated a phase shift

2m
er(V) = Fner(V) L
QAW (4.4)
#s(X, C) = S-nde(A, O)L
with respect to the start of the waveguide, and has an intensity

fin _amir (1

[R()\) = —e A et (M) ,
2 (4.5)

Is(A\,C) = %ef%kgﬁ(k’c)a

where [j, is the intensity of the input-coupled signal from the source.
As it was already explained in Chapter 2 (Section 2.3.2), the relative accumulated
phase shift between the sensing and the reference modes can be written as

27
ASO()H C) = ()05()‘7 C) - SOR()‘) = TAneff()‘v C)L7 (46)
where Aneg (A, C) = nS¢(A, C) — nR(X). The difference between the relative phase shift
with and without analyte gives a measurement proportional to Angampie, from which the
concentration can be calculated:

Ap(A,C) — Ap(\,0) = ?F(A)Ansample@, OVL. (4.7)

Unless said otherwise, the values of Ay given in this thesis are normalized following
Eq. (4.7). To detect phase shifts by means of the coherent read-out scheme described in
Chapter 2, Section 2.3.2, the reference and intensity signals are routed by 1x2-MMIs to the
120° hybrid, implemented by a 2x3-MMI. The complex signal

z(\, C) = %\/IR()\)IS()\, C)eArNO) (4.8)

is generated by combining the three outputs of the 2x3-MMI.

With the introduction of the 1x2-MMI at the output of each spiral, proportional in-
tensities to Ir and Is can be directly detected. The absorbance of the analyte can thus be
determined by taking

A\, C) = —log,, (Is(/\, C)) _ Ar

IS()\, 0) loglo(e)TF()‘)Aksample()\a C)L, (4.9)

where I5(\, 0) is the intensity detected in the absence of analyte. Absorbance is therefore
directly proportional to Akgample. Moreover, the relationship between Akgymple and C' can
be made explicit by using the molar absorption coefficient (¢) defined in Section 2.2.2 of
Chapter 2:
¢\

4m

Aksarnple()v C) = W .
10 A

(4.10)
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Figure 4.3: Modeled output of the complex refractive index sensor. (a) Detected signals in fixed
wavelength operation. (b) Calculated phase shift and absorbance when concentration is increased
with time. The complex signal is shown as an inset in the upper panel. (c) Detected signals in
scanned wavelength operation. The sensing intensity (Is) is represented in a different axis for
visibility. (d) Phase shift (dispersion) and absorbance responses when the wavelength is swept
with time. The complex signal is shown as an inset in the upper panel.

This is turn means that the concentration of analyte can be retrieved from absorbance as

A\, C)

¢= I(Ne(A)L

(4.11)
In practical situations where any of the parameters I', € or L are unknown, absorbance
and concentration can be experimentally correlated by measuring sets of pre-calibrated
samples. Even though the reference intensity I is not strictly needed for analyte detec-
tion, having access to it can be useful to monitor baseline drifts or estimate the impact of
thermal fluctuations.

Figure 4.3(a) presents the expected detected outputs of such a sensor, featuring I" =
0.22 and L = 5mm, while operating at a fixed wavelength Ay = 1.55 um. A linear change
in analyte concentration from Cj to C1, occurring in a 40-s time span determined by the
pumping speed of the fluidics system, results in a linear increase of both parts of the
complex refractive index of the upper cladding (Ansample + jAksample = 5 - 1073 +33 -
10~2RIU). This in turn provokes a series of oscillations of the interferometric outputs
(11,12, I3) and an exponential decay of the sensing intensity Is. In this ideal model, the
reference intensity /g does not suffer any alteration. From these signals, Ay and A can
be calculated as previously explained, and are shown in the upper and lower plots of Fig.
4.3(b), respectively. Both magnitudes linearly follow the shape of the index change.

In Fig. 4.3(c), the modeled swept-wavelength behavior is shown. In this example,
I' = 0.5and L = 10 mm for enhanced sensitivity, and the wavelength is scanned at a speed
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Figure 4.4: Modeled output of the complex refractive index sensor operating at a fixed wavelength,
with non-ideal hardware. (b) Calculated phase shift and (c) absorbance, with and without cali-
bration, along with the ideal sensor response.

of 0.5nm/s around one of the resonance peaks of pure CO; in the NIR (A9 ~ 1.58 um).
The combination of the wavelength responses of the MZI and of the sample causes the
oscillations in the phase signals, while the sensing intensity signal dips reflecting the
transimision spectrum of the sample. Calculated dispersion and absorbance spectra are
shown in Fig. 4.3(d). To retrieve the dispersion spectrum, the wavelength response of the
MZI in the absence of analyte was obtained and subtracted from the output in the pres-
ence of COs. In the NIR, the amplitude of analyte-induced spectral changes, especially for
gases, is very small compared to the spectral response of the interferometer itself. This
is evident when the number of recorded oscillations are compared with the magnitude
of the retrieved phase shift. The change in absorbance is also remarkably weak. As a
consequence, an extremely high SNR would be required to perform these kind of mea-
surements.

Measuring the imaginary index from the complex signal

After examining Eq. (4.8) and looking at the envelope of the interferometric signals in
Fig. 4.3(a), it seems possible to measure the imaginary refractive index directly from
the magnitude of the complex signal z, as absorbance could theoretically be obtained by

taking
2
A = —log,, ( ) . (4.12)

Even though this approach is valid in an ideal scenario, practical implementations are
not that straightforward. As it was explained in Section 3.4 (Chapter 3), hardware non-
idealities distort the complex signal, turning it ellipsoidal. When changes in amplitude are
considered in addition to phase shifts, non-linear distortion in |z| is observed. The em-
ployed blind calibration method is based on linear transformations, and systematically
ignores amplitude information. Therefore, although it is effective for phase detection, it
cannot correct absorption signals. An example of this behavior can be observed in Fig.
4.4, which shows the modeled sensor output with realistic hardware errors, while opera-
ting at a fixed wavelength under the same concentration change as in the example of Figs.
4.3(a)—(b). Dedicated calibration methods can be implemented for this purpose, but they
require a good previous knowledge of the expected shape of the signal in order to generate
MSE estimators, and even the inclusion of signal modulation techniques, adding further
complexity. Even so, the solutions that can be reached are numerically unstable, only cor-

z(A, C)
z(\,0)
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rect local fragments of the signal and are highly dependent on environmental conditions
[209], which are not desirable traits in robust photonic integrated sensors. Taking into
account these considerations, the separate measurement of the sensing intensity, i.e., the
approach followed throughout this chapter, is preferred.

4.2.2 Figures of merit

The proposed configuration will be evaluated as a bulk complex refractive index sensor.
As it was indicated in Chapter 2, Section 2.5 (Eq. (2.23)), the modal sensitivity is the same
for the real and the imaginary indices:

et ket

S = = =T 4.13
" ansamplve aksample ( )

Changes in the real effective index of the mode are measured by phase-shift changes,
whereas changes in its imaginary part are measured by the absorbance, yielding the ar-
chitectural sensitivities

Sy = 222 _ 2Ty
T Onegg A
(4.14)
S = DA AT e (o)L
avkeff - akeff - )\ glO ?

which canbe related as S, 1, = 210g,,(€)Sany ~ 0.87-S4 5.4 To calculate the device-level
sensitivity, modal and architectural sensitivities are multiplied:

g, = 8% _2mnp
8nsample A
(4.15)
Sy = 04 = 4—7T10g (e)I'L
8ksample A 10

From Eq. (4.15) it can be concluded that the three means to improve overall sensitivity are
decreasing the wavelength, enhancing the confinement factor and increasing the interac-
tion length. The latter strategy is the one emphasized in this work, as it will be discussed
in Section 4.3. To determine the LOD, the standard deviation of either the phase-shift or
the absorbance signal is evaluated over a steady-state fragment with a near-zero value
[148]:

LOD, = 32%“’,

) (4.16)
LOD, = 274,

Sk

4.3 Sensor design and evaluation

A first generation of sensors was designed for Cornerstone’s SiNOI platform, described
in Section 3.2.1 of Chapter 3. Two wafers of sensing chips were fabricated under a collab-
oration with the University of Southampton. Unfortunately, after a series of evaluations,
these sensors were deemed unsuitable for the detection of analytes, as it will be shown
in Section 4.3.3. Therefore, none of the sensing results obtained with them is presented
in this thesis. However, the conclusions learnt from this first trial served to refine the de-
sign of the second-generation sensors, with which the experimental results included in
this chapter were obtained. The second generation of sensors was fabricated on Corner-
stone’s SiNOI platform as well, specifically in the commercial SiN multi-project wafer run
number 3 (MPW#3).
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Figure 4.5: Cross section of the (a) reference and (b) sensing waveguides. Thickness is not to scale.
Profile of the fundamental TE mode of the (c) reference and (d) sensing waveguides.

Table 4.1: Complex refractive index of the waveguide materials at Ao = 1.55 pm.

Material n k Ref.
SigNy 1.9963 0 [210]
SiOy 1.4440 0 [211]

H,O 13154 1.5-107% [212]

This section covers the design and characteristics of the different components of the
sensors, which are analogous in the first and second generations, and the sensor layout
and the optical characterization of the first and second generations of sensors, presented
separately.

4.31 Sensor components

As it was indicated in Section 4.2, the key elements of the sensors are the sensing and ref-
erence waveguides, grating couplers and MMIs. First-generation sensors were designed
for three different operation wavelengths, Ay = 1.31 um, A\g = 1.58 pm (CO; detection)
and \g = 1.65 um (CHjy detection). Second-generation sensors were originally conceived
as environmental CO3 (Ao = 1.58 um) and CHy4 ()¢ = 1.65 um) sensors. However, due to
practical limitations, the experimental results presented in Sections 4.4 and 4.5 were ob-
tained with the CO, sensors, albeit using liquid samples and operating at \g = 1.55 um.
As a consequence, simulations at this latter wavelength will be analyzed in the following.

Waveguides

Figures 4.5(a)—(b) show the cross sections of the reference (and interconnection) and
sensing waveguides, respectively, both with equal dimensions H = 0.3um and W =
1 um. The only difference between them is their upper cladding, which is silica in ref-
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Table 4.2: Modal sensitivities to changes in the complex refractive index of the sample (I°), the
thickness of an adsorbed protein layer (Spy sut) and temperature fluctuations (a(ngff — ngff) /0T
and 9k /0T).

I Smeut [RIU/nm] 8(nS; — nX)/8T [RIU/°C] 0kS,/8T [RIU/°C]

0.22 9.28 107" —2.34-107° 1.11-1077
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Figure 4.6: Simulation results for the sensing waveguide. (a) Confinement factor. (b) Surface
sensitivity. (c) Leakage loss. Results with an air and a silica cladding are shown in addition to
those for water for comparison. (d) Loss per 90-degree bend.

erence waveguides and water in sensing waveguides, as aqueous samples are targeted.
The complex refractive indices of each material are listed in Table 4.1. Here it is worth
noting that water is the only significant absorbent. These waveguides were modeled and
simulated as indicated in Chapter 3 (Section 3.1). At the working wavelength, both wave-
guides only support the fundamental TE and TM modes. In practice, only the TE mode
is excited, as the input grating coupler acts as a polarization filter. The field distribution
(|Ex(z,y)|) of the supported TE modes and their complex effective indices are shown in
Figs. 4.5(c)—(d).

To evaluate bulk modal sensitivity, I" = 0.22 was calculated from the curve shown
in Fig. 4.6(a). This is a moderate value which provides a good balance between sen-
sitivity to the analyte and water absorption. The expected losses will be specified later
in this section. A surface sensitivity Sp, gyt = 9.28 - 1075 nm/RIU was also obtained
by considering an adsorbed protein layer of njayer = 1.45 [178]. The response curve
can be seen in Fig. 4.6(b), where only the fragment correspondent to thicknesses be-
low 10 nm can be approximated as linear. Both bulk and surface sensitivities hold the
same values for the real and imaginary refractive indices, hence, only the curves for neg
are shown. The thermal sensitivity was evaluated for the sensing and reference modes,
which are expected to suffer from the same temperature fluctuations, as the microflui-
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Table 4.3: Propagation losses of the sensing mode due to water absorption (Ly,0), leakage (Ljeak)
and curves (Lgp).

LHZO [dB cm_l] Lleak [dB cm_l] L90 [dB]
11.38 0.018 0.011

dic channel will be placed over both waveguides. Using the thermo-optical coefficients
reported in [213, 214, 215, 216] for the different waveguide materials, the sensitivities
Shhtemp = 0Nl /0T = 3.42:107° RIU/°Cand Sy, emp = Only/OT+jOkZ /0T = 1.08:107°—
j1.11-10~7 RIU/°C were obtained for the reference and sensing modes, respectively. Here
it is worth noting that what affects phase read-out is the difference On; /0T — OnX, /0T =

—2.34 - 1075 RIU/°C. All calculated modal sensitivities can be found in Table 4.2.

Losses in the sensing waveguide, which can be critical, were calculated. Propagation
losses due to water absorption up to Ly,0 = 11.38dBcm ™! were obtained from kJ. As
a consequence, even in ideal circumstances, the intensity of the sensing arm is expected
to be much weaker than that of the reference one. Leakage losses are represented as a
function of BOX thickness in Fig. 4.6(c). The value obtained for the Hgox = 3 pm present
in the current SiN platform, Li, = 0.02dBcm™!, is sustainable even for long sensing
paths. Leakage in an air- and silica-cladded waveguide was also calculated for compar-
ative purposes. Air-cladded waveguides show larger losses, around 0.55dBcm™!, while
the reference waveguides experience only 0.003dBcm™!. Finally, losses per 90-degree
bend were calculated and are shown in Fig. 4.6(d) for a range of radii. A bending radius
R = 50 um was selected, yielding Loy = 0.011 dB, which is dominated by a transition loss
Lirans = 0.0053 dB. By comparing all calculated loss values, compiled in Table 4.3, leakage
and curvature losses can be considered negligible against water absorption.

MMIs

As it will be explained in Section 4.3.4, in the sensors of the second generation, 2x2-MMIs,
as the one schematized in Fig. 4.7(a) are used for dividing the input light into the sensing
and reference paths instead of 1x2-MMIs, used in the first sensor design. The 1x2-MMIs
at the end of the spirals and the 2x3-MMIs for coherent phase detection were identical
in both versions. The dimensions of these devices can be found in Table 4.4. A tapered
waveguide of length Liper = 30 um was employed to transit between interconnect and
access waveguides.

(a) (®) Weeoa b

& SN
LGC

Figure 4.7: (a) 2 x 2-MMI and (b) grating coupler used in the sensor layout. The most important
dimensions are marked. Schematic representations not to scale.

l—z LMMI
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Table 4.4: Dimensions of the MMIs employed in the sensor layout.

Type Wwsmi [um] Ly [um] W, [um] W [um]

1x2 8.8 43 2 25
2x2 8.8 172 2 2.5
2x3 13.3 256 2 25

Table 4.5: Dimensions of the surface grating couplers employed in the sensor layout.

Wec [um] Lgc[um] a[nm] b[nm] Wswg [nm] aswg[nm] bswg[nm]
15 88.75 1350 425 440 342 258

Grating couplers

Single-etch surface grating couplers designed for the TE polarization were employed in
both generations of sensors. The silica cladding was removed in the same way as for the
sensing areas to expose the gratings to air, as doing so resulted in a better performance
compared to maintaining the upper cladding. To reduce back-reflections in the second ge-
neration (see Section 4.3.3), a SWG adaptation tooth was added at the interface between
the input waveguide and the grating, pushing back-reflections down to BR = —21dB.
A schematic representation of such grating coupler is found in Fig. 4.7(b), and its di-
mensions are given in Table 4.5. The length of the input taper was Liaper = 300 um. The
designed gratings radiated with a maximum coupling efficiency of CE = —4.75dB and
an angle of 39° to air and of 26° to a polished fiber (see Appendix A).

4.3.2 Layout of the first-generation sensors

Complex refractive index sensors designed for operation at three different wavelengths,
Ao = 1.31 pm for sensing liquids, Ay = 1.58 pm for COz and A\g = 1.65 um for CHy, in
different lengths ranging from 1 to 5 cm, were integrated on the first-generation chip.
The mask layout of a A\g = 1.65 um sensor is presented in Fig. 4.8(a), where fragments
of straight interconnection waveguides have been omitted for compactness. As seen in
Section 4.3.1, the main components are the spiral sensing and reference waveguides, 1x2-
MMIs for light splitting at the input and output of the spirals, the 2x3-MMI to generate the
three interferometric signals and surface grating couplers for coupling light to/from the
chip. Grating couplers are pitched by 127 um to match the separation between fibers in
the array. In Fig. 4.8(b), it can be seen how the gratings of the input and of the different
outputs are arranged. Scanning electron microscope (SEM) images taken after fabrica-
tion, such as those shown in Figs. 4.8(c)—(d) for a sensing spiral and a grating coupler,
respectively, revealed no significant deviations from nominal dimensions.

Table 4.6: Propagation losses of the first-generation waveguides. Losses in the cladded waveguides

(Lgmp) were obtained by the cut-back method, while those of the windowed waveguides (L}S,mp)

were calculated from the contrast of the interferogram, discounting the expected water absorption.

Ao [um] L{fmp [dB cm—1] Lgmp [dB cm—1]
1.31 0.58 10.23
1.58 1.56 13.08

1.65 0.68 14.17
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Figure 4.8: (a) First-generation sensor layout, indicating the most relevant building blocks. Long
straight sections of interconnecting waveguides have been omitted. (b) Array input/output grat-
ing couplers, with their corresponding signals specified. (c) SEM picture of a sensing spiral. (d)
SEM picture of a grating coupler.

4.3.3 Optical evaluation of the first-generation sensors

Even though the fabrication of the chip was successful in terms of tolerances, several
problems appeared when the evaluation of the different sensors was undertaken. Most
of the measurements were performed with the sensors designed for methane detection
(Ao = 1.65 um), specifically the two shortest, with sensing pathlengths L; = 10 mm and
Lo = 30mm.

Propagation losses of the silica-cladded waveguides (Lgrop) were measured by the
cut-back method. Table 4.6 includes the averaged values between 3 different chips for
each wavelength. These low values are in good agreement with what is expected for
single-mode SiN waveguides. However, when transmission measurements were per-
formed with the sensors exposed to air, poor light throughput in the sensing intensity
output was detected. As this could be attributed to a higher leakage than considered in
the design process (see Fig. 4.6(c)), measurements were repeated while pure DI water
was circulating through the channel, but signal levels did not improve. Fortunately, even
though the sensing intensity output was below the noise level, the interferometric out-
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Figure 4.9: (a) Sensing waveguide cross section imaged by FIB-SEM, showing under-etching. Plat-
inum was deposited on top for better contrast. (b) Transition between the cladded and sensing
areas. The abrupt change of cladding can induce back-reflections and also create a resonant cavity.

puts were strong enough to obtain oscillations by flowing NaCl solutions. Therefore, the
differential losses between the sensing and reference waveguides (A Lprop) could be cal-
culated from the contrast of the interferograms [217]. The intrinsic propagation loss, i.e.,
excluding water absorption, of the windowed waveguides for each wavelength was then
estimated as

L}sarop ~ Lgrop + (ALprop - LHZO) ) (4:.17)

where Ly,o took the value expected from simulations. The results are found in Table
4.6. These high losses, to which water absorption must be added, were well above those
obtained for cladded waveguides and explained the low output intensity, moreover ac-
knowledging that all spirals were longer than 1 cm. This incremental loss could be at-
tributed to the cladding-etching process, which may have damaged the waveguides. To
study this possibility, chips were taken to the focused ion beam (FIB)-SEM. Transver-
sal cuts were made, enabling the view of waveguide cross sections as that shown in Fig.
49(a). It was observed that waveguides were indeed under-etched by approximately
50nm at each side. During that same FIB-SEM session, it was noticed that the abrupt
transition from cladded to windowed areas, which can be seen in Fig. 4.9(b), could be a
source of reflection, further reducing the input power to the sensing arm and potentially
creating a resonant cavity.

As the measurements described above had been performed with single-wavelength
lasers, it was decided to conduct wavelength scans to further investigate the issues with
sensing spirals, including the formation of on-chip cavities. Back-to-back waveguides and
the L1 and Ly CH,4 sensors were thus measured with a tunable laser source, and the mini-
mum phase algorithm was applied to calculate the impulse response of the output signals
[218]. The reflectogram of the back-to-back waveguide can be seen in Fig. 4.14(a), and
its interpretation is straightforward, as there is a dominant peak located at a distance co-
incident with the separation between the input and output grating couplers. This means
that a Fabry-Pérot (FP) cavity is formed due to back-reflections in the grating couplers.
In fact, when the reflectograms of the sensing and reference intensity signals, represented
in Fig. 4.14(b) were analyzed, the effect of a cavity formed between the output grating
and the output of the 1x2-MMI (cavity A) was detected. Most importantly, a family of
echoes (cavities B; and B;), which were dominant over the rest, was found exclusively
in the sensing branch of each sensor, and their position was consistent among sensors
from different chips. However, the origin of such reflections could not be determined
by examining the dimensions of potential cavities on the chip layout. The sensing spiral
was unlikely to be involved because, even though the length of the cavities did increase
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Figure 4.10: (a) Reflectogram of a back-to-back waveguide, with a peak corresponding to the dis-
tance between the input and output grating couplers. (b) Reflectogram of the sensing and refer-
ence intensity signals for the 10- and 30-mm waveguides. The sensing signal presents strong peaks
which are not found in the reference signal. (c) Schematic representation of the measurement of a
test structure. Measuring the output of the middle fiber helped determine interference problems.

in longer sensors, it did not scale with the sensing pathlength. Furthermore, the high
propagation losses of the windowed waveguides would impede the formation of cavities.

The fiber array was suspected to be introducing the unexplained spurious effects. A
test structure whose input and output were separated by 254 um, this is, which left an
unused fiber between the input and output ones, as shown in Fig. 4.14(c), was measured
with the tunable source. By recording the intensity of the middle fiber, it was found that
a significant signal level, about 6 dB lower than the one recorded in the output fiber, was
indeed received. A possible explanation was that said signal was a fraction of the input,
after being reflected back to the array from the chip surface. This interference could po-
tentially mask a weak output signal, as was the case, and even beat with it. An additional
confirmation that the array was a source of problems came during a research stay at UiT
the Arctic University of Norway (Tromse, Norway). The sensors were taken abroad to
perform the spectroscopic detection of methane, given the expertise of the hosting group
in waveguide-based gas spectroscopy. The chips had to be adapted to the measurement
setup available at the UiT, so they were cleaved at the input of the 1x2-MMI to allow facet
input coupling, and the output gratings were read with an infrared camera. More details
about the gas measurement setup and the read-out scheme can be found in Appendix D.
By changing the read-out system, the spurious effects previously described disappeared
[219]. Unfortunately, the sensors were not sensitive enough to detect gases, but the per-
formed experiments were remarkably helpful for diagnosing problems.
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Figure 4.11: (a) Second-generation sensor layout. The most relevant building blocks are zoomed.
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sensor input to their outputs.

Conclusions after optical evaluation

After facing the challenges brought by the first generation of sensors, the following key-
points were extracted.

e The window-opening process can increment intrinsic propagation losses of sens-
ing waveguides, by causing damage such as under-etching. Shorter sensors should
always be included as a conservative backup in case losses become too high.

e The abrupt transition between a silica and a water or air cladding can potentially
induce reflections, reducing the input power to the sensing branch and creating a
FP cavity, which can be problematic when intrinsic propagation losses are low.

e Grating couplers are a major source of on-chip reflections, which should be ad-
dressed from the design point of view.

e The separation distance of 127 um between adjacent fibers is not enough to avoid
that a strong light input interferes with a weak output signal and masks it.

e Fiber arrays are prone to inducing spurious effects, such as uncontrolled reflections
and cross-coupling. If changing the read-out scheme is not possible, these draw-
backs should be handled.

Developing an enhanced new generation of chips, incorporating the required design
improvements, was thus justified.
4.3.4 Layout of the second-generation sensors
Differences from the first generation

The mask layout of a Ay = 1.55 um sensor is presented in Fig. 4.11(a). Some improve-
ments with respect to that of the first-generation sensors (see Fig. 4.8(a)—(b)) were made
to address the problems discussed in Section 4.3.3. The main changes are the inclusion
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Figure 4.12: (a) Spiral sensing waveguides, drawn to scale. Evolution of (b) the bending radius
and (c) accumulated radiation loss with propagation distance in the spiral.

of the additional input grating coupler, swapping the input 1x2-MMI with a 2x2-MMI,
adding a transition at the input and output of the sensing window and the re-arrangement
of the output grating couplers. Shorter sensing lengths were included in case that the in-
trinsic propagation losses of the waveguides are limiting. Thank to the incorporation of
the 2x2-MMI, input coupling is possible both from the grating coupler and from a single
input fiber, aligned to a grating placed on the opposite edge of the chip. This solution
provided an alternative configuration to enable measurements if the input signal from
the array masks any of the outputs, as explained in Section 4.3.3. The distance from the
grating couplers to the expected position of the microfluidic channel is 5.5 mm, which is
greater than the lower bound of 4.8 mm calculated in Chapter 3 (Section 3.3.2). In the
array-coupling area, grating couplers are still positioned within a 127-um pitch to match
the one from the fibers of the available array. However, the distribution of the output
gratings is different. In the close-up of Fig. 4.11(b), it can be seen how the input grating
(outer left) is separated by 254 um from the nearest sensor output, which corresponds to
the reference intensity. The sensing intensity output, which, as seen in Section 4.3.1, is
expected to be the weakest, is placed as far as 762 um from the input. These modifications
with respect of the first-generation sensors aimed at impeding that weak output signals
are masked by interferences from the input, while still using the fiber array for conve-
nience. Furthermore, to avoid potential reflections due to the abrupt transition from a
silica to a water cladding at the edges of the sensing window, the corresponding wave-
guide sections were tapered to a width of 3 um, for which the impact of the cladding
change is expected to be negligible. These two tapered sections were also included in the
reference waveguide to ensure identical physical paths.

Spiral sensing waveguides

As it was mentioned in Section 4.2.2, increasing the interaction length yields an enhanced
sensitivity. To do so without dramatically increasing sensor footprint, the spiraled wave-



4.3. Sensor design and evaluation 63

Table 4.7: Characteristics of the spiral waveguides at A\g = 1.55 um.

L[mm] Area[mm?] S,[rad/RIU] Sy [au/RIU] LY [dB] L', [dB]

6.72 0.39 5.97 - 10° 5.14 - 103 3.57-1073 7.65
16.14 0.57 14.35 - 103 12.34-10° 3.58-1073 18.37
26.59 0.72 23.64 - 103 20.33-10°  3.58-103 30.26

guides shown in Fig. 4.12(a), which follow the pattern defined in [220], were used. Sen-
sors with three different spiral lengths L; = 6.72mm, Ly = 16.14mm and L3 = 26.59 mm
were included on the mask. The separation distance between adjacent waveguides was
15 um, a safe value to avoid coupling (z49 > L, see Section 3.1.5 of Chapter 3). With
these parameters, the spirals occupied the areas indicated in Table 4.7 along with the ex-
pected bulk sensitivities (Eq. (4.15)). As opposed to Manhattan-type spirals, here the
bending radius is variable and kept at large values (R > 100 um), except near the center,
where it decreases to Ryin = 36.2 um during a small distance. The evolution of bending
radius with propagation distance in the spiral (d;) can be seen in Fig. 4.12(b). As the
average radius is large, radiation losses are not problematic. Moreover, mode mismatch
losses, which, as seen in Section 4.3.1, are the dominant contribution to curvature losses,
are alleviated, because there is no discontinuity between waveguide sections. Accumu-
lated radiation losses along the spirals were calculated by integrating the radiation loss
coefficient (ov,q) over the spiral path (5):

L = “10log,, (e— Is amdm)ds) , (4.18)

The evolution of this parameter is shown in Fig. 4.12(c) for the three spiral lengths, while
the final values are given in Table 4.7. The main contribution to L occurs at the center
of the spirals, as it is determined by Rmin, and hence accumulated losses do not scale with
length. The plateau reached in the curves from Fig. 4.12(c) supports this fact. Because of
this quasi-lossless design, using spiraled waveguides does not degrade performance with
respect to using straight ones.

Water absorption does however increase with interaction length. The total water-
induced loss (Lt}(f;o) is found in Table 4.7, where it is by far the dominant source of loss.
As a consequence, the SNR for the L3 sensor is expected to be very poor. Indeed, in this

scenario, the optimum interaction length can be approximated as [189]

1
FO‘HZO ’

Lopt ~ (419)
yielding Lopt ~ 3.79 mm. The L; sensor is thus expected to achieve the best results. Here it
is worth reminding that the original intention when designing these sensors was detecting
CO2 (I'aco, = 3.26:10~*cm™1!), for which Lopt amounts to ~ 2.8 cm after considering
typical intrinsic propagation losses (see Table 4.6). The estimation of optimum interaction
lengths will be thoroughly tackled in Chapter 6.

Finally, considering these pathlengths, the thermal sensitivities of the device, Sy temp =
0Ap/0T and Sy temp = 0A/IT, can be calculated by multiplying the architectural sensi-
tivities defined in Section 4.2.2 and the modal thermal sensitivities given in Table 4.2. The
results are shown in Table 4.8. In view of these low values compared to S, and Sy, thermal
drifts are not expected to be problematic.

4.3.5 Optical evaluation of the second-generation sensors

The fabricated chips were cleaned with the resist-removing protocol described in Chap-
ter 3, Section 3.5 and imaged to verify that they were correctly manufactured. Figures
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Table 4.8: Device thermal sensitivities at Ao = 1.55 um for the L1, L, and L3 sensors.

L [mm] Sy temp [rad/°C] Sy temp [au/°C]

6.72 -0.64 -0.0026
16.14 -1.54 -0.0063
26.59 -2.53 -0.0103

netched
adaptation tooth

Figure 4.13: Optical microscope picture of the (a) L; and (b) L sensors. SEM images of (c) the
sensing waveguides and (d) a grating coupler. The SWG adaptation tooth was not etched.

4.13(a)—(b) show optical-microscope pictures of two of the sensors, without significant
damage or errors. To more precisely quantify fabrication tolerances, the chips were taken
to the SEM. Figure 4.13(c) shows sections of sensing spirals, whereas a grating coupler
with augmented details is shown in Fig. 4.13(d). No major deviations from mask speci-
fications were appreciated, except for the fact that the SWG adaptation teeth of the grat-
ings, despite meeting the MFS of the foundry, were not etched. This can be observed in
the lower inset of Fig. 4.13(d). As a consequence, increased back-reflections than those
obtained in simulation are expected. The propagation losses of the cladded waveguides
were assumed to be similar to those of the first-generation chips (Table 4.6).

Sensors exposed to air were aligned in the input/output array configuration and wave-
length scans were performed to check the behavior of the 2x3-MMI and the correct trans-
mission of all outputs. The results for the L; and L, sensors are shown in Figs. 4.14(a)—
(b), where the fringes due to on-chip reflections are superimposed on top the minimum-
phase filtered signals. The 120°-shifted oscillations in the interferometric outputs confirm
that the MMI is working correctly, avoiding the need of testing this component indepen-
dently. Furthermore, in the absence of water, the sensing and the reference intensity levels
are comparable, which indicates that opening the cladding windows did not significantly
increase propagation losses this time. To identify the Fabry-Pérot cavities that cause these
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Figure 4.14: (a,b) Sensor output after scanning the input wavelength. The effect of on-chip reflec-
tions can be mitigated by minimum-phase filtering. (c) Reflectogram of a back-to-back waveguide,
with a peak corresponding to the distance between the input and output grating couplers. (d) Re-
flectograms of the sensing and reference intensity signals for the L, and L, sensors. Peak positions
help identify the potential cavities.

fringes, reflectograms were calculated for back-to-back alignment waveguides and for ev-
ery sensor output. The reflectogram of a back-to-back waveguide, shown in Fig. 4.14(c),
has the same interpretation as the one shown in Fig. 4.10(a) for the first-generation sen-
sor. Therefore, reflections coming from the grating couplers are not negligible, which was
expected given that the designed adaptation teeth were not etched. The reflectograms of
the sensor and reference intensity outputs of the L; and Ly sensors are shown in Fig.
4.14(d). Echo patterns are equivalent for the sensing and reference intensity signals of
each sensor, whose paths are symmetrical, indicating that there are no specific cavities in
the sensing branch. However, the effect of several other cavities is still appreciated. The
three that could be identified were marked as A, B, and C. Cavity A corresponds to the
distance between the output of the 1x2-MMI and the the measured grating, which is the
same in both sensors. Cavity B is formed between the input and the output grating cou-
plers, and, as so, its position is shifted by Ly — L in the L sensor. Finally, cavity C is the
combination of cavities A and B. The same analysis can be performed on the phase signals
with analogous results. All obtained reflectograms were consistent among sensors from
different chips.

The good output transmission and the lack of anomalies in the analysis of reflec-
tograms encouraged validating the second-generation sensors with analyte detection ex-
periments.
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Table 4.9: Expected complex refractive index change induced by the prepared NaCl solutions.
Pure DI water is considered as the reference.

C[w%] Angmple [107°RIU]  AKkgampie [10~°RIU]

1.5 2.44 -0.83
3 4.92 -1.67
6 9.97 -3.33
12 20.37 -6.67

4.4 Fixed-wavelength bulk sensing experiments

Bulk sensing experiments were performed using the setup and the microfluidics system
described in Section 3.3 (Chapter 3), and operating at a fixed wavelength Ay = 1.55 pm.
As the theoretical thermal sensitivities (Table 4.8) were low, thermal control was not im-
plemented at this stage. The goal was evaluating the capabilities of the proposed sensing
architecture in terms of linearity, sensitivity and limit of detection, by inducing dynamic
changes in the analyte concentration of liquid samples. For this purpose, using DI water
as a solvent, NaCl solutions with weight-percentage (w%) concentrations 1.5w%, 3w%,
6w% and 12w% were prepared. The real refractive index of such solutions was calculated
by following the model developed in [221],

Nsample = —0.08C* + 0.074C? + 0.162C + 1.3162, (4.20)

where C' is expressed as a weight fraction. Unfortunately, due to the strong water absorp-
tion at A\g, accurate imaginary-index information about NaCl solutions is not available in
the literature, as the differential change induced by dissolved NaCl is comparatively small
and, therefore, difficult to measure. Due to this matter, the imaginary part of the index
of the NaCl solutions was estimated from the data provided in [222]. The changes in
the complex refractive index of the sample that were considered to be induced by each
solution can be found in Table 4.9, where pure DI water is used as a reference (see also
Table 4.1). By comparing Angmple t0 Aksample, it can be observed that changes in ksample
are around two orders of magnitude smaller than in ngmple- The fact that all values for
Aksample are negative is explained by the high absorption of water. Increasing the w% of
NaCl implies decreasing, although slightly, the water content of the sample, thus reduc-
ing overall optical losses. For this reason, experimental absorbance is expected to be neg-
ative. To perform the experiments, the microfluidic channel was placed over the sensing
area of the chip as explained in Chapter 3, Section 3.3.2, and NaCl solutions were flowed
through it at a constant flow rate of 30 uL/min, in alternation with a DI water (Milli-Q)
buffer solution.

4.41 Sensor output

Sensor output during experiments was recorded using the GUI described in Section 3.3.3
(Chapter 3). Afterwards, all five signals were low-pass filtered using a finite impulse
response (FIR) filter with a bandwidth of 1 Hz to reduce electrical noise (see Appendix
B). Such a narrow bandwidth is suitable given the relatively slow rate of change of the
signals, which is imposed by the programmed pumping speed. Measurements with the
L3 sensor were discarded due to insufficient transmission once it was exposed to water,
confirming the hypothesis made in view of Table 4.7.

Figure 4.15(a) shows the complete record of a representative experiment with the L;
sensor, where Is and Ir are plotted in a separate graph for visibility. Fragments with
constant signal levels correspond to the time intervals in which either the sample or the
buffer are circulating through the sensor, whereas the signal-changing fragments reflect
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Figure 4.15: (a) L; sensor output during a bulk sensing experiment in which NaCl solutions are
alternated with a DI water buffer. Fragment of the (b) interferometric and (c) intensity signals,
showing several non-idealities.

the transition between different solutions. An averaged differential loss of 11.62 dBcm ™!
between the sensing and reference arm was calculated from the interferometric signals.
This value is in close agreement with the 11.38 dBcm™! that are expected from water
absorption (Table 4.3), suggesting that, unlike in the first generation, sensing waveguides
do not face increased intrinsic losses. Figures 4.15(b)—(c) show the sensor phase and
intensity responses, respectively, during the time interval corresponding to the transition
from the buffer to the 6w% NaCl solution. Some non-idealities are observed. First, phase
signals show evident signs of amplitude imbalances, which are most likely due to different
output-coupling efficiencies. Second, the reference intensity signal does not stay constant
as in the models presented in Section 4.2, but instead shows an amount of fringes in the
transitions. A similar pattern of oscillations is also present in the sensing intensity. These
unexpected phenomena were not considered in the sensor model.

The calculated phase shift and absorbance obtained after correcting the baseline drift
by polynomial fitting, calibrating the complex signal as described in Chapter 3 (Section
3.4),normalizing Ay via Eq. (4.7) and applying an additional low-pass filter with a 0.2 Hz
bandwidth, can be seen in Figs. 4.16(a)—(b) for the L, and L, sensors, respectively. Both
phase shift and absorbance effectively follow analyte concentration changes, but, whereas
Ay appears clearly defined, the strong oscillations presented in Ig are transferred to the
computation of A. The fact that Ay does not return to zero after the last solution in the
measurement of the L, sensor may be attributed to insufficient rinsing of NaCl residues
by the buffer solution. Even though sensitivity and LOD evaluation are still possible from
the steady-state absorbance signals, fringes introduce uncertainty in the saturation level,
especially in the longer sensor. The origin of such oscillations is further analyzed in Sec-
tion 4.4.2 to find a way to minimize them.
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Figure 4.16: Calculated phase shift (upper) and absorbance (lower) of the (a) L, and (b) Lo
sensors. The fringes observed in the sensing intensity signal are transferred to the calculated ab-
sorbance, hindering a reliable read-out.

4.4.2 Cross-talk between adjacent outputs

When comparing the oscillations in the sensing and reference intensity signals (Is, Ir)
with those in the interferometric signals (I3, I3, I3), a strong correlation is observed. In
fact, by superimposing Is and I, as in Fig. 4.17(a) and Ir and I3, as in Fig. 4.17(b), it can
be observed that not only do the signals present the same number of fringes, but they are
also nearly in phase. By examining the layout of the sensor, shown in Figs. 4.11(a)—(b),
it can be noted that these pairs of correlated signals are out-coupled by adjacent gratings
to equally adjacent fibers. It is thus possible for a fraction of the light emitted by one grat-
ing to be spuriously coupled into the second-nearest fiber, as schematized in Fig. 4.17(c).
This cross-talk phenomenon is likely to occur between interferometric signals as well, but
it was not perceived in measurements, probably due to the dominance of the strong oscil-
lations provoked by the real refractive index change in the sample. In any case, the small
distortion that the phase signals may suffer is treated as a regular hardware error and
corrected by the calibration algorithm. The following model focuses on recovering the
sensing intensity signal, as it is critical for measuring absorption, but could be extended
to recover the reference one.

Let s be the electromagnetic field signal after traveling through the sensing arm, so that
Is = |s|?,and rits counterpart for the reference path, so that Iz = 7|2 Ignoring the scaling
factors introduced by the MMIs, the phase output can be expressed as a combination of
sand r, Iy = |s + rd®1|?, where ©; accounts for the 120° introduced by the 2x3-MMI,
plus any constant phase variations unrelated to the sensing experiment. Considering a
cross-talk coefficient v, the photodetected intensity, which had been directly interpreted
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Figure 4.17: Superposition of the (a) sensing intensity (Is) and first phase (I;) and (b) reference
intensity (Ir) and third phase (I3) signals during a sensing experiment. The fringe patterns of
the intensity signals are correlated to the oscillations in the interferometric signals. (c) Schematic
diagram of the cross-talk between neighboring outputs.

as Ig in Section 4.4.1, can be written as

IEP = |5 4 y(s + re®h)|?. (4.21)
This expression can be expanded to
IEP = (1427 +9)|sP* +9%/r* + 2(y +7°) cos(Ap — O1)|rIs], (4.22)

which, under the assumptions of weak cross-coupling (v < 1) and of a constant reference
signal amplitude (|r| ~ 1), can be approximated to

IEP ~ (14 27)|s|*> + 2y cos(Ap — O1)]s]. (4.23)

The desired Is can thus be recovered by solving the quadratic equation for |s|. In order to
do that, Ap has to be previously calculated from the interferometric signals, while v and
O remain degrees of freedom to be judiciously adjusted.

Equation (4.23) was applied to recover I in all performed experiments. As a crite-
rion to select the parameters v and O, the correlation coefficient between Ay and the
recovered Ig was calculated and maximized, as these two signals are expected to have
similar shapes in fixed-wavelength experiments with low concentrations of analyte (see
Fig. 4.3(b)). To quantify the reduction of fringes, the trend of fragments of both the orig-
inal and recovered signals was removed, and then their standard deviations (o and orec)
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Figure 4.18: Original and recovered sensing intensity for the (a) L; and (b) L, sensors. A signifi-
cant reduction of oscillations is achieved.

Table 4.10: Cross-talk cancellation parameters and achieved fringe reduction.

Lmm] Chip ~ —0O1[°] 0rec/00][%)]
1 0.014 23 31.8
6.72 2 0.030 174 19.6
3 0.030 180 17.3
] 1 0029 200 184
16.14 2 0.037 52 15.8
3 0.018 38 20.5

were compared. A significant dampening of oscillations was achieved, as can be observed
in Figs. 4.18(a)—(b) for the measurements presented in Section 4.4.1. Here it is worth not-
ing that the exact offset of the signals is irrelevant to calculate absorbance, which is a
relative measurement. The amplitude of the fringes was reduced to 31.8% and 18.4% for
the L; and Ly sensors, respectively. The cross-talk cancellation parameters employed for
each of the experiments which will be discussed in Section 4.4.3 are given in Table 4.10.
The proposed modeling approach was validated by the high quality-enhancement of the
signals, which were conditioned for reliable sensor evaluation.

4.4.3 Results and discussion

Absorbance was re-calculated after minimizing the impact of cross-talk in I as described
in Section 4.4.2, in addition to correcting baseline drift and filtering in the same way as in
Section 4.4.1. Figure 4.19 shows the improved sensor output, which is only different from
that already shown in Fig. 4.16 in the absorbance, as phase-shift results did not present
anomalies. The saturation levels of the improved absorbance signal were distinguishable
and enabled calculations for sensor evaluation in terms of bulk sensitivity and limit of
detection.

Bulk sensitivity

Phase-shift and absorbance saturation values, calculated as the mean of the signal frag-
ments highlighted in Fig. 4.19, are presented as a function of NaCl concentration in Figs.
4.20(a) and 4.20(b) for L; and L, sensors from different chips. All sensors individually
show good linearity, with R? > 0.9861 for phase shift and R? > 0.9631 for absorbance.
The largest variation between chips occurs for the absorbance measurements of the L
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Figure 4.19: Calculated phase shift (upper) and absorbance (lower) of the (a) L; and (b) Lo
sensors used for sensor evaluation. The quality of the absorbance was improved by the proposed

cross-talk cancellation approach. The areas employed in the calculation of saturation values are
highlighted.

Table 4.11: Sensitivity results of the fixed-wavelength bulk sensing experiments. Abbreviations:
standard deviation (Std.), theoretical (Theo.).

L[mm] Chip Sy[rad/w%] Sp[rad/RIU] Sy [au/w%] Sk [au/RIU]

1 9.53 5.57 - 103 -0.0067 1.21-10°

2 8.31 4.86 - 103 -0.019 3.32-103

672 3 8.16 4.78 - 103 -0.012 2.16 - 103

Mean 8.67 5.07 - 103 -0.012 2.23-103

Std. 0.75 439.53 0.0059 1.06 - 103

Theo. 9.72 5.97 - 103 -0.029 5.14 - 103

********* 1 2233  13.06-10°  -0.017 = 297-10°

2 16.79 9.82 - 103 -0.020 3.54-103

16.14 3 15.72 9.19 - 103 -0.023 4.14-103

: Mean 18.23 10.69 - 102 -0.020 3.55-103
Std. 3.55 2.08 - 10° 0.0032 584.13

Theo. 23.35 14.35 - 10° -0.069 12.34 - 103
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Figure 4.20: Saturation phase-shift (upper) and absorbance (lower) values of the (a) L; and (b)
L, sensors as a function of NaCl concentration. All sensors exhibit high linearity. Absorbance
measurements for the shortest (L) sensor have the greatest inter-chip variance.

sensor. This may be attributed to the higher impact of cross-talk and other external fac-
tors when the expected sensor response is low. Bulk sensitivities were calculated with
respect to both NaCl concentration and real or imaginary refractive index change, and
are compiled in Table 4.11. Mean device sensitivities to complex refractive index changes
Sn = 5.07 - 103rad/RIU, S, = 2.23 - 102au/RIU and S, = 10.69 - 103rad/RIU, S, =
3.55 - 103 au /RIU were calculated from the L; and Lo sensors, respectively, by linearly
fitting the mean saturation values to the refractive index changes induced by the samples.
Whereas S, fits reasonably well with the theoretical values calculated in Section 4.3.4 (Ta-
ble 4.7) and reproduced in Table 4.11 for convenience, Sy is significantly lower, especially
in the Lo sensors. One possible explanation is that the values of Aksample assumed in Table
4.9 are overestimated.

Limit of detection

To determine the limit of detection as indicated in Section 4.2.2, noise was evaluated over
30-second fragments of the signals, in which pure water was circulating over the sensor,
and the output was stable and close to zero. Representative noise fragments for the L; and
L, sensors are shown in Fig. 4.21. The read-out noise shows an additive white Gaussian
noise (AWGN) pattern, suggesting that the residual noise is coming mainly from opto-
electronic components. This is a reasonable guess providing that quantization noise is
minimal using a 24-bit DAQ and that mechanical noise was damped by pressing the fiber
array to the chip surface during the light-coupling process (see Appendix B). The stan-
dard deviation of the sensors output, as well as the corresponding LODs, expressed in RTU
for generality, can be found in Table 4.12. For each sensor, LODs for the real and imagi-
nary parts of the complex refractive index are comparable, therefore indicating that this
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Figure 4.21: Phase-shift (upper) and absorbance (lower) representative noise fragments from the
(a) Ly and (b) L, sensors, used for determining the LOD.

Table 4.12: Limit of detection results of the fixed-wavelength bulk sensing experiments. Abbrevi-
ations: standard deviation (Std.).

L[mm] Chip oay,(rad] oalau] LOD, [RIU] LODy [RIU]

1 0.0010 0.0004 5.45-1077  7.65-1077

2 0.0061 0.0012  3.77-1076 1.10-1076

6.72 3 0.0027 0.0031  1.69-106 4.36- 1076
Mean  0.0033 0.0016 1.93-10°% 2.09.10°6

Std. 0.006 0.0014 1.63-1076 1.98 - 1076
””””” 1 00049  0.0007 1.13-107%  6.69-10"7

2 0.0105 0.005 3.2-1076 4.26 - 1076

16.14 3 0.0112 0.0042  3.64-1076 3.01-1076

Mean 0.0088 0.0033 2.48-10"% 2.77.10°¢

architecture can detect both magnitudes with equivalent precision. Sensors from Chip 1
achieved a LOD one order of magnitude lower than their counterparts from Chips 2 and
3, due to the combination of a similar sensitivity and remarkably lower read-out noise.
The calculated mean LODs are LOD,, = 1.93 - 1079 RIU,LODy = 2.09 - 1075 RIU, and
LOD, = 2.48 - 107°RIU,LODy = 2.77 - 10 % RIU for the L; and L, sensors, respectively.
As was expected from the calculation of the optimum interaction length (Eq. (4.19)), the
shortest sensor yields the best results, as the higher sensitivity of the Ly sensor does not
compensate for signal degradation due to increased water absorption losses. Considering
the results of the L; sensor, this work is situated among the best of the state of the art of
complex refractive index sensors, as can be observed in the comparison summarized in
Table 4.13. Furthermore, the proposed architecture is the only one with equal capabilities
to detect n and £, a especially challenging task while operating in the NIR.

4.5 Spectroscopic measurements

Even though the possibility of fixed-wavelength operation is a major advantage of the
presented architecture, the sensor could, in principle, also work while scanning the wave-
length, as in the modeled example represented in Figs. 4.3(c)-(d). Due to the growing
interest in acquiring simultaneous dispersion and absorption wavelength-resolved mea-
surements, pointed out in Section 4.1, the spectroscopic capabilities of the sensors were
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Table 4.13: Limits of detection of state-of-the-art integrated complex refractive index sensors ope-
rating in different wavelength regimes. Results from this work are in bold letters.

Ref. Regime Architecture LOD,[10-°RIU] LOD,[10~°RIU]
[202] VIS YI 15 1.6
oo [208) ] PC microdisk 0 200
[204] NIR SWG RR 55 1.7
_Thiswork "~ CoherentMZI L 21
[208] MIR Suspended RR 8 13
[154] Cascaded RR 9900 210
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Figure 4.22: Complex NIR refractive index spectra of (a) isopropanol, extracted from [223] and
(b) water, extracted from [212].

worth exploring. As a first approximation to spectroscopic measurements, wavelength
scans were made when the sensor was exposed to either air, pure isopropanol, or pure
water. The NIR complex refractive index spectra of the two latter are represented in Fig.
4.22, while the optical properties of air (n = 1,k = 0) are assumed constant. In an addi-
tional set of measurements, the wavelength was scanned during bulk sensing experiments
as those shown in Section 4.4, in the intervals in which NaCl solutions circulated over the
sensor and its output was thus stable.

4.51 Sensor output

Figure 4.23 shows the output signals of the L; and L, sensors, exposed to pure DI water,
while the wavelength is being swept from 1545 to 1565 nm. The spurious effect of on-chip
cavities was removed by the minimum-phase filter as in Section 4.3.5. The frequency re-
sponse of the grating coupler can be appreciated in the envelope of the signals, especially
in Is. In contrast to the fixed-wavelength experiments described in Section 4.4, in this case
the oscillations of the interferometric signals are not motivated by a change in the com-
position of the sample, but by the change in wavelength (see Eq. (4.6)). Here it is worth
noting that the spectrum of the sample and the wavelength response of the interferome-
ter, i.e., the alteration of the optical path difference between the sensing and the reference
arms, are combined. To guarantee adequate performance of the 2x3-MMI, the following
measurements are restricted to the 1.55-1.56 um range.
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Figure 4.23: (a) Ly and (b) Ly sensor output when the sensing spirals are exposed to pure DI
water and the wavelength is scanned around the central wavelength.

4.5.2 Results and discussion
Pure air, isopropanol and water

The difference in the effective index of the sensing and reference modes (Aneg) was ex-
tracted from the calculated phase shift as

Ap(A,C)

Anegt(A, C) = S ) :
a,Meff

(4.24)

This measurement can be correlated to the dispersion spectra of the samples, ngmple (A, C),
by referring it to the central wavelength, i.e., Aneg(A\) — Aneg(Ao). The obtained results
for the three different analyzed samples can be seen in Figs. 4.24(a)—(b). A good agree-
ment with the expected outcome, represented in dotted lines, is observed for both inter-
action lengths. Calculating changes in ngample(A) directly from these measurements is not
straightforward. The real effective index can be expressed as

ngff()‘v C) = fsample()‘) + Fsample()‘)Ansample()‘v C)a (425}

where fsample(A) is a function dependent on the field distribution of the waveguide mode.
For Eq. (4.7) to apply to different substances (sample 0, sample 1) rather than to different
concentrations of analyte in the same solvent, the conditions

fsample,O()‘) ~ fsample,l (A)7

(4.26)
Fsample,O()‘) ~ Fsample,l ()‘)

should hold. In other words, the perturbation in the waveguide mode should be small, so
that neither the mode profile nor the external confinement factor are affected. Unfortu-
nately, these conditions are not fulfilled when considering the measurements with an air
cladding as a reference, due to the big difference between the refractive index of air and
that of IPA or water. This yields a different distribution of the waveguide mode, resulting
in different foample and I'sample, thus making the direct comparison between the outputs
invalid. However, it was indeed possible to obtain the spectral response of the difference
between water and isopropanol real refractive indices as

An()\) = nIpA()\) — nHzo()\) = ASOIPAZ(_i\S),a; A<f;{20()\), (4.27)
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Figure 4.24: Results for the spectroscopic measurements with different samples. Spectra of the
effective index difference extracted from the wavelength scans of the (a) L; and (b) L. sensors,
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per) and imaginary (lower) indices obtained with the (c) L; and (d) L, sensors. Theoretical
values are represented in dotted lines.

where I" was assumed constant over the scanned bandwidth. In a similar manner, the
differential absorbance between the two substances was calculated as

AA(N) = —logy, <II§$;((§))> , (4.28)

so that
__AAW)
I'Sa k()

could be obtained. Results are shown in Figs. 4.24(c)—(d) and are in moderate agreement
with theory. The errors committed are likely due to deviations from the conditions in
Eq. (4.26). The presented results were consistent among sensors from different chips and
encouraged the spectroscopic detection of different concentrations of analytes in the same
solvent.

AK(X) = kpa(A) — kr0(A) (4.29)

NacCl solutions

When the wavelength scans were performed in combination with bulk sensing experi-
ments, the phase-shift and absorbance spectral responses of the sensor were offset by the
saturation level for each sample (see Fig. 4.20). In this scenario, the perturbation intro-
duced by the addition of NaCl to DI water is small enough to use the responses with pure
water as the reference Ap(A,0) and Is(A,0) of Egs. (4.7) and (4.9), respectively. The
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Figure 4.25: Estimated complex refractive index spectra of diluted NaCl by the (a) L; and (b) Lo
sensors. The offset of the curves was removed for better comparison.

complex refractive index spectra of NaCl diluted in different concentrations was there-
fore estimated from the normalized phase shift and absorbance. Results are shown in
Figs. 4.25(a)—(b) for both interaction lengths, where the offset of the curves was removed
to facilitate comparison. Even though consistent trends can be appreciated, these re-
sults cannot be validated, as data containing the spectral responses of diluted NaCl in
the NIR are not available. These findings are however promising, and, given the accuracy
of dispersion curves in Figs. 4.24(a)-(b), encourage further investigation with a diffe-
rent choice of samples, e.g., [IPA-acetone mixtures. Moreover, extending this architecture
to the MIR to operate near the fundamental absorption bands of many chemical species,
such as methane or taurine, would be interesting. For this purpose, a re-design of the
sensor and the measurement system, prioritizing aspects such as broadband operation
and fringe mitigation, should be addressed.

4.6 Conclusions

In this chapter, a complex refractive index sensor based on a MZI with a coherent phase
read-out was proposed, enabling the simultaneous detection of both parts of the com-
plex refractive index of an analyte. The first implementation, in a SiNOI platform, pre-
sented several challenges that impeded validating the architecture. A second generation
of sensors was designed for the same SiNOI platform, incorporating improvements de-
rived from the investigation of the preceding chips. This latter generation turned out
successfully. Bulk sensing experiments with NaCl solutions were performed to evaluate
these sensors, and an output cross-talk model was developed to mitigate the spurious os-
cillations present in the sensing intensity signal. The best-performing sensor achieved a
bulk limit of detection in the order of 107® RIU for both the real and the imaginary parts
of the index, which is among the best of the state of the art. In fact, this is the first time, to
the best of the author’s knowledge, that both the real and the imaginary parts of the index
are simultaneously detected with such a low limit of detection. This opens avenues for
the detection of analytes in smaller concentrations and could thus enable the diagnosis of
diseases in earlier stages, for instance. Preliminary spectroscopy measurements yielded
promising results, encouraging further work toward an improved dispersion and absorp-
tion spectroscopic sensor, which could potentially be extended to the MIR. Moving to
longer wavelengths would enable operation in the fingerprint region, where unique spec-
tral features of many interesting molecules are located. Particularly, detection and iden-
tification of gases at very low concentrations could enable better early-warning systems
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in hazardous environments. This novel interferometer-based architecture contributes to
the development of integrated complex refractive index sensors operated both at a fixed
and a swept wavelength, paving the way toward complete sample characterization in real
time.



CHAPTER 5
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NEAR-INFRARED BIMODAL REFRACTIVE INDEX
SENSOR

A novel near-infrared refractive index sensor based on a bimodal interferometer is pre-
sented in this chapter. This is the second contribution of this thesis at near-infrared wave-
lengths. After an introduction on bimodal interferometric sensors and an overview of
their state of the art (Section 5.1), the proposed sensing architecture is described, with an
emphasis on coherent detection (Section 5.2). Afterwards, the design of the first and sec-
ond generations of sensors is addressed (Section 4.3), including a discussion of the issues
experienced with the first-generation sensors and a detailed explanation of the success-
ful second generation. Finally, the results of the performed bulk sensing experiments are
shown and discussed (Section 5.4), and the chapter is closed with some final remarks
(Section 5.5).

The device and most of the experimental results presented in this chapter have been
published in A. Torres-Cubillo, J. M. Luque-Gonzdlez, A. Sanchez-Postigo, A. Ferndndez-
Gavela, J. G. Wangiiemert-Pérez, I. Molina-Fernandez, and R. Halir, “High-performance
bimodal evanescent-field sensor with coherent phase readout,” Journal of Lightwave Tech-
nology 42(8), 3010-3015 (2024).

51 Introduction

When refractive index sensors were presented in Chapter 2, the division between resonant
and interferometric sensors was established. Even though interferometric configurations
enable fixed-wavelength operation and typically reach higher sensitivities, resonant sen-
sors offer superior compactness and are often preferred for dense sensor integration [70].
This is in part due to the fact that most interferometric configurations, such as the MZI-
based complex refractive index sensor proposed in Chapter 4, require two different phys-
ical paths for the reference and sensing branches, which increases the sensor footprint.
Bimodal interferometers (Bls), theoretically proposed as early as 2009 [224] and experi-
mentally demonstrated two years later [225], emerge as a promising alternative. They are
based on multimode (MM) waveguides as the one shown in Fig. 5.1, which support at
least two orthogonal modes, traveling with different propagation constants and thus ac-
cumulating a relative phase-shift difference (A¢). Upon recombination in a single-mode
(SM) waveguide, an interference pattern is created. This behavior is equivalent to that
of a MZI and thus enables refractive index sensing, with the advantage of using just one
waveguide instead of two.

The performance of a Bl is highly conditioned by two crucial factors. In the first place,
the limitations arising from the sinusoidal interferometric output, which were already

79



80 Chapter 5. Near-infrared bimodal refractive index sensor

out

N SM-MM ‘MM-SM
l_ conversion  Sensing window  conversion
Z

AP

Figure 5.1: Schematic diagram of a conventional bimodal interferometer. The transitions between
single-mode (SM) and multimode (MM) waveguides are abrupt discontinuities in waveguide
width. Upon recombination in the output waveguide, a sinusoidal interferometric response is
formed.

covered in Section 2.3.2 of Chapter 2 for a conventional MZI, hold for this configuration
as well. More explicitly, conventional Bl sensors suffer from sensitivity fading and direc-
tional ambiguity. The second pitfall, which is specific of this concept, is modal excitation
and recombination in the transition between single-mode and multimode waveguides. In
most configurations, the modes of the bimodal waveguide are excited by an abrupt dis-
continuity in either the width, as in the example represented in Fig. 5.1, or the height of
the waveguide. This is a simple approach, yet is prone to inducing reflections which could
potentially lead to FP-ripples, with the risk of masking small sensing signals. Moreover,
when such transitions are used, guaranteeing that both modes are excited with equal
power becomes challenging. An imbalanced excitation dramatically decreases the con-
trast of the interferogram, hindering a clear read-out. As a consequence, SM-MM transi-
tions must be carefully designed.

511 State of the art

Since their first demonstration as biosensors, Bls have experienced a significant growth,
both in silicon and polymeric platforms [90]. SiN bimodal sensors operating in the VIS
have been employed in the detection of different analytes such as human-growth hormone
(hGH) [226] and pesticides in tap water [227]. To enhance sensitivity, periodic silicon-
on-insulator waveguides, both operating in the subwavelength regime [228] and as pho-
tonic crystals [229], have been implemented. More recently, the concept of regional mode
engineering, consisting in patterning a partial cladding in the sensing area to drastically
reduce the overlap between the fundamental (reference) mode and the sample, has been
proposed and demonstrated [161]. To provide a balanced modal excitation, a grating-
assisted BI with nearly lossless conversion was theoretically introduced, but never imple-
mented [230]. A trigonometric algorithm for linear read-out has been applied to detect
the spike protein in SARS-CoV-2, but requires a phase modulation of the input signal and
using two-sectional photodetectors [231]. Coherent read-out of a SOI Bl was enabled by
using a 90° hybrid, implemented by cascaded MMIs, but was not validated with sensing
experiments [232]. Finally, with few exceptions [233], BI sensors with spiral waveguides
are rare, thereby hampering dense integration.

In this chapter, a NIR refractive index sensor based on a spiral bimodal waveguide is
presented. This architecture, which will be further explained in Section 5.2, combines a
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Figure 5.2: Schematic diagram of the proposed coherent bimodal interferometric sensor. A mode
converter allows for fully-controlled excitation of the first two TE modes of the bimodal sensing
waveguide. The same device acting as a demultiplexer feeds the 120° hybrid which enables cohe-
rent phase detection.

fully controlled modal excitation with a coherent read-out scheme. With this novel imple-
mentation, the detection capabilities of MZIs are combined with the superior compactness
and robustness of Bls.

5.2 Sensor architecture

A schematic diagram of the developed bimodal refractive index sensor can be seen in Fig.
5.2. The sensor is based on a spiraled bimodal waveguide, which supports the funda-
mental and the first high-order TE modes. A mode converter enables a controlled modal
excitation at the input of the sensing waveguide. The same architecture works symmet-
rically to separate the modes of the bimodal waveguide into two fundamental modes of
single-mode waveguides, which enter the 120° hybrid for coherent phase detection. The
specific implementations of the two types of mode converters developed in this work will
be addressed in Sections 5.3.1 and 5.3.4. Light input/output is performed via surface
grating couplers. In the following the sensor working principle and its figures of merit
are explained.

5.21 Working principle

Input light is split to feed the mode converter, which excites the first two TE modes of
the sensing bimodal waveguide. In said waveguide, the fundamental mode propagates
with an effective index neff o, and has a confinement factor I, whereas the first high-order
does so with neg 1 and I7, respectively. The overlap of the first high-order mode with the
sample is greater than that of the fundamental one, whose energy is more confined to the
core,i.e., I1 > Ip. Considering that the wavelength is constant, the mode effective indices
can be expressed solely as a function of analyte concentration,

neff,O(C) = neff,O(O) + FOAnsample(C)a

(5.1)
Nef1(C) = Netf,1(0) + I'1ANgample(C),

where neg 0(0) and nef 1 (0) are the values of the effective indices in the absence of analyte.
After propagation in the waveguide, the modes have accumulated a phase shift

27

©o(C) = Tneff,O(C)La
0
2T

©1(0) = Tneff,l(C)L
0

(5.2)

with respect to their initial phase values. The phase-shift difference between the modes
can be defined in an analogous way as for a MZI (see Section 2.3.2 of Chapter 2),

Ap(C) = 1(C) — o(C) = iZAneff(cm (53)
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Figure 5.3: Modeled output of the bimodal refractive index sensor. (a) Detected intensity signals
for a linear increase of analyte concentration from Cy to C. (b) Calculated phase shift. A linear
read-out is achieved from the IQ signal, shown in the inset.

where Ang(C) = nefr1(C) — Nefr0(C). By normalizing the phase-shift difference, so that

A(C) = Ap(0) = (T = T)Angampie(O)L, (54)
a measurement proportional to Angmple is obtained. The modes of the bimodal wave-
guide are demultiplexed into the two fundamentals modes of two single-mode wavegui-
des by the reverse operation of the mode converter. These two fundamental modes, which
preserve the phase shift Ay, are the inputs of the 2x3-MMI. Coherent detection is thus
enabled and a complex signal

2(C) = \/IoI2¢), (5.5)

where I and I; are the intensities of the TEyy and TE;(, modes, respectively, can be gen-
erated. Finally, Ay = arg(z) is unambiguously determined. Figure 5.3(a) shows the
modeled interferometric output signals of a 7 mm-long bimodal sensor with Iy = 0.15
and I1 = 0.24, as a response to a linear increase of concentration from Cj to C1, equiv-
alent to Angample = 5 - 1073 RIU. The associated phase shift can be seen in Fig. 5.3(b).
Without incorporating a reference arm, an equivalent outcome to that of a coherent MZI
(see Fig. 2.8 from Chapter 2) is obtained.

5.2.2 Figures of merit

The performance of the proposed refractive index sensor will be evaluated by bulk sensing
experiments. The modal sensitivity of each mode coincides with their confinement factors
(Section 2.5, Chapter 2),

Onett o
Sm,o = 377 = I 0
Tlsample (5.6)
Onett1 '
Smp =5 —— =1,
Tsample

but, as seen from Eq. (5.4), what is relevant in bimodal interferometry is the differential
modal sensitivity, defined as

Onege 1 Onegt o
Sq =

ansample 8nsample

=1 — Iy, (5.7)



5.3. Sensor design and evaluation 83

and which indicates the difference between the confinement factors of the first high-order
and fundamental modes. The architectural sensitivity to effective index changes is equiv-
alent for Bls and MZIs (Section 4.2.2, Chapter 2):

0Ap B 2—7TL
O(nefi1 — Nefrg) Ao

Sa = (5.8)
To calculate the sensitivity of the device, the differential and architectural sensitivities are
multiplied, yielding

OAp 2T

= T~ )L (5.9)

Sp=—""—
8nsample Ao

In view of this expression, it can be concluded that, apart from the aforementioned strate-
gies consisting on reducing A¢ and increasing L (Chapter 4, Section 4.2.2), enhancing the
differential modal sensitivity (S4), rather than the absolute values of Iy and I, would
enlarge overall device sensitivity. Finally, in the same manner as in a conventional inter-
ferometer, the LOD is determined by considering phase read-out noise:

30Ap

LOD
Sn

(5.10)

5.3 Sensor design and evaluation

A first generation of sensors was designed for the SOI platform provided by Applied Nan-
otools, described in Section 3.2.1 (Chapter 3), for an operation wavelength \g = 1.31 um,
selected in order to reduce water absorption losses. Four chips were fabricated in a com-
mercial SOl MPW run, but, due to several problems related to both the platform and the
design, discussed in Section 5.3.3, no valid sensing results were obtained with them. How-
ever, the experience with the first-generation sensors encouraged changes and improve-
ments, leading to the development of the high-performance second-generation sensors
used in the sensing experiments presented later in this chapter. Such sensors were de-
signed for Cornerstone’s SiNOI platform at A\ = 1.55 um and fabricated in the same chip
as the second-generation of complex refractive index sensors (Chapter 4), corresponding
to the SIN MPW#3.

This section details the design and characteristics of the different sensor components,
the mask layout and the optical characterization of each generation of sensors.

5.31 Components of the first-generation sensors

As it was seen in Section 5.2, the key components of the bimodal sensor are the mode con-
verter, the sensing bimodal waveguide, the 1x2- and 2x3-MMIs and the grating couplers.
In this case, the designs were made for a SOI platform.

Mode converter

The mode converter and demultiplexer included in the first generation of bimodal sensors
takes advantage of mode evolution in a counter-tapered coupler. The design, schema-
tized in Fig. 5.4 and whose dimensions can be found in Table 5.1, is adapted from the

Table 5.1: Geometry of the mode converter based on counter-tapered couplers employed for the
first-generation sensors, implemented in SOL

Wsm,o [um]  Wenq [um]  Winm [um]  Wip [um]  Liaper [um] W [um]
0.51 0.42 0.73 0.2 150 0.12
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Figure 5.4: Schematic representation of the mode converter employed in first-generation sensors,
implemented in SOI. The device is based on a counter-tapered coupler.

one proposed in [234]. The fundamental mode of the lower waveguide (WGy) propa-
gates to the device output without coupling to any of the modes of the upper waveguide
(WG;), while the fundamental mode of WG; is adiabatically coupled to the first high-
order mode of WGy. This behavior is achieved by properly selecting the width-change
ratio of the tapers so that the phase-matching condition between the fundamental mode
of WG, and the first high-order mode of WGy is fulfilled around the center of the taper,
but not at its ends. The distance Liape; is set to guarantee an adiabatic transition. There is
no phase matching between the fundamental mode of WG( and any of the modes of WG;.
The coupler is embedded between waveguide bends to avoid coupling between the input
waveguides and reduce radiation from the tip of WG;. Owing to the reciprocity theorem,
the same architecture acts as a mode demultiplexer when it is mirrored.

Bimodal waveguides

Sensors with bimodal waveguides supporting the fundamental and first high-order TE
modes were implemented in two different widths, W; = 0.7um and W5 = 0.6 um. A
short summary of their performance is given in Table 5.2, where Ly,0,0 and Ly,0,1 denote
water absorption losses for the TEq and the TE;(, respectively. Closer attention will be
paid to the bimodal waveguides of the second-generation sensors, as the experimental
results presented in this thesis were obtained with them.

MMIs and grating couplers

The employed MMIs were classic homogeneous SOI designs, and their geometries can be
found in Table 5.3. The transition between the Wgy; = 0.4 um interconnection waveguides
and the access ports of the MMIs was implemented by a 20 um-long taper. Surface grating
couplers were single-etched and silica-cladded, with the geometry indicated in Table 5.4,
where ag and by are the dimensions of the adaptation tooth (see Fig. 4.7(b) in Chapter 4).
They radiated with an angle of -29° to a polished fiber (see Appendix A) and achieved a
maximum coupling efficiency CE = —4.32dB.

Table 5.2: Summary of the performance, in terms of sensitivity and water absorption losses, of the
bimodal SOI waveguides included in first-generation sensors.

Width [um] S4 [RIU/RIU] Ly,00 [dBem™!] Ly,0,1 [dBem™!]
0.7 0.085 0.33 0.86
0.6 0.17 0.39 1.53
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Table 5.3: Dimensions of the MMIs of the first-generation sensor layout, implemented on a SOI
platform.

Type Wwmmi [pm]  Lymi [pm] W, [pm] W [um]
1x2 3.85 16.2 1.5 0.5
2x3 6.05 108 1.5 0.5

Table 5.4: Dimensions of the surface grating couplers of the first-generation sensor layout, imple-
mented on a SOI platform.

Wee [um] Lgc[um] a[nm] b[nm] ao[nm] bo[nm]
13 51.85 206 309 265 90

5.3.2 Layout of the first-generation sensors

The mask layout of one of the implemented sensors is shown in Fig. 5.5(a), where the
main components are augmented and long straight interconnecting waveguides are omit-
ted. The spiral bimodal waveguide was around 15 mm-long, and adjacent waveguides
were separated by 7 um. Grating couplers were pitched to match the fiber array, and ro-
tated so the microfluidics and array configuration described in Section 3.3.2 could be kept
despite the negative radiation angle. SEM images of the mode converter, taken by the
foundry before depositing the silica cladding, can be seen in Fig. 5.5(b). The fabricated
dimensions agreed with the nominal design.

5.3.3 Optical and sensing evaluation of the first-generation sensors

Propagation losses around 5 dBem™! at \¢ = 1.31 um were measured in the cladded
waveguides by the cut-back method. While this value was much higher than the antici-
pated losses of 1-2 dBcm ™!, it was manageable, especially considering that relatively low
water absorption losses were expected. After the protective resist was removed (Section
3.5.1 of Chapter 3), sensing experiments using NaCl solutions were performed. However,
as can be seen from Fig. 5.6(a), interferograms were not correctly formed in the transi-
tions between buffer and sample solutions, and the distortion was beyond the corrective
capabilities of the calibration algorithm (Section 3.4 of Chapter 3). As the 2x3-MMI de-
sign was well trusted, the principal suspects were the mode converter and the bent wave-
guide sections. Figure 5.6(b) shows an example of the calculated complex signal, even
after undergoing careful calibration. The phase read-out was thus considered invalid.
All sensors from the four chips were measured with identical outcome, suggesting that
the design flaw was systematic.

More experiments were planned for a deeper investigation of this misbehavior, but,
after applying the cleaning protocols (Chapter 3, Section 3.5.2), most of the sensing wave-
guides stopped transmitting light. After inspection under the SEM, it was found out that
parts of the waveguides had broken, as shown in Fig. 5.6(c), most likely during the soni-
cation steps. Furthermore, it was observed that a pedestal was etched around uncladded
waveguides, which made them very fragile. It was then decided to use HCl as an analyte
instead of NaCl, as it should leave no residues, thereby avoiding the sonication steps to
clean the chips. Here it is worth considering that HCI solutions had been previously and
successfully employed with SiN sensing chips by other members of the group, as well as
by different groups with experience in photonic sensors [225]. Unexpectedly, after per-
forming such experiments, none of the sensors transmitted anymore. SEM images and
energy dispersive X-ray spectroscopy (EDS) analysis revealed chemical damage and de-
positions, seemingly caused by the interaction of HCI with silicon. Some examples can be
seen in Figs. 5.6(d)—(e). It was hypothesized that opening the sensing windows during
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Figure 5.5: (a) Mask layout for the first-generation sensor, designed for ANT’s SOI platform.
(b) SEM images of the mode converter, based on a counter-tapered coupler.

the fabrication process had chemically activated the silicon waveguides, making them re-
active to these kind of samples. As a result of the accumulated damage, the chips were
discarded.

Conclusions after optical and sensing evaluation

Three main conclusions were extracted from the challenges brought by the first generation
of bimodal sensors:

e The mode conversion scheme based on a counter-tapered coupler, besides the cor-
rect fabrication of the device, did not optimally work. It remains unclear if this was
due to a design flaw regarding the coupler or due to mode cross-coupling in the
curved bimodal waveguides caused by light scattering in fabrication defects. Unfor-
tunately, it was not possible to conduct further verification measurements because
the chips were damaged.

e Narrow SOI waveguides are vulnerable to the mechanical stress produced by the
sonication steps needed to clean residues. This issue worsens considering that pedestal
waveguides were produced by the cladding-removal process.

e Silicon surfaces can react to chemical analytes such as HCl, generating residual de-
positions and irreversible damage.

5.3.4 Components of the second-generation sensors

All components were designed for SiN at the operation wavelength \g = 1.55 um for the
detection of analytes in water-based samples. The designs of the surface grating couplers
and the MMIs used for input light splitting and coherent detection are shared with the
second-generation complex refractive index sensors from Chapter 4, so the details can be
found in Section 4.3.1.
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Figure 5.6: (a) First-generation sensor output in the transition from a buffer to a NaCl solution.
(b) Generated IQ signal after calibration. The read-out was invalid. (c) Damaged waveguides
due to mechanical stress. (d) Deposited residues after HCI sensing experiments. (e) Damaged
surface and waveguides due to uncontrolled chemical reactions.

Mode converter

The mode converter implemented for the second-generation sensors is schematized in Fig.
5.7. The device, based on the design proposed in [91] and validated in [92], has three sub-
components: a 2x2-MMI working as a 3 dB-90° hybrid coupler, a phase shifter (PS) and a
sinusoidal-profile Y-junction. The phase shifter is composed of two parallel waveguides.
While the lower arm is a straight single-mode waveguide, the upper arm comprises two
trapezoidal tapers in back-to-back configuration. The purpose of such tapers is increasing
the effective index, therefore generating a delay in propagation. Specifically, the length of
the PS is designed so that a 90° phase shift with respect to the lower branch is achieved.
The output port of the Y-junction is a multimode waveguide with a width Wy = 2Way,
which supports the fundamental and the first high-order TE modes. The dimensions of
the different components can be found in Table 5.5. Here it is worth mentioning that, if a

3 dB-90° hybrid Phase shifter Y-junction
> —> —

L '9,00 : LPS

Figure 5.7: Mode converter used in the second-generation sensors, implemented in SiN. The device
is composed of a 90° hybrid, a phase shifter and a Y-junction, which in combination transform the
fundamental mode in Port 1 into the fundamental mode in Port 3, and the fundamental mode in
Port 2 into the first high-order mode in Port 3. The most relevant dimensions are indicated.
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Table 5.5: Geometry of the components of the mode converter and demultiplexer of the second-
generation sensors.

Component Parameter Value [um]

Wit 74
Laam 167
MMI W, 3
W, 15
Whps 11
PS Wis 13.25
" Y4qunction Ly = ¢ 30

different combination of widths of the interconnecting and sensing waveguides is desired,
tapers can be included adjacently to the device input and output ports.

The mode converter operates as follows. The fundamental TE mode injected through
Port 1 is split by the MMI into its upper (B) and lower (A) arms, with a phase differ-
ence Agp_a = ¢ — ¢ao = —90° between them. The PS adds on a 90° phase difference
between the upper (D) and lower (C) branches, so that, at the input of the Y-junction,
A¢p_c = ¢p — ¢c = 0°. The two in-phase TE modes are adiabatically combined by the Y-
junction into the fundamental mode (TE) of the bimodal waveguide. On the other hand,
the fundamental TE mode in Port 2 is equally split by the MMI, but now the defined phase
difference between the upper and lower branches is Agp_a = ¢p—¢pa = 90°. At the end of
the PS this difference has evolved into A¢p_c = ¢p — ¢c = 180°. The combination of the
two out-of-phase modes in the Y-junction generates the first high-order mode (TE;() sup-
ported by the bimodal waveguide. When the device works as a demultiplexer, the TE
mode of the bimodal waveguide is split by the Y-junction into two in-phase fundamental
modes, which, after going through the PS section, are coupled into the fundamental mode
of Port 1. In contrast, the TE;y mode is split into two out-of-phase fundamental modes,
and coupled to the fundamental mode of Port 2 after undergoing the 90° phase shifting.
Thanks to the explained behavior, the two modes of the sensing waveguide are excited,
and, once they have gone through the sensing pathlength, they are demultiplexed into
two fundamental modes whose relative phase shift can be coherently detected.

The 3D-FDTD simulated field propagation (RSoft FullWAVE™) in the mode converter
is shown in Fig. 5.8(a), when light is launched through Port 1 and the fundamental mode
of the bimodal waveguide is excited, and in Fig. 5.8(b), when the launch is through Port
2 and thus the first high-order mode is excited. The different sections of the device are
indicated. The most important figures of merit are insertion loss (IL) and cross-talk (XT).

Insertion loss
P
IL, = —10log,, (P’“) . k={0,1}, (5.11)
in

where k& = 0 refers to the TEyy mode and k = 1 to the TEq, is defined as the ratio between
the power transferred to the desired excited mode in Port 3 (P and P;) and the input
power (Pjn) of the mode launched through either Port 1, to excite TE, or Port 2, to excite
TE;g. Cross-talk

XT}, = 10log,, (lz;) , k1={0,1}, k #1 (5.12)
measures the power ratio between the desired and the undesired mode. The evolution of
these parameters around the operation wavelength can be observed in Figs. 5.8(c)-(d),
whereas the performance at A\g = 1.55 um can be found in Table 5.6. The low insertion
loss and cross-talk of the structure allow for a virtually lossless and efficient mode con-
version and separation. The same device was also simulated with a width fabrication bias
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Figure 5.8: Field propagation in the mode converter when light is launched through (a) Port 1,
exciting the fundamental mode, and (b) Port 2, exciting the first high-order mode. Device sections
are indicated. Simulated (c) insertion loss and (d) cross-talk for the nominal dimensions and a

+50nm fabrication bias. The values remain low at \g even when fabrication tolerances are consi-
dered.

Table 5.6: Performance of the second-generation mode converter and demultiplexer at Ay =
1.55 um.

ILo [dB] 1IL;[dB] XT,[dB] XT; [dB]
0.07 0.14 59.42  -43.05

0 = £50nm, yielding the results shown in Figs. 5.8(c)—(d) in dashed and dotted lines.
Insertion loss and cross-talk remain below 0.5 dB and -20 dB, respectively, around )y, thus
anticipating robustness against typical fabrication errors. Finally, as the sensing region is
embedded between two mirrored mode converters (see Fig. 5.2), back-reflections were
calculated by measuring the power reflected back to the input port in order to determine
whether a FP cavity could be created. The predicted value of BR < —30 dB for both modes,
even when fabrication tolerances are considered, makes any expected FP ripple related to
this device negligible.

Bimodal waveguides

A cross section of the bimodal sensing waveguide, with dimensions H = 0.3 um and
Wym = 1.8 um, is shown in Fig. 5.9(a), where pure water is selected as the cladding
material. The complex refractive indices of the materials are those given in Table 4.1 of
Chapter 4. At the operation wavelength \g = 1.55 um, the waveguide supports the funda-
mental and the first high-order TE modes, whose field distribution and complex effective



90 Chapter 5. Near-infrared bimodal refractive index sensor

@) Sensing
HAS 1.8 ym
SiO, 3 um

IE, (xy)|

45 1 05 0 05 1 15 45 1 05 0 05 1 15
X [pm] X [pm]

Figure 5.9: (a) Cross section of the bimodal sensing waveguide. Thickness is not to scale. Profile
of the (b) fundamental and (c) first high-order TE modes of the waveguide.

Table 5.7: Differential sensitivities to bulk refractive index changes (S3), the thickness of an ad-
sorbed protein layer (S surf) and temperature fluctuations (Sg,temp)-

Sq [RIU/RIU]  Sqsurf [RIU/nm] S temp [RIU/°C]
0.094 3.67-107° —1.14-107°

indices can be seen in Figs. 5.9(b)—(c). Here it is worth mentioning that, with these di-
mensions, if an air cladding is considered, the TE;y mode would not be supported, mak-
ing this design suitable only to measure aqueous solutions. Due to its higher confinement
to the waveguide core, the fundamental mode experiences less water absorption losses,
and thus its imaginary effective index is smaller. The characteristics of the waveguide are
calculated as described in Section 3.1 of Chapter 3.

The confinement factors of each mode, Iy = 0.15 and I} = 0.24 for the fundamental
and first high-order modes, respectively, were calculated from the curves in Fig. 5.10(a),
resulting in a differential modal sensitivity Sq = 0.094 RIU/RIU (Eq. (5.7)). A differential
surface sensitivity of Sy gy = 3.67- 10~° RIU /nm was obtained from the lineal segments of
the curves shown in Fig. 5.10(b). As both modes travel through the same waveguide, they
are subject to the same thermal fluctuations, but, due to their different field distributions
(Figs. 59(b)—(c)), the thermal sensitivities of each mode differ. Specifically, the value
of the thermal sensitivity of the fundamental mode is Smotemp = Onefro/0T = 2.01 -
1075 RIU/°C, whereas the one of the first high-order is Smiltemp = Onefr1 /0T = 8.68 -
1079 RIU/°C, yielding a differential thermal sensitivity Sdtemp = (N1 — Netr0) /0T =
—1.14-107° RIU/°C, which is two times lower than that obtained for the MZI-based sensor
of Chapter 4 (Section 4.3.1). All the calculated differential sensitivities are compiled in
Table 5.7.

Being the most weakly guided of the two modes, the TEg is the critical one with
regards to losses. Water absorption causes losses Li,00 = 7.79dBcm™! and Ly,01 =
12.74dBcm™!, calculated from ketr 0 and ke 1, respectively. As seen in Fig.5.10(c), leak-
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Figure 5.10: Simulation results for the bimodal sensing waveguide. (a) Differential bulk sensiti-
vity. (b) Differential surface sensitivity. (c) Leakage loss. The value obtained for the fundamental
mode when waveguides are exposed to air is shown for comparison. The first high-order mode
would not be guided in this latter case. (d) Loss per 90-degree bend.

Table 5.8: Propagation losses of two TE modes due to water absorption (Ly,0), leakage (Lieak)
and curves (Logp).

Mode Ly,0[dBem '] Ly [dBecm '] Lo [dB]
TEqo 7.79 6.54-10~% 0.0041
TE 1o 12.74 0.27 0.017

age losses for the TEgg mode are negligible, while a reasonable Ljc, 1 = 0.27dB cm ! is

obtained for the TE;o. Sharp bends in multimode waveguides can be problematic, not
only due to radiation and mode mismatch losses, but also due to inter-modal cross-talk.
A high bending radius of 120 pm was chosen, for which no cross-talk between the modes
occurs. Losses per 90-degree bend as a function of the radius are shown in Fig. 5.10(d).
For the chosen radius, they amount to Lgg o = 0.0041 dB, dominated by transitions losses,
and Lgg 1 = 0.017 dB, where the contributions of mode mismatch and radiation are com-
parable. Even though these values are manageable, only two 90-degree curves were im-
plemented in the layout, as it will be seen in Section 5.3.5. Here it is worth reminding that
most routing is done using single-mode interconnection waveguides. Table 5.8 includes
all calculated loss coefficients.
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Figure 5.11: (a) Second-generation sensor layout. The most relevant building blocks are zoomed.
Long straight sections of interconnecting waveguides have been omitted. (b) Array input/output
grating couplers. Interleaving back-to-back gratings minimizes the risk of cross-coupling from the
sensor input to their outputs.

5.3.5 Layout of the second-generation sensors

The mask layout of the second-generation sensor is shown in Fig. 5.11(a). When com-
pared to the first implementation (Section 5.3.2), even though the size of the subcompo-
nents is larger due to the lower index-contrast of the SiNOI platform, sensor footprint is
roughly the same, as it is conditioned by the separation between grating couplers. As
in the complex refractive index sensors (Section 4.3.4, Chapter 4), a 2x2-MMI allows for
in-coupling light with a separate optical fiber and out-coupling using the array. The grat-
ing coupler of the back-to-back alignment waveguide separates the input from the closest
output, which is the phase signal I3, as can be seen in Fig. 5.11(b).

The designed spiral had a length L = 7.81 mm, and adjacent waveguides were sepa-
rated by 35 um, thus avoiding coupling between neighboring modes. With these consid-
erations, the occupied area is only 0.72mm? and the device achieves a sensitivity S, =
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Figure 5.12: Evolution of (a) the bending radius and (b) accumulated radiation loss with propa-
gation distance in the spiral. The fundamental mode exhibits negligible radiation losses.
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Table 5.9: Characteristics of the spiral sensing waveguide. The fundamental mode experiences
negligible radiation losses.

L[mm] Area[mm?] S, [rad/RIU] Ltga,l [dB] Lg:o,o [dB] Lt}(I):O,l [dB]

T

7.81 0.72 2.85- 103 0.05 6.02 9.95
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Figure 5.13: (a) Optical microscope picture of the bimodal sensor. (b) SEM images of the bimodal
sensing waveguides. A waveguide width around 1.7 um was measured.

2.85-10° rad /RIU, as indicated in Table 5.9. The variation of the bending radius along the
spiral path (d,) can be observed in Fig. 5.12(a). For the majority of the propagation dis-
tance, the radius is kept high, taking values above 240 pm, while a minimum of 86.6 pm,
which still guarantees low losses and negligible cross-talk, is reached at the vicinity of the
center. The radiation losses accumulated along the spiral path (see Eq. (4.18) of Chapter
4) are shown in Fig. 5.12(b), where it is clear that the fundamental mode suffers vir-
tually no attenuation. The total loss accumulated by the TE;y mode ammounts to only
L’;gfi’l = 0.05 dB. Total water-induced absorption, whose value can be found in Table 5.9,
is significant for both modes. In this sensor configuration, the optimum interaction length
depends on the loss difference, i.e., Lopt =~ [(11 — FO)OéHzo]_l ~ 9mm. The implemented
pathlength was shorter, adopting a more conservative approach to prevent an excessive
degradation in performance due to unexpected additional losses. Finally, the thermal
sensitivity of the device was calculated as S temp = 0Ap/IT = —0.36rad/°C.

5.3.6 Optical evaluation of the second-generation sensors

After applying the resist removal protocol (Chapter 3, Section 3.5), chips were imaged
both under an optical microscope and a SEM to verify their correct fabrication. An optical
image of the sensor body and SEM images of the spiral bimodal waveguides can be seen
in Figs. 5.13(a)—(b), respectively. The only deviations observed were a ~ 100 nm over-
etching of the sensing waveguides, whose width was measured around Wyp = 1.7 pm,
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Figure 5.14: (a) Sensor output during a wavelength scan. The oscillations caused by spurious
cavities were mitigated by the minimum phase filter. (b) Reflectograms of the three interferometric
signals. The origin of some of the most important echoes is indicated.

and the fact that the SWG adaptation teeth of the grating couplers were not etched, as
was indicated in Chapter 4 (Section 4.3.5). Back-reflections from the grating couplers
were thus expected. The propagation losses of interconnection single-mode waveguides
were assumed similar to those included in Table 4.6 (Chapter 4, Section 4.3.3).

To assess the correct operation of the sensor before performing sensing experiments,
the wavelength of the source was scanned around Ay and the interferometric outputs
were recorded. This was done while the sensors were exposed to pure DI water, flow-
ing through the microfluidics channel, to make sure that the TE;y mode was guided. The
results from one of the measured sensors are shown in Fig. 5.14(a) in soft lines, where
the effect of spurious on-chip cavities can be appreciated. To investigate the origin of such
cavities, the reflectogram of each signal, shown in Fig. 5.14(b), was generated. The ob-
served echo pattern was equivalent for the three outputs and consistent among sensors
from different chips. The origin of some relevant cavities, marked as A, B, C, and D, could
be determined. Cavity A is the one created between the output grating coupler and the
2x3-MMILI. Cavity B is formed between the two mode converters which embed the sensing
waveguide. The fact that this echo is one of the weakest is consistent with the theoret-
ically low reflections obtained by simulations (see Section 5.3.4). The input and output
grating couplers originate cavity C. Finally, cavity D likely corresponds to the combina-
tion of cavities A and C. Here it is worth noting that no cavity is created between the start
and the end of the sensing window. Output signals were filtered by the minimum phase
algorithm to remove fringes, as can be appreciated in Fig. 5.14(a) (bright lines). Study-
ing the origin of reflections provides information for further design improvements, but,
in practice, reflections are not expected to be problematic for this sensor, as it is meant to
be measured always at a fixed wavelength.

The results obtained from this preliminary evaluation, including the high contrast of
the interferogram, encouraged performing bulk sensing experiments with these sensors.

5.4 Bulk sensing experiments

Bulk sensing experiments with the laser source operating at a fixed wavelength \g =
1.55 pm were performed in the optics and microfluidics setup (Chapter 3, Section 3.3).
As in Chapter 4 for the complex refractive index sensors, the low calculated thermal sen-
sitivity did not motivate implementing a thermal control loop at this stage. With the aim
of evaluating the sensor in terms of sensitivity, linearity and LOD, sensing experiments
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Figure 5.15: (a) Sensor output during a bulk sensing experiment with different NaCl solutions.
(b) Close-up of the interferometric signals during the transition from the buffer to a 6w% NaCl
sample. (c) Generated complex signal, from which (d) the phase shift is extracted. The areas
employed in the calculation of saturation values are highlighted. A representative noise fragment
is shown in the inset.

alternating NaCl solutions with a DI water buffer were performed. The pumping speed
was kept at a constant rate of 30 uL/min. The refractive index of each prepared sample,
with concentrations of 1.5w%, 3w%, 6w% and 12w%, was given in Chapter 4 (Table 4.9,
Section 4.4). For the present architecture, only the real part of the index is relevant.

5.41 Sensor output

The three outputs of the sensor were recorded during experiments, and low-pass filtered
with a bandwidth of 1 Hz to reduce the noise level. Figure 5.15(a) shows the complete
record of an experiment, while a fragment corresponding to the transition between the
buffer solution and a 6w% sample can be observed in Fig. 5.15(b). The pronounced con-
trast of the interferograms indicates a correct modal excitation, resulting in highly read-
able signals. An averaged differential loss around 11.4dBcm ™! between the modes was
calculated, a value which is much higher than the 4.9dBcm ™! expected from the simu-
lated difference in water absorption (see Table 5.8). This may indicate that the high-order
mode suffers from unconsidered additional attenuation, possibly due to a greater effect
of sidewall roughness. It is also possible that the differential confinement factor is higher
than designed, as will be further discussed in Section 5.4.2.

The blind calibration algorithm (Chapter 3, Section 3.4) was applied to correct am-
plitude imbalances and phase deviations, resulting in IQ signals as the exemplary one
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Figure 5.16: (a) Saturation phase shift as a function of NaCl concentration achieved in bulk sens-
ing experiments with sensors from 5 different chips. The theoretically expected response is repre-
sented for reference. (b) Simulated evolution of the modal differential sensitivity with an increase
in over-etching.

Table 5.10: Sensitivity and limit of detection results of the fixed-wavelength bulk sensing experi-
ments. Abbreviations: standard deviation (Std.), theoretical (Theo.).

Chip S, [rad/w%] Sh[rad/RIU] oae[rad] LOD [RIU]

1 7.57 4.43 - 103 0.0019 1.29-1076

2 7.17 4.19 - 103 0.0002 1.59-1077

3 7.59 4.44 - 103 0.0016 1.07-106

4 7.46 4.37-103 0.0004 3.01-1077

5 6.95 4.07-103 0.0032 2.36- 106

Mean 7.35 4.30-103 0.0015 1.03-10"6

Std. 0.28 162.87 0.0012 8.85-1077
Theo. 4.87 3.13-10° - -

shown in Fig. 5.15(c), whose changes in the amplitude are ignored in the read-out. Fi-
nally, a phase-shift signal, which linearly follows analyte concentration changes, is unam-
biguously extracted. As can be observed in Fig. 5.15(d), no baseline-drift correction is
required. An additional low-pass filtering step with a bandwidth of 0.2 Hz was applied
to Ay to further reduce read-out noise.

5.4.2 Results and discussion
Bulk sensitivity

Bulk sensing experiments were performed in sensors from 5 different chips. The satu-
ration values of the retrieved phase shift, calculated as the mean of the fragments high-
lighted in Fig. 5.15(d), are shown in Fig. 5.16(a) as a function of analyte concentration.
All sensors show high linearity, with R? > 0.9986, and inter-chip variations are small,
thus showing that the sensor delivers a consistent measurement. Bulk device sensitivities
were calculated with regards to NaCl concentration and refractive index changes, and are
presented in Table 5.10. A mean sensitivity S, = 4.30- 103 rad /RIU was obtained, a higher
value than the expected Sy, theo = 3.13 - 10 rad /RIU for the designed waveguide. Note
that the 770 pm of straight waveguides exposed to the sample (see input and output of
the spiral in Fig. 5.11(a)) have been taken into account in the calculation of the total in-
teraction length. This discrepancy can be appreciated in Fig. 5.16(a), where the expected
sensor response for each concentration is represented in a black solid line. The experi-
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mental results suggest a differential modal sensitivity Sqexp = 0.12RIU/RIU, which is
about 31.5% higher than the predicted Sq = 0.094 RIU/RIU (Table 5.7). To investigate
the origin of such deviation, simulations considering typical fabrication errors were per-
formed. Close attention was paid to the effect of over-etched sensing waveguides, as this
is a common consequence of removing the cladding over the sensing areas which was al-
ready observed in the SEM evaluation. The evolution of S4 with a width difference AW,
so that W = 1.8 — AW um, is shown in Fig. 5.16(b). Over-etching beyond 250 nm is not
considered because it is not consistent with the observed quality of the fabrication run
and, most importantly, the TE;p mode would not be guided in such scenario. A value
AW = 100nm is consistent with what was appreciated in SEM images (Section 5.3.6),
but that alone does not justify the observed increase in sensitivity. Studying additional
variations from the nominal design, such as the indices of the waveguide materials, could
help further explain the experimental behavior.

Limit of detection

The noise-floor for the determination of the LOD was evaluated over 30-second long frag-
ments of the near-zero sensor response to the water buffer solution. A representative noise
fragment, which, just as it happened in Chapter 4 (Section 4.4.3), can be approximated
as AWGN, is shown in the inset of Fig. 5.15(d). The calculated standard deviations and
the resulting LOD of each measured sensor, expressed in RIU for analyte independence,
can be found in Table 5.10. Even though the sensitivity remains similar among different
chips, different noise levels determine limits of the detection both in the 107 and 106
orders of magnitude, arriving to a mean value LOD = 1.03 - 1079 RIU. This result is
competitive with the current state of the art of bimodal integrated sensors. Moreover,
contemplating the best results, corresponding to the measurements of Chip 2, yielding a
LOD = 1.59-10~7 RIU, the presented architecture is, to the best of the author’s knowledge,
the best one reported in the NIR regime, as evidenced in the comparative included in Ta-
ble 5.11. As can be seen in the table, this remarkably high performance is accompanied
by the additional advantages of fixed-wavelength operation, controlled modal excitation
and demultiplexing and an inherently linear read-out.

5.5 Conclusions

In this chapter, a refractive index sensor based on a spiral bimodal waveguide, combin-
ing a controlled modal excitation and demultiplexing with a coherent phase retrieval was
presented. A first generation was implemented in SOI, but was not suitable for sens-
ing due to practical complications derived from the platform and the sensor design. As
a consequence, second-generation sensors were fabricated on a SiNOI platform, and the
original mode converter and demultiplexer was switched for a robust and well-trusted ar-
chitecture. The designed spiraled waveguide provided almost lossless propagation and
negligible mode crosstalk, achieving a ~8 mm interaction length, limited only by water
absorption, while still occupying a small area of 0.7 mm?. Bulk sensing experiments re-
vealed a high-performance device, reaching top-of-state-of-the-art LODs in the order of
10~ 7 RIU for the best devices. To the best of the author’s understanding, this is the best va-
lue reported up to date for bimodal interferometers working at NIR wavelengths. These
remarkable results are reinforced by the advantages of a fully controlled modal excita-
tion and demultiplexing and a linear and unambiguous read-out, two traits that are often
lacking in existent bimodal sensors. This new architecture leverages bimodal sensors to
MZI-based solutions, while reducing sensor footprint by half. The implemented sensors
are readily applicable to biosensing purposes, and suitable for dense integration in multi-
analyte detection platforms.
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Table 5.11: Limits of detection of state-of-the-art integrated BI sensors operating in the VIS and NIR regimes. Results from this work are written in bold letters.
Abbreviations: height (h.), width (w.), tapered (tap.), mode-engineered (ME), trigonometric (trig.), not determined (n.d.).

Ref. Regime Platform Type Modal excitation Read-out S, [103rad/RIU] LOD [10~"RIU]
[226] VIS SiNOI Straight H. discontinuity Conventional 13 0.5
[231] SiNOI Straight H. discontinuity Trig. algorithm 17 0.32
oo [233) sor Spiral ~ W.discontinuity =~ Conventional 145 220

[228] SOI SWG W. discontinuity Spectral 2.27* 200
[229] NIR SOI PC W. discontinuity Spectral 0.95 66
[232] SOI Straight ~ Tap. w. discontinuity Coherent 8t n.d.
[161] SOI ME straight W. discontinuity Conventional 0.73 244

This work SiNOI Spiral Mode converter Coherent 4.19 1.59

* Units of 10°nm/RIU

" Estimated from wavelength scans.
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MID-INFRARED THIN-FILM WAVEGUIDES FOR
ABSORPTION SPECTROSCOPY

In this chapter, a theoretical study of thin-film waveguides for absorption spectroscopy
in the mid-infrared is presented, with the aim of establishing a rigorous design pathway
and comparing four representative waveguide platforms under fair conditions. After a
brief introduction and review of the state of the art (Section 6.1), a system-level model of
a waveguide-based absorption sensor is developed (Section 6.2) and a parametric expres-
sion for the limit of detection is derived. Afterwards, sensing waveguides are designed
in four widely used platforms for liquid-phase spectroscopy (gallium arsenide, chalco-
genide glass, germanium and diamond) and their performance is compared (Section 6.3).
The followed design criteria are then summarized as a set of general guidelines (Section
6.4). The chapter ends by emphasizing the main conclusions drawn (Section 6.5).

Most of the work included in this chapter was done during a four-month (2nd May
- 31st August 2023) research stay at the University of Ulm (Ulm, Germany) under the
supervision of Prof. Boris Mizaikoff. The obtained results have been published in A.
Torres-Cubillo, A. Teuber, R. Halir, and B. Mizaikoff, “Optimized waveguides for mid-
infrared lab-on-chip systems: A rigorous design approach,” Sensors and Actuators A:
Physical 378, 115797 (2024).

6.1 Introduction

In Chapter 2 (Section 2.4), it was explained how molecular absorption fingerprints of
chemical compounds, such as gases or amino acids, provide inherent selectivity, without
the need of chemically functionalizing the waveguide surface. Waveguide spectroscopic
sensors taking advantage of this principle have proven to be powerful analytical tools
[235]. Specifically, those working at MIR wavelengths are well suited for the detection of
low concentrations of analytes, e.g., CO3, acetone or taurine, which present unique and
strong spectral features in this region [236, 237]. Even though dispersion spectroscopy is
emerging as an interesting alternative [141], absorption spectroscopy is by far the domi-
nant technique. This is mostly because, as was explained in Section 2.2.2 (Chapter 2), only
a sensing waveguide, without further architectural complexity, is needed to implement
an absorption sensor. The Beer-Lambert law can be applied to calculate the absorbance
of a sample thank to the interaction of the latter with the evanescent field of guided light.

Among the wide variety of samples subject to be analyzed via waveguide-based spec-
troscopy, aqueous solutions are of particular interest both in environmental and biomed-
ical applications, because water, besides being a common element of most ecosystems, is
the main component of bodily fluids, such as blood, saliva or urine. However, working
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Figure 6.1: Water absorbance spectrum in the mid-infrared. The inset shows the high-absorption
region between 5 and 8 pm. Data extracted from [139].

with aqueous samples is especially challenging [238]. In the first place, a certain degree
of mechanical robustness is required, as water flow, or even water droplets, can damage
fragile structures such as the suspended waveguides often employed in trace-gas detec-
tion (see Appendix E). Therefore, solid thin-film waveguides (TFWGs) are preferred, at
the expense of a moderate confinement factor, resulting from the fact that the majority
of the field travels through the waveguide core. Furthermore, water, whose absorption
spectrum is shown in Fig. 6.1, is an exceptional absorbent in the MIR, inducing even
higher propagation losses than in the NIR (see Chapters 4 and 5). Moreover, this mole-
cule presents spectral overlaps with some organic components. For example, a fraction
of its absorption bands coincide with the Amide I (5.55-6.25 pm), II (5.37-6.8 um) and
III (7.4-85 pum) bands [239], highlighted in Fig. 6.1 and which are essential regions for
the analysis of proteins. It is therefore critically important that waveguide-based absorp-
tion sensors intended for liquid samples are carefully designed to maximize their perfor-
mance.

6.11 State of the art

Despite the drawbacks associated with the aqueous background, very low LODs have
been reported with TFWGs fabricated in different materials [94]. Gallium arsenide slab
waveguides achieved a LOD of 56.9 mM for ammonium perchlorate [240]. The surface of
a GaAs waveguide was enhanced with gold nanoparticles and was used for direct broad-
band spectroscopy, achieving a LOD of 3500 ppb of AFB1 mycotoxin [241]. Chalcogenide
waveguides combined with paper microfluidics have been demonstrated for absorption
spectroscopy, analyzing isopropyl alcohol in water as low as 20% [242]. Ge-Sb-Se wave-
guides functionalized with a hydrophobic polymer could reach an estimated LOD of 26
ppb of toluene in water [243]. The protein aggregates of a 900 pM bovine serum albumine
solution could be precisely distinguished from the spectra provided by a germanium-on-
silicon multimode waveguide [167]. A rib GOS waveguide was topped with a meso-
porous silica cladding and achieved a LOD of 7 ppm of toluene in water [244]. A 5 pm-
thick polycrystalline diamond waveguide on aluminum nitride obtained a LOD of 0.05%
for acetone [172]. A diamond TFWG was employed to precisely retrieve the IR signature
of caffeine around the 6-pm wavelength [245]. By enhancing the surface of that same
waveguide with graphene, taurine concentrations below 0.4w% were detected [142].
Considering this plethora of implementations, designed and validated at different
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Figure 6.2: Thin-film waveguide exposed to an aqueous solution, composed by a water solvent and
a dissolved analyte. Absorption spectroscopy measurements can be performed by monitoring the
output intensity. The different sources of modal loss are highlighted.

central wavelengths and for the detection of different analytes, making comparisons be-
tween platforms is challenging. Indeed, such a comparative study cannot be found in the
literature, even though it would be of great practical interest, as it could lead research
efforts toward improved absorption spectroscopy sensors, and, further on, lab-on-chip
concepts as those mentioned in Chapter 1 (Section 1.2.3). The aim of this chapter is estab-
lishing, for the first time, a fair comparison between four state-of-the-art waveguide plat-
forms. This is performed by rigorously designing optimized waveguide-based absorption
sensors in the different materials, with the goal of minimizing the achievable LOD. This
seminal work encourages the development of improved MIR absorption sensors for the
spectroscopic analysis of liquid samples.

6.2 System-level model

In this section, an absorption spectroscopy system based on a TFWG is analyzed from a
system perspective. This brings insight into the factors influencing the limit of detection
and enables defining useful metrics for waveguide evaluation.

6.21 Sensing waveguide

The generic thin-film waveguide represented in Fig. 6.2 is exposed to a liquid sample,
composed of water, acting as a solvent, and an analyte diluted in a concentration C. For
small analyte concentrations, the absorption coefficient of the sample can be expressed as

asample(Aa C) = aHZO(/\) + Cka(>\, C): (61)

where a0 is the absorption coefficient of pure water and ¢, is the additional absorption
introduced by the analyte. The relationship between «, and C can be written explicitly
by introducing the molar napierian (x) and decadic (¢) absorption coefficients:

€N

aa(\, C) = k(AN)C = IOglo(G)C

(6.2)

As already indicated in Section 2.2.2 of Chapter 2, and considering a constant confine-
ment factor over the operation bandwidth, the loss of the mode propagating through the
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waveguide can be expressed as

Qeff(A, C) = aint(A) +Fasample()‘7 C) = amat(A) + eak(N) +FaH20()\) +laa (A, C), (6.3)

Qint

Qwg

where o are the intrinsic losses of the waveguide, which can be interpreted as the propa-
gation losses suffered by the mode if lossless water was assumed. In this chapter, intrinsic
losses are approximated by the combination of leakage loss (ajeak) and absorption by all
the waveguide materials (amat), with the exception of the water cladding. Water absorp-
tion losses are considered independently for illustrative purposes. In practice, it is more
convenient to express Eq. (6.3) as

eff(A, C) = awg(A) + T (N, C), (6.4)

so that the analyte-independent contribution to modal loss, i.e., the losses of the water-
cladded waveguide (awg = aint + I'ap,0) can be distinguished from the absorption in-
duced by the analyte itself (o). Here it is worth recalling that «, is the target quantity
to be measured, as it contains the qualitative and quantitative information about the ana-
lyte. The output intensity, after light has traveled through a sensing pathlength L, can be
expressed as

Is(A, C) = Ig(\, 0)e AL (6.5)

where the background intensity Is(),0) x e~*wsl corresponds to measurements with
pure water. Finally, the absorbance spectrum can be calculated by taking

AN, C) = —log,, (IISS((/;:EJJ))) = log,,(e)"aa (A, C)L (6.6)

and the concentration of analyte found as

(6.7)
by using Eq. (2.11) from Chapter 2.

6.2.2 Noise-floor

Spectroscopic measurements, independently on whether the calculated parameter is ab-
sorbance, transmittance or any other expression of light attenuation, rely on measure-
ments of Is. In practice, the acquired signal is often a digitized voltage, proportional to
the optical power incident on a photodiode, which is in turn proportional to Is. Figure
6.3 shows a typical MIR spectroscopic setup, whose most important components are the
laser source, the focusing lenses, the amplified detector, the data acquisition board and
the signal processing (DSP) stage, often performed by a computer. The main difference
with respect to the NIR setup described in Section 3.3 of Chapter 3 is that edge coupling
is used instead of grating coupling. This is typically done to increase the bandwidth of
the system. For simplicity, the hypothetical microfluidics system has been omitted and a
deposited sample droplet is shown instead. To model the read-out noise introduced by
the different components, a noise current is added to the signal photocurrent between the
photodiode and the transimpedance amplifier, which are usually integrated on the same
device. At that point, the signal photocurrent can be expressed as

isignal = PLDCE{CEqRe ™ (@wstloa)l — e (awgtlaa)l (6.8)
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Figure 6.3: Schematic representation of a typical MIR absorption spectroscopy setup. The noise
model considers that a noise current is added to the signal photocurrent at the input of the TIA.

where Pip is the output power of the laser, CE; and CE, are the in- and out-coupling
efficiencies, respectively, and R is the responsivity of the photodiode. The constant pa-
rameter Sy = P pCE;CE, R is introduced to simplify notation.

Among the different sources of noise discussed in Section 3.3.1 (Chapter 3), the three
considered as the most problematic for this study are shot noise from the photodiode,
electrical noise from the amplifier and quantization noise from the DAQ. The expressions
of their variances are included in Appendix B and reproduced here for convenience. Shot
noise scales with incident power, so that

awg > INag
0ot = 2qSoe” (@etlell B LT 9 Gpe el B, (6.9)

where ¢ = 1.6 - 107 C is the electron charge, B is the bandwidth of the filter at the
DSP stage and the assumption that ayg > I'ay generally holds in spectroscopic sensing
applications, especially when aqueous solutions are considered. The latter claim will be
supported by the results presented in Section 6.3.2. The noise introduced by the TIA can
be expressed in terms of its current noise power spectral density (7714 ):

J12“1A = U%IAB- (6.10)

Finally, the quantization noise from a DAQ with ny, bits, an input voltage range 4V and
a sampling frequency f; is given by

1 1
oBa0 = GTQZ(LSB)Q

B 6.11
TIA fs/2 (1)

where G2, is the transimpedance gain, @ is the quality factor of the DAQ, which ideally
takes a value of 1271/2, LSB = 2Vax /2™ is the least significant bit, and f;/2 is the Nyquist
bandwidth [246]. These three noise contributions are considered independent AWGN
sources, so they can be added in power, resulting in a total white noise-floor

o= \/Us2hot +0TiA + TBag: (6.12)

6.2.3 Figures of merit
Sensor figures of merit

To define the sensor figures of merit in the described scenario, the analyte absorption
and the signal photocurrent are considered as monitored physical parameter and output
signal, respectively, i.e., § = aa and X = igigna (see Chapter 2, Section 2.5). The modal
sensitivity coincides with the confinement factor:

_ Oaegr

S Oag

r (6.13)
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The architectural sensitivity can be expressed as

3Z . awe > INay
Sa _ ﬂ — _SOLef(Oéwg+FO£a)L 8 ~ _SOLeianLj (6.14)
ofe

and the device’s sensitivity to changes in o, can be calculated by multiplying Sy, and S,:

a. ion.
So = % = —Sol'Le owsl. (6.15)
a

Equation (6.15) indicates the existence of an optimum length, as the result of the trade-off
between a larger interaction with the analyte (1'L) and higher accumulated propagation
losses (e~*wsl). The LOD can thus be expressed as

30 30

LOD = =
|Sa|  Sol'Le=wsl

(6.16)

and has the units of a,, which is usually in cm~!. The length that minimizes the LOD
(and maximizes device sensitivity) can be calculated by optimizing Eq. (6.16), yielding

1 1
Lopt = = ) 6.17
oPt Qwg aint + I'op,0 ( )

Here it is worth mentioning that a similar optimum length was described in [247] for
gas sensors. In scenarios dominated by water absorption (I'ap,0 > aint), the optimum
length can be approximated to Lopt ~ (I"ap,0) *, which is the approximation assumed
in Chapters 4 and 5 (Eq. (4.19)) to estimate the optimum spiral length.

Waveguide figure of merit

As one of the purposes of this chapter is comparing different waveguide platforms, it is
useful to define an additional waveguide figure of merit to evaluate the acknowledged
trade-off between modal sensitivity and losses. The proposed figure of merit, similar to
that previously derived by Kita et al. [100], is defined as

r I
FOM = = , (6.18)
awg  aint + I'ap,o

and measures the ratio between I" and a.g rather than their absolute values. Henceforth,
a high-sensitivity, high-loss waveguide and a low-sensitivity, low-loss waveguide can po-
tentially achieve the same FOM, despite being very different. This simplifies comparisons
among a variety of possible designs. When intrinsic waveguide losses can be neglected,
FOM ~ aﬁio, which is independent on the waveguide and can be interpreted as the dis-
tance at which the power of a plane wave propagating in pure water decays by a factor
1/e. The smaller the FOM with respect to that limit, the more inefficient the waveguide.
Furthermore, the optimum LOD can be expressed in terms of the FOM as

30

LODOpt == LOD(LOP’() == m,

(6.19)

proving that the optimum achievable performance is determined by the FOM.
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Figure 6.4: (a) Strip waveguides in the platforms under study: GaAs, Se6, GOS and PCD. Wave-
guide layer thicknesses are not drawn to scale and their actual values are given in Table 6.1. All
waveguides incorporate a pure-water cladding which is not represented for visibility. (b) Profiles
of the fundamental TM mode of the GaAs (W = 6 um), Se6 (W = 6 um), GOS (W = 2 um) and
PCD (W = 5 um) waveguides. (c) Graphical representation of the single-mode width range of
each waveguide.

6.3 Comparison between platforms

In this section, four waveguide platforms, which are commonly used among the spec-
troscopy community [94], are studied. Namely, gallium arsenide (GaAs), chalcogenide
glass (specifically Se6), germanium-on-silicon (GOS) and polycrystalline diamond (PCD)
are considered. By following a rigorous approach, single-mode sensing waveguides are
simulated, designed and compared. The selected operation wavelength is Ay = 6 um
(1667 cm™!), which has a significant analytical interest, as it falls within the amide vibra-
tional band and is thus employed in the detection of several proteins, such as taurine or
BSA. Replicating the following study in a different band would only require adapting the
optical properties, i.e., refraction and absorption, of the TFWG materials. TM polariza-
tion is studied for maximum compatibility with quantum cascade laser (QCL) sources,
potentially integrated with the waveguides. For simplicity and ease of fabrication, fully
etched waveguides are considered. A homogeneous design criterion will be followed for
all waveguides, thus facilitating the comparative analysis.

6.3.1 Platforms

An overview of the selected platforms can be found in Fig. 6.4(a), where the different
strip waveguides are shown. The thickness of each layer and its complex refractive index
at \g = 6pm are compiled in Table 6.1. Here it is worth noting that water, which is
considered as the waveguide upper cladding, and whose optical constants at A\g = 6 um
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Table 6.1: Platform materials, thicknesses and complex refractive indices at \p = 6 um. An infinite
thickness is considered for the waveguide substrate.

Platform  Layer Material Thickness [um] n k
Core GaAs [248, 249] 6 33  4.69-107*
GaAs Buffer Al 2Gap gAs [248] 6 32  240-1073
Substrate GaAs [248, 249] 00 33  4.69-107%
I Core  Gei25SbosSeqas [250] 17 28 0
Seb Buffer G€28.18b6.35665.6 [250] 5 2.4 0
Substrate Si [251] 00 3.4698 1.70-107
WiGiC;S 77777 Core  Ge[252] 3 39%71 0
Substrate Si [251] S 3.4698 1.70-107°
7777777777 Core ~  PCD[253] 5 24214 553-107%
°CD Buffer SisNy [254] 0.2 22236 3.23-1072
Buffer SiO, [254] 2 1.2713 1.61-1073
Substrate Si [251] 00 3.4698 1.70-107
- All Cladding H,O[255] 3 1265 0107

are n = 1.265,k = 0.107 (app,0 = 2241 cm™1) [255], absorbs more light than any other of
the waveguide materials. A brief description of each platform follows:

Gallium arsenide (GaAs). GaAs/AlGaAs waveguides are composed of a GaAs guiding
layer and an AlGaAs buffer layer over a GaAs substrate. The proportions of alu-
minum and gallium in the AlGaAs alloy can be modified to obtain the desired index
contrast. In the present case, Aly2Gag gAs is considered [162, 240].

Chalcogenides (Se6). Among the different chalcogenide glasses, GeSbSe thin-films were
studied. The waveguide core material is Gej2 55b25Seg2.5 (Se6), while the buffer
layer is Gegs 1Sbg 3Se65.6 (Se2) [243]. A silicon substrate is employed.

Germanium-on-silicon (GOS). GOS waveguides simply incorporate a germanium gui-
ding layer over a silicon substrate [167]. No buffer is required, as germanium has a
higher refractive index than silicon at MIR wavelengths.

Polycrystalline diamond (PCD). The selected diamond waveguide includes a PCD gui-
ding layer, a thin Si3sN4 additional layer and a SiOs buffer over a silicon substrate.
The addition of SigsN4 between PCD and SiOs increments the transmission window
of the waveguide [256].

Other conventional MIR platforms, such as silver halides, were discarded for this
study because they were unsuitable for working with aqueous solutions due to high in-
stability and hygroscopicity, meaning that water molecules are adsorbed by the material,
or because they are difficult to grow as thin films.

6.3.2 Results and discussion

The water-cladded strip waveguides in the selected platforms were modeled and sim-
ulated as described in Section 3.1 of Chapter 3. Figure 6.4(b) shows the profile of the
fundamental TM mode supported by each waveguide, along with its complex effective
index, for a width inside the SM regime. The high values of k¢ compared to those typi-
cally obtained in NIR strip waveguides (see Chapters 4 and 5) anticipate high propagation
losses. The whole single-mode width range of each waveguide is graphically represented
in Fig. 6.4(c). Here it is worth noting that the SM regime of GOS waveguides for the
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Figure 6.5: Calculated confinement factors of the (a) GaAs, (b) Se6, (c) GOS and (d) PCD wave-
guides, evaluated in the single-mode regime.

TM polarization is very narrow and these widths result in high aspect-ratio waveguides,
considering that, as indicated in Table 6.1, the guiding layer is 3 pm-thick.

Confinement factor

The confinement factor of each waveguide was evaluated over the SM regime. As this
study is focused on absorption sensors, it was calculated as I" = Oke¢t/ 8k3ample. The re-
sults, expressed in % for better legibility, are shown in Fig. 6.5. The fact that I" decays
with an increased width in a quasi-exponential manner is consistent with a greater mode
confinement in the waveguide core. GaAs waveguides exhibit a confinement factor one
order of magnitude below the remaining platforms, due to the combination of a high in-
dex contrast and a thick guiding layer. The values for the other three TFWGs are still
moderate, in the range of 1-3.5%. The Se6 platform achieves a slightly higher I" than the
rest, with a small variation along the SM range, while GOS and PCD waveguides yield
very similar results.

Propagation loss

As defined in Eq. (6.3), the total propagation losses of the waveguide mode is the result
of adding the intrinsic loss of the waveguide (aint) to water absorption (I’ap,0). The
sources of intrinsic loss considered in this study are leakage to a higher-index substrate
(ajeax) and light absorption by the platform materials (cmat), so that

Qint = Qeak T Qmat- (620}
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Figure 6.6: Propagation loss in the (a) GaAs, (b) Se6, (c) GOS and (d) PCD waveguides, evaluated
in the single-mode regime. The contributions of the different loss sources are shown separately.

As seen in Section 2.2.1 of Chapter 2, amat can be calculated as

amat = » _ Lo, (6.21)

where I; and «; are the confinement factor in and the absorption coefficient of the i-th
layer of the waveguide, respectively, excluding the water cladding. The contribution of
scattering loss due to sidewall roughness, which is caused by defects derived from the
fabrication process, is not considered here. According to the Payne-Lacey model, said
coefficient is inversely proportional to the cubed wavelength [257] and can hence be dis-
regarded in the MIR regime. In Fig. 6.6, the total waveguide loss (awyg) for each TFWG
platform is presented and the contributions of water absorption (I"an,0), leakage (veak ),
and material absorption (amat) are individually shown. The value and evolution of I" (Fig.
6.5) conditions the impact of water absorption, thus affecting overall losses. For this rea-
son, GaAs waveguides, which are the least sensitive, suffer the lowest propagation loss.
Water absorption dominates in Se6, GOS and PCD waveguides. While the remaining loss
contributions can be neglected in the Se6 and GOS platforms, in PCD TFWGs water and
material absorption losses become comparable with an increase in width, due to a higher
mode overlap with the SisNys and SiO; layers. In GaAs waveguides, absorption by the
materials is more important than that from water, mostly because of the high losses of
the thick AlGaAs buffer layer (Table 6.1), into which, as seen in Fig. 6.4(b), a significant
fraction of the field extends. Leakage is not problematic, and null for the GOS platform, as
there is no higher-index substrate. The variation aje,x With waveguide width is minimal
when the TM polarization is considered.
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Figure 6.7: Figure of merit of the (a) GaAs, (b) Se6, (c¢) GOS and (d) PCD waveguides, evaluated
in the single-mode regime.

Waveguide figure of merit

The FOM defined in Eq. (6.18) was evaluated for the different TFWG implementations,
obtaining the results shown in Fig. 6.7. Here it is worth reminding that, as observed in
Figs. 6.5 and 6.6, with an increase in width the mode is further confined to the waveguide
core, and, therefore, I" decreases, and so does the influence of water absorption. In GaAs
and PCD waveguides, however, a higher mode confinement also results in significantly
enlarged material absorption losses. As a consequence, their FOM quasi-exponentially
decays with waveguide width. On the other side, in GOS waveguides, sensitivity and
total loss are almost perfectly balanced, so the approximation FOM ~ aﬁzlo holds, and the
FOM is nearly constant with a value FOM =~ 4.46 um. Such a value is indeed the upper
limit of this metric, as indicated in Section 6.2.3. The same approximation reasonably
agrees with Se6 waveguides as well, but, in this case, a slight improvement of the FOM
with width is observed. This is due to lower loss induced by leakage to and absorption
from the silicon substrate.

Limit of detection

As a fixed waveguide width has to be selected for the evaluation of the LOD, the center of
the SM regime was chosen as a compromise solution, given the observed sensitivity-loss
trade-off. This criterion was preferred over FOM optimization because following the latter
would imply a width in the lower end of the SM regime for GaAs and PCD waveguides.
Doing so would result in a challenging aspect ratio for the fabrication and a risk of the
mode not being guided if waveguides are over-etched and the fabricated waveguide is
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Figure 6.8: Noise-floor of the spectroscopic system incorporating a (a) GaAs, (b) Se6, (c) GOS or
(d) PCD waveguide. The different contributions to the total noise level are represented in dotted
lines.

finally narrower than the nominal design. The trade-off width was thus considered a
safer choice, and enabled applying a homogeneous rule to all platforms, as was initially
desired. Table 6.2 includes the chosen widths and their associated performance metrics.
To achieve a realistic estimation of the LOD of a spectroscopic system incorporating
each TFWG, the noise-floor of the setup from Fig. 6.3 was calculated according to the
parameters from Table 6.3, which are compatible with a MIRcat 2100 QCL source (DRS
Daylight Solutions, USA), a PVI-4TE-10.6/MIP-10-1M-F-M4 amplified detector (Vigo Sys-
tem S.A., Poland) and a NI USB-6002 data acquisition board (National Instruments Corp.,
USA). These components are typical in MIR spectroscopic setups found in literature [258].
The values of the coupling efficiencies, CE = —2 dB, were set based on experience. Figure
6.8 shows the calculated noise-floor for the different TFWGs as a function of interaction
length. The individual contributions of shot (oshot), TIA (o11a) and DAQ (opag) noise
have also been represented. While TIA and DAQ noise remain constant, shot noise de-

Table 6.2: Selected waveguide widths for the different platforms and associated performance met-
rics.

Platform W [pm] I'[%] awg[cm™'] FOM [pm]

GaAs 7 0.11 15.75 0.69
Se6 5.75 3.22 74.05 4.34
GOS 1.62 1.55 34.79 4.46

PCD 5 1.14 41.26 2.77
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Table 6.3: System configuration considered in the evaluation of the LOD.

Component Parameter Value
b Pp 500mW
CE, -2dB
R S 248
/MR 0.5 A/W
GTia 2-10V/A
N ma 002nAMHZS
Q 0.7
Vimax 10V
bAQ Ny, 16
N S 125kHz
DSP B 1Hz

Table 6.4: Estimated optimum sensing pathlength and achieved LOD for the different evaluated
platforms.

Platform Lo [mm] LODgp [10™°cm ™ ]

GaAs 1.8 11.1

Se6 0.25 1.75
GOS 0.54 1.51
PCD 0.45 2.75

pends on each platform and decreases with L, i.e., as the output signal gets weaker. In
the selected configuration, shot noise dominates for shorter pathlengths, until reaching
a point where TIA noise becomes higher. Afterwards, the noise-floor is essentially flat,
taking a value oyt ~ o71A.

The LOD was evaluated (Eq. (6.16)), yielding the results shown in Fig. 6.9(a). As it
was anticipated in Section 6.2.3, there is an optimum interaction length for every configu-
ration, determined by the propagation loss of each waveguide (Eq. (6.17)). These lenghts
can be found in Table 6.4 together with the optimum LOD. For Se6, GOS and PCD wave-
guides, Lopt is sub-millimetric. As LODyp: is governed by the FOM (Eq. (6.19)), the
obtained results are consistent with those from Table 6.2, this is, the higher the FOM, the
lower (better) the optimum LOD. According to Fig. 6.8, at the optimum length the perfor-
mance of all sensors is limited by shot noise, which is desirable. Se6 and GOS waveguides
achieve virtually the same FOM, and, as a consequence, their LOD,y is almost identi-
cal, with GOS waveguides showing a slightly better result. However, the performance
of the Se6 platform quickly degrades with the increase in L, due to its high propagation
losses (see Table 6.3), which are mostly induced by water. GaAs waveguides reach an
optimum LOD one order of magnitude higher (worse), than their counterparts, as the
consequence of exhibiting the worst FOM. Nevertheless, their comparatively low losses
make this option more tolerant to the sensing pathlength. In fact, if for practical reasons
the interaction length has to exceed 1.8 mm, then the GaAs platform would be the best
choice. PCD waveguides stand out as an intermediate solution, with an optimum LOD in
the order of magnitude of that of Se6 and GOS waveguides, albeit slightly worse, and a
similar tolerance to the sensing length than GOS, as both implementations show similar
total losses. Here it is worth recalling that, while the origin of such losses is mostly wa-
ter absorption for GOS waveguides, in PCD ones there is a significant contribution from
absorption by the platform materials (see Fig. 6.6(d)).
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Figure 6.9: (a) LOD achieved by the evaluated platforms under the assumed experimental condi-
tions. For each waveguide there is an optimum interaction length. (b) Losses per 90°-bend in the
different waveguides as a function of the radius.

Table 6.5: Bent radii yielding 90-degree losses below 0.1 dB for the different platforms. The con-
tributions of radiation and transition losses are specified.

Platform R[pm] L.q[dB] Lirans [dB]

GaAs 369.1 0 0.05

Se6 221.2 0.003 0.05
GOS 40.5 0.004 0.04
PCD 144.4 0 0.05

Bending loss

Even though the obtained optimum interaction pathlengths can be implemented with
straight waveguides, bends may be necessary for on-chip routing and the implementa-
tion of more complex sensing architectures. Losses per 90-degree bend were evaluated
(Section 3.1.4, Chapter 3) as a function of bending radius and are shown in Fig. 6.9(b).
The minimum radius to guarantee Lgy < 0.1dB for each platform can be found in Ta-
ble 6.5, where the different contributions of pure radiation and mode mismatch losses
are specified. Transition losses are the dominant loss source in all the study cases, and
must therefore be handled by carefully optimizing the bend geometry [259] or imple-
menting Euler bends [260]. GaAs waveguides are a paramount example, as they exhibit
the worst radii, even though radiation losses are null. As was to be expected due to their
smaller dimensions and superior index contrast, the GOS platform achieves the most com-
pact curves, thus making it especially attractive for densely integrated photonic circuits.
While moderately small bends could be theoretically implemented with PCD wavegui-
des, even more if mismatch losses are managed, the fabrication of bent diamond TFWGs
remains challenging up to date and must be performed by costly and complicated tech-
niques [261, 262]. The Se6 platform offers an intermediate solution between their GaAs
and GOS counterparts.

6.4 General design guidelines

A systematic waveguide design approach was followed throughout this chapter, with the
aim of minimizing the LOD defined in Eq. (6.16). Said approach is summarized in the
following guidelines, which are general and can be applied to any specific waveguide
configuration to achieve optimum performance:
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1. Model the desired TFWG platform at the selected working wavelength in a suitable
mode solver. Determine the width range that yields single-mode operation and
evaluate the confinement factor (Eq. (3.2), Chapter 3), losses (Eq. (6.3)) and FOM
(Eq. (6.18)) in said range.

2. Select a waveguide width based on a criterion such as sensitivity-loss trade-off, FOM
optimization or fabrication constrains.

3. Identify the critical noise sources and estimate the noise-floor (Eq. (6.12)) of the
spectroscopic system, including the modeled waveguide as a transducer element.
Note that, when shot noise is significant, it must be calculated on a waveguide-
specific basis, as it depends on propagation losses (cwg).

4. Evaluate the LOD (Eq. (6.16)) as a function of the interaction pathlength, using the
calculated confinement factor, losses and noise-floor.

5. Select the waveguide length that minimizes the LOD. If the outcome is not practi-
cally suitable, consider using a different width (step 2) or further optimization of
the TFWG geometry.

6. Evaluate the impact of additional implementation aspects, such as bent sections, in
the designed waveguide. Make adjustments if needed.

In these guidelines, waveguide width and length are considered the only degrees of
freedom in the design, but the process can be easily extended to more complex geometries,
such as rib or slot waveguides, by repeating steps 1 and 2 for each additional parameter.

6.5 Conclusions

In this chapter, a rigorous waveguide design approach oriented toward MIR absorption
spectroscopic sensors operating with aqueous solutions has been developed, arising from
the fundamental study of the achievable limit of detection. The existence of an optimum
interaction length has been analytically shown. A waveguide figure of merit has been used
to evaluate the observed trade-off between sensitivity and losses, demonstrating that this
FOM, which can be shared by waveguides with very different characteristics, determines
the optimum achievable LOD (see Eq. (6.19)).

The established design work-flow has been applied to compare, for the first time, four
state-of-the-art TFWG platforms (GaAs, Se6, GOS and PCD) under fair conditions. The
estimated LOD of each waveguide has been analyzed in terms of optimum performance
and tolerance to the sensing pathlength. Specifically, GaAs waveguides were shown to ex-
hibit the worst FOM, mostly due to a lower confinement factor. However, the smaller im-
pact of water absorption makes this architecture the most suitable for implementing long
interaction pathlenghts, which may be of practical interest. Chalcogenide waveguides
achieve the highest confinement factor and, therefore, the highest water-induced losses.
Their high FOM leads to a good LOD, but their performance quickly degrades for beyond-
optimal interaction lengths, making these waveguides vulnerable to deviations from the
design set-point. GOS provides a nearly perfect balance between sensitivity and losses,
reaching the highest possible FOM (~ 0‘}_1210) and the best optimum LOD. However, due to
the high index contrast of the platform, single-mode waveguides for the TM polarization
have a high aspect ratio which can make them fragile. A good FOM can be obtained with
PCD waveguides, but they are limited by absorption in the silica lower cladding. Their
performance is similar to GOS in terms of LOD, but mass production of such waveguides
is not yet consolidated.
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This systematic study, which can be easily extended to different platforms and opera-
tion wavelengths, paves the way toward the development of next-generation MIR sensors,
ready for integration into lab-on-chip sensing concepts. With the help of these devices,
rapid advances in fields such as clinical diagnosis, water quality monitoring and food
safety are expected.
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CONCLUSIONS AND PROSPECTS

In this final chapter, the most important challenges and achievements of this thesis are
summarized (Section 7.1) and further research activities to continue with this work are
suggested (Section 7.2).

71 Conclusions

This thesis has contributed to the advance toward improved near-infrared interferometric-
based sensing architectures (Sections 7.1.1 and 7.1.2) and optimized waveguides for mid-
infrared absorption spectroscopy (Section 7.1.3).

711 Near-infrared complex refractive index sensor

In Chapter 4, the interest of complex refractive index sensors as tools for complete sample
characterization, which could potentially leverage the specificity of absorption sensing
with the sensitivity of refraction sensing, was evidenced. Despite this interest, very few
implementations of such sensors can be found in the field of integrated photonics, where
they could find applications in areas such as space exploration or VOC detection. Here,
a MZI-based sensor which simultaneously provides a coherent phase read-out and ab-
sorbance measurements has been proposed to prove this sensing concept.

The first generation of such sensors was designed for NIR wavelengths and imple-
mented in Cornerstone’s SiNOI platform. After initial optical evaluations, these sensors
were discarded, mostly due to excessive propagation losses in the sensing waveguides
and a strong reflection pattern, with unclear origin, affecting the sensing path. These
chips were also taken abroad to the UiT The Arctic University of Norway to perform gas
detection experiments during a four-month research stay (see Appendix D). Even though
the gas spectroscopy measurements were unsuccessful, changing the setup to one with
a camera read-out deeply helped identifying problems arising from the fiber array used
in Méalaga. Second-generation sensors were designed, incorporating improvements such
as SWG adaptation teeth in the grating couplers to minimize reflections and a modified
layout to avoid input-to-output masking and the formation of Fabry-Pérot cavities. The
adaptation teeth were not successfully etched in the fabrication process but, even so, on-
chip reflections were better controlled than in the previous generation. Moreover, the
fabricated sensing waveguides exhibited the expected propagation losses and no addi-
tional degradation was observed. However, while input-to-output masking was solved,
inter-output cross-talk between one of the interferometric outputs and the sensing inten-
sity signal precluded precise absorbance measurements by creating strong fringes. An
analytical model was developed and employed to mitigate the effect of this cross-talk,
thus improving the quality of the calculated absorbance.

115
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Bulk sensing experiments using NaCl dissolved in deionized water were performed
at the fixed wavelength Ao = 1.55 um. The limits of detection obtained, in the order of
10~ RIU, are among the best of the state of the art of complex refractive index sensors. In
fact, both parts of the index had never been detected simultaneously with such a low LOD
(LOD, = 1.9 1079RIU, LODy = 2.1 - 10~° RIU), to the best of the author’s knowledge.
Exploratory spectroscopic measurements were carried out using pure IPA and water sam-
ples, as well as NaCl-water mixtures, showing promising results. Further experimental
verification and structural improvements should be carried out for an accurate evaluation
of the architecture as a simultaneous spectroscopic absorption and dispersion sensor. The
main results associated with this contribution are published in [89].

71.2 Near-infrared bimodal refractive index sensor

Interferometric refractive index sensors based on bimodal waveguides were proposed
in Chapter 5 to achieve results equivalent to those obtained with MZIs, but occupying
roughly half the footprint by eliminating the need of a reference arm. However, conven-
tional bimodal sensors suffer from spurious effects arising from an uncontrolled high-
order mode excitation, which is typically performed by an abrupt discontinuity in either
the width or the height of the waveguide, and the challenges associated with reading-out a
sinusoidal interferometric output, i.e., sensitivity fading and directional ambiguity. As an
answer to these problems, a NIR bimodal sensor combining a spiral bimodal waveguide
with a controlled modal excitation and a coherent phase read-out has been developed.

First-generation sensors were designed at Ay = 1.31 um for the SOI platform provided
by Applied Nanotools, incorporating a mode converter based on mode evolution in a
counter-tapered coupler. Unfortunately, these chips turned out unsuitable for sensing
experiments. In the first place, the designed mode-conversion scheme did not work prop-
erly, impeding a correct phase extraction. Furthermore, SOI waveguides resulted fragile
and many of them collapsed due to the mechanical stress provoked by the sonication steps
of the standard cleaning protocol. Last, silicon surfaces reacted to HCl when it was used
as an analyte, generating residual depositions and irreversible damage to the waveguides.
To overcome these limitations, the second generation of sensors was designed for Corner-
stone’s SiNOI platform, allowing for larger waveguide sizes and improved mechanical
robustness. In addition to incorporating the preventive measurements against reflections
and signal masking included in the complex refractive index sensors, the initial mode con-
verter was changed for a well-trusted architecture based on a MMI, a phase shifter and a
Y-junction. Additionally, the bimodal sensing spiral, with L = 7.81 mm and supporting
the first two TE modes, was carefully designed to avoid excessive losses.

After successful initial validations, bulk sensing experiments at \g = 1.55 um using
NaCl-water samples were conducted to evaluate the sensing performance of the archi-
tecture. The achieved LODs are comparable to those obtained with MZI configurations.
Moreover, the best measured sensor, with a LOD = 1.59 - 10~ 7 RIU, features the high-
est performance reported, as far as the author can tell, for a bimodal sensor operating
at NIR wavelengths. This is the first time that the combination of a bimodal waveguide,
controlled modal excitation and coherent read-out was demonstrated with sensing expe-
riments. This contribution is published in [93].

71.3 Mid-infrared thin-film waveguides for absorption spectroscopy

Solid thin-film waveguides operating in the MIR are presented in Chapter 6 as a simple yet
effective approach to implement absorption spectroscopy sensors designed for aqueous
solutions, such as most biological samples. Using water as a solvent poses specific diffi-
culties, like a strong background absorption and spectral overlaps with clinically relevant
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wavelength regions, e.g., the amide bands. Even though a myriad of implementations
using several distinct materials have been proposed, the different options have been val-
idated using a variety of wavelengths and analytes, thus complicating an inter-platform
comparison to help selecting the best choice for a given application. In this work, a theore-
tical study of popular TFWG platforms has been undertaken, with the aim of establishing
a rigorous analysis of the different implementations, guided by rational design criteria.

Four representative platforms were selected and modeled at A\g = 6 um: gallium ar-
senide (GaAs), chalcogenide glass (Se6), germanium-on-silicon (GOS) and polycrys-
talline diamond (PCD). Starting from a general system-level perspective, a expression
for the limit of detection was derived, proving the existence of an optimum interaction
length, Lopt = O‘v_vé/ which is the inverse of total propagation loss. A waveguide figure of
merit (FOM) was used to evaluate the trade-off between confinement factor and losses,
finding that it determined the optimum achievable LOD. For each alternative, the con-
finement factor, the propagation loss and the FOM were evaluated over the single-mode
regime via FEM simulations. A design width was selected, and the LOD was evaluated as
a function of the interaction length under standard conditions. The estimated optimum
pathlengths were sub-millimetric for Se6, GOS and PCD waveguides, and below 2mm
for GaAs. Even though the optimum LODs of the three former platforms were compa-
rable, GOS being the best overall with a LOD = 1.51 - 107°cm™! ~ 7.2 - 1071°RIU, the
performance of Se6 waveguides suffered from a strong degradation for beyond-optimal
pathlengths due to its higher losses. GOS and PCD exhibited a similar tolerance to the
length set-point. GaAs waveguides, while showing the worst optimum performance, can
be useful candidates if longer waveguides are required in practice. The followed design
approach was summarized and generalized, so it can be used as a reference guide to opti-
mize any waveguide geometry with independence of the chosen wavelength or materials.

This is the first fair comparison between state-of-the-art TFWG alternatives, derived
from a rigorous and uniform design approach, which can be easily generalized. The find-
ings of this seminal study are expected to favor the development of optimized MIR lab-on-
chip devices. The core of this work was performed during a research stay at the University
of Ulm. The main results can be found in [95].

7.2 Prospects

The work summarized in the previous section has set the basis for promising new re-
search lines, including systemic improvements to the NIR sensors (Section 7.2.1), an ex-
perimental validation of the theoretical work on MIR waveguides (Section 7.2.2) and the
development of novel sensing architectures to further advance the field (Section 7.2.3).

721 System-level improvements to the near-infrared sensors

The results obtained from the experimental validation of the near-infrared complex and
bimodal refractive index sensors presented in Chapters 4 and 5, respectively, could poten-
tially be extended and improved by making systemic changes to the measurement setup,
without the need of fabricating another generation of chips. In the first place, thermal
control could be implemented. Although the spurious impact of thermal fluctuations was
theoretically estimated as small compared to the phase shifts induced by the measured
samples, this may not be the case when operating with concentrations close to the LOD.
Introducing a feedback loop incorporating a thermo-electric controller (TEC) would sup-
press thermal drifts, therefore decreasing the measurement uncertainty and minimizing
the need of software baseline correction at the post-processing stage. Furthermore, the
fiber-array coupling scheme, associated to reflection and cross-talk issues, especially rele-
vant in absorbance measurements, could be replaced by a more convenient approach. For
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example, by using the single-fiber input included on the layout and reading-out the out-
puts with a CMOS camera or charge coupled device (CCD) line photodetectors, placed
above the output gratings. From the experience at the University of Tromse (see Ap-
pendix D), it is known that the 127-pm inter-grating separation is enough to define appro-
priate regions of interest. An additional benefit from this approach would be a substantial
reduction of mechanical noise (see Appendix B).

Moreover, the sensors could be used in the analysis of different samples. Bulk sensing
experiments both at a fixed and a scanned wavelength with the complex refractive index
sensors could be performed with isopropanol-water mixtures to avoid uncertainties in
the imaginary index of the sample, as isopropanol absorption coefficients in the NIR are
well recorded [263, 197]. In fact, by using isopropanol as a solvent and water as an an-
alyte, propagation losses could be reduced down to ~4.5dBcm™!, yielding an optimum
pathlength of roughly 1cm. The bimodal sensor could be demonstrated in biosensing
experiments, e.g., using relevant nucleic-acid sequences, such as microRNAs, as analytes.
Early detection of these biomarkers is key to address complex illnesses such as cancer
and dementia. To achieve specificity, a biofunctionalization (see Section 2.4.2 in Chapter
2) is required. Specifically, for RNA analysis, a DNA probe complementary to the target
sequence should be used as a recognition element [264].

7.2.2 Experimental comparison between mid-infrared waveguides

An experimental validation of the theoretical study of TFWG platforms presented in Chap-
ter 6 could be of great practical interest, as further technical challenges may arise from the
fabrication and measurement processes, adding additional design and selection criteria
to those already indicated.

For that matter, waveguides should be fabricated in the investigated platforms with
different width variations, corresponding to strategic points in the single-mode regime.
For each width, several interaction lengths, with and without bends, should be imple-
mented. Afterwards, propagation losses and confinement factors should be measured,
the former by the cut-back method and the latter by comparing measured absorption to
that expected from free-space interaction. The FOM could then be calculated from these
quantities. With these experimental data, a set of discrete points of the curves in Figs.
6.5, 6.6 and 6.7 could be reproduced, and the deviation from simulations assessed. Af-
terwards, the noise-floor of the available MIR setup, ideally the one considered in Section
6.2.2, and the LOD achieved by each alternative should both be measured and compared
with theoretical predictions. Another interesting activity would be selecting the wave-
guides with an optimum geometry and compare their measured LOD to the state of the
art of that given platform, in order to find out whether a substantial improvement was
accomplished. In this case, the experiments should be performed at the same wavelength
and with the same analyte as the work selected as a reference to ensure maximal compa-
rability.

7.2.3 Development of advanced mid-infrared spectroscopic sensors

The niche of simultaneous absorption and dispersion spectroscopy is rapidly growing,
with an emphasis on free-space systems [87, 265]. The preliminary spectroscopic mea-
surements carried out with the first and second complex refractive index sensors of Chap-
ter 4, at the universities of Tromse and Malaga, respectively, were tentative approaches
toward achieving comparable results to free-space on a chip. However, the implemented
sensors were designed for fixed-wavelength operation, so their components did not ex-
hibit remarkably broad bandwidths nor flat spectral responses. These attributes would be
extremely interesting for the analysis of complex molecules such as amino acids or VOCs,
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where broader fractions of the spectra are required. Furthermore, shifting from NIR to
MIR wavelengths would be advantageous, as it would enable operation in the molecular
fingerprint region, thus achieving inherent selectivity without any chemical surface mod-
ification or intricate multivariate data analysis. As a consequence, the development of
interferometric architectures specifically designed for absorption and dispersion spec-
troscopy in the mid-infrared could be an appealing prospect, especially considering that,
to the best of the author’s knowledge, such devices cannot still be found in the literature.

The most critical sensor components in terms of bandwidth, an important feature of
any spectroscopic device, are the MMIs, especially the 2x3 ones, and the grating couplers.
An increase in the bandwidth of the former can be achieved by using SWG metamaterials,
a subject which has been vastly exploited by the Photonics and RF Research Lab in Méalaga
[266, 267]. Even though plenty of broadband grating couplers have been proposed [268,
269] and similar designs could be adapted, changing the scheme to edge coupling would
facilitate experimental measurements and layout design, while improving the bandwidth
response [270]. The main advantage of this approach in the context of integrated photonic
sensors is that it increases freedom in the placement of liquid or gas cells (see Section 3.1.5
of Chapter 3) and even enables putting the chip into a miniaturized gas chamber with
transparent sidewalls (see Appendix D), therefore avoiding the need of designing and
fabricating custom flow-cells (see Appendix C).

Low-loss MIR waveguides have been demonstrated on a SiNOI platform with a 4-
pwm core thickness up to A\g = 3.7 um [271, 272], but the absorption induced by the sil-
ica lower cladding precludes operation at longer wavelengths [273]. As a consequence,
changing the platform would be beneficial for high-performance sensors working on the
MIR regime. Potential CMOS-compatible candidates that enable operation over nearly the
entire MIR range are germanium-core platforms [273]. Suspended platforms are different
alternatives, particularly well suited for trace-gas detection. Several membrane and SWG-
cladding suspended platforms have been proposed and demonstrated with outstanding
results [115, 274] and could be explored for sensor implementation. In fact, Appendix E
includes information about suspended silicon waveguides for methane detection, which
were already designed and fabricated during this thesis.

Finally, it is worth mentioning that the operation of absorption spectroscopic sensors
relying on the Beer-Lambert’s law is limited to low analyte concentration ranges and the
study of compounds with a linear behavior. Therefore, this approach is invalid for highly
concentrated samples or molecules with strong oscillations. Dispersion spectroscopic
techniques can overcome such drawbacks by providing a linear output which is highly ro-
bust against spurious intensity fluctuations, while extending the dynamic measurement
range [141]. In this context, high-performance dispersion spectrometers operating in the
MIR could be promising. For instance, the bimodal refractive index sensor developed in
this thesis could be analogously adapted in terms of broadband operation and platform
choice, with an emphasis on guaranteeing an effective mode conversion. Furthermore, the
differential sensitivity could be enhanced by exciting second or third high-order modes
or implementing regional mode engineering techniques [161].
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RADIATION ANGLE OF A GRATING COUPLER

This appendix explains the relationship between the radiation angle of a grating coupler
to an upper medium and to a polished optical fiber.

4

Figure A.1: Side view of a silicon nitride grating coupler radiating to air and coupled to an angled-
polished fiber.

In the side view depicted in Fig. A.1, a silicon nitride grating coupler is radiating to
air with an angle ©,;,. The radiated wavefront impinges into a polished fiber array, with
a refractive index ng,e;. The radiation angle to said fiber can be calculated by Snell’s law:

Sin(@air) = Nfiber Sin(@fiber)7 (Al)
yielding
Ofiper = arcsin (M) . (A2)
Nfiber

For example, considering the standard silica SMF-28 operating at Ao = 1.55 pm (ngper ~
1.444 [211]), a grating coupler with a radiation angle ©O,;; = 39° radiates with Ofpe, =
25.8° to the fiber. This is the polishing angle (Op1i) that needs to be specified when an
angled-polished fiber array as those employed in this thesis is acquired.
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NOISE-FLOOR OF A SENSING SETUP

In this appendix the signal and noise models employed to estimate the noise-floor of a
sensing setup are explained (Section B.1) and some good practices for noise reduction
are suggested (Section B.2). A more comprehensive analysis can be found in [191].

B.1  Signal and noise models

The measurement setup described in Section 3.3 of Chapter 3 is considered for the evalu-
ation of the system noise-floor. Figure B.1 reproduces the schematized setup, where the
microfluidic components and the polarization controller have been removed for simplic-
ity, as they do not contribute to the noise level. Lossless propagation is assumed in the
interconnecting fibers and wires. Light is emitted from the laser with a power P p, ampli-
fied with a gain Ggpra by the EDFA and in-coupled to the chip with a coupling efficiency
CE;. After propagation through the sensor, with a complex transfer function Hs, which
is different for each possible light path, light is out-coupled to the output fiber with an
efficiency CE, and directed toward the detector. The photodiode, with a responsivity R,
produces a photocurrent, which is proportional to the incident power. In the TIA, this
current is transformed into a voltage with a transimpedance gain Gya. Finally, this volt-
age is sampled with a frequency f; by the DAQ, and the digital signal is low-pass filtered
with a bandwidth B at the signal-processing stage.

B.1.1  Signal-level

Regardless of the type of sensor being measured, each acquired signal is a digitized volt-
age produced as described above, which is then processed to calculate the required output
parameter. In the sensors presented in this thesis, this parameter would be either phase
shift, for which three output voltages, carrying the interferometric signals, are needed, or
absorbance. In a noiseless scenario, the average value of the digital signal can be expressed
as

Vsignal = GEDFAGTIACECE RPLp| H|*. (B.1)

As represented in Fig. B.1, it is common practice to express the incorporation of additive
noise at the input of the TIA. In this case, it is more convenient to consider the signal
photocurrent

Usignal o

isignal = Co GepraCEiCE,RPp| Hy|?. (B.2)
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Figure B.1: Schematic representation of a measurement setup for the determination of the noise-
floor. Microfluidics components are omitted for simplicity. Abbreviations: erbium-doped fiber
amplifier (EDFA), fiber array (FA), photodetector (PD), transimpedance amplifier (TIA), data
acquisition (DAQ).

B.1.2 Noise-level

The amount of noise coming from a certain source that is present in the output signal
is determined by the noise power spectral density (PSD, 1) and the measurement band-
width, which for the described setup is the bandwidth of the low-pass filter at the DSP
stage (B), so that

2 2
G—an% (B.3)

where f is the independent variable in the frequency domain. In the case of additive white
gaussian noise (AWGN), 7 is constant and Eq. (B.3) yields 02 = 7?B. To calculate the
impact of several independent noise sources, their power spectral densities are added:

2 2
%—L;mm# (B4)

When all considered sources are uncorrelated AWGN, then o, = Y, o%.

The digitization process in the DAQ can increase the noise-floor if the sampling fre-
quency is not adequately chosen. According to the Nyquist-Shannon sampling theorem
[275, 276], noise digitization will be accurate if the noise bandwidth (By,) is such that
By < fs/2. In this case, there is no noise amplification, as shown in Fig. B.2(a). On the
contrary, when By, > f;/2, spectral aliasing occurs, and the noise power spectral density
is increased by a factor which can be approximated as

Bn
Fs=——m.
us f5/2

This case is illustrated in Fig. B.2(b). Here it is worth reminding that, even when only
AWGN sources are considered, the different components of the setup, e.g., the TIA, im-
pose their own bandwidth. This means that, in practice, infinite PSDs are filtered with a
finite bandwidth. By using a high-end DAQ incorporating anti-aliasing filters, Fi,s ~ 1,
so this factor will not be considered for the remainder of this appendix.

(B.5)
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Figure B.2: Results of sampling a noise signal, whose bandwidth is limited by the TIA. (a) When
the Nyquist condition is satisfied, noise is correctly sampled. (b) If the noise bandwidth is greater
than the half of the sampling frequency, the noise PSD is amplified as a consequence of spectral
aliasing.

B1.3 Noise sources

The most important noise sources are described here, and parametric expressions for their
contributions are given whenever possible.

Light source

The laser source introduces phase and relative intensity (RIN) noises. Following [277],
a phase noise with a Lorentzian shape with full width at half maximum (FWHM) Av
is considered. If iggna is an interferometric signal, it is affected by phase noise, whose
variance can be approximated as

0N = (2A7)?TAVB, (B.6)
where AT is the group-delay difference between the sensing and the reference branches
[189]. RIN noise, with a spectral density ngrmN, can be approximated as white, so that

012111\1 = 7712{INB' (B.7)
This contribution affects intensity measurements, but it has been shown that the phase

read-out in coherently detected sensors is immune to RIN noise [189]. This is due to the
orthogonality of RIN noise to the evolution of the complex signal.

Optical amplifier

The EDFA degrades the signal-to-noise ratio by a factor determined by its noise figure
(NF), which is typically specified by the manufacturer. The introduced excess noise can
be written as

2 2

OEDFA = NEpFA B, (B.8)
where the spectral density ngppa incorporates all the contributions to excess noise, such
as beat and pump noises [278].

Photodiode

The photocurrent includes shot noise, which scales with incident optical power, so that
Us?hot = 2qisignalBa (B.9)

where ¢ = 1.6 - 10719 C is the electron charge.
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Figure B.3: (a) Top view of two grating couplers. Fabrication deviations in the fiber array induce
different coupling efficiencies for each grating. (b) Schematic representation of the stochastic mo-
dulation of the coupling efficiency induced by mechanical vibrations.
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The noise introduced by the TIA can be expressed in terms of its current noise power
spectral density (nr1a):
otia = naB- (B.10)

The value of 7114 can be calculated from the noise equivalent power (NEP), a gain-dependent
parameter which is often provided by the manufacturer, as

nmia = GriaRNEP(Gria). (B.11)

Data acquisition

The digitization process occurred in a DAQ with ny, bits and an input voltage range =+ Viax
can be modeled as a quantization noise with a variance

1 1
2 2 2
oEr0 = ——Q*(LSB)2——B, (B.12)
DAY G, Is/2
where Q is the quality factor of the DAQ, which ideally takes a value of 127%/2, LSB =
2Vmax /2™ is the least significant bit and the factor f;/2 stretches the noise over the Nyquist
bandwidth.

Mechanical vibrations

Fabrication tolerances in the fiber array result in different relative positions of the fibers
with respect to their associated grating, as schematized in Fig. B.3(a), thus inducing a dif-
ferent coupling efficiency for each fiber-grating pair. On top of this, ambient mechanical
vibrations can slightly move the fiber array, provoking a spurious modulation of the cou-
pling efficiency of each grating coupler. For the k-th grating coupler, this can be expressed
as

CEj(t) = CEkox(t), (B.13)

where CEy, is the average coupling efficiency and g (t) is an unknown stochastic process,
governed by the mechanical properties of the setup and centered at unity. An intuitive
graphical explanation of this phenomenon can be observed in Fig. B.3(b), where the same
mechanical vibrations have been assumed for the input and output fibers. This is a mul-
tiplicative noise source (see Eq. (B.2)) and cannot be completely filtered out. In practice,
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0x(t) needs to be minimized by dampening vibrations as will be suggested in Section B.2.
The mechanical noise level can be calculated by applying Eq. (B.3) to the PSD of ().

B.2 Noise-floor optimization strategy

Apart from opting for high-performance, low-noise components whenever it is possible,
the following noise-floor optimization guidelines can be derived from the analysis of Sec-
tion B.1:

e Implement the narrowest possible filter at the signal processing stage, considering
the bandwidth of the acquired signal (Eq. (B.3)).

e Avoid noise amplification (Eq. (B.5)) by choosing a DAQ with a high sampling
frequency and anti-aliasing filters. If this is not possible, include electrical low-pass
filters in the setup to decrease the noise bandwidth.

e If the sensor is detecting phase shift with an interferometric configuration, balance
the sensing and reference paths in the design process to mitigate laser phase noise

(Eq. (B.6)).

e Study the relative impact of the different noise sources. If the system is dominated
by shot noise (Eq. (B.9)), maximize detected signal power, without saturating the
detector. If not, select the optimum configuration in terms of SNR (see the two
following points).

e Choose the TIA gain with the least associated noise (Eq. (B.11)) that provides an
acceptable signal level.

o Select the highest possible sampling frequency and number of bits for the DAQ in
order to reduce the impact of quantization noise (Eq. (B.12)). If possible, adjust the
input voltage range to the signal level or vice versa.

e Damp mechanical vibrations by pressing the fiber array to the chip surface in the
aligning process and use a floating table if it is available. Avoid touching the setup
during experiments.
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FaBricaTiON OF PDMS FLOW-CELLS

This appendix explains the procedure followed to fabricate the microfluidics flow-cells
used for the sensing experiments performed in this thesis. The chemicals employed were
the PDMS and the curing agent included in the Dow SYLGARD™ 182 Silicone Elastomer
Clear 0.5 kg Kit provided by Ellsworth Adhesives. A mold with capacity to accommodate
6 cells was designed, fabricated in transparent PMMA, polished and cleaned. Once the
mold was ready, the following steps were taken:

1. Prepare a 5:1 PDMS-curing agent mixture in a Falcon container. Stir with a pipette
until achieving a homogeneous fluid.

Degasify the mixture in a vacuum dryer for 40 minutes.
Pour the mixture over the mold and degasify for 5 minutes.

Cure the mixture in the mold for 3 hours in a pre-heated heating plate at 50°C.

S

Turn the heating plate off and leave the mold overnight.

Afterwards, the fabricated PDMS can be separated from the mold and individual
channels can be cut out using a 3D-printed pattern, perforated and cleaned for their use
in sensing experiments. The mold is reusable for multiple PDMS batches.
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(GAS SENSING EXPERIMENTS AT THE UNIVERSITY OF
TrROMSG

A four-month research stay at UiT The Arctic University of Norway (Tromse, Norway)
was carried out from 16th May to 12th September 2022 under the supervision of Prof. Jana
Jagerska. The purpose of the visit was performing gas sensing measurements with the
first-generation NIR complex refractive index sensors (Ao = 1.65 um) introduced in Sec-
tion 4.3 of Chapter 4, taking advantage of the experience of the hosting group in on-chip
trace-gas detection. This appendix includes brief information about the measurement
setup and the obtained results.

D1 Measurement setup

D11 Setup components

A schematic representation of the employed measurement setup is shown in Fig. D.1(a).
Light from a Exfo T100S-HP tunable laser source was coupled into the sensor, which was
placed into a hermetic gas cell. Both the focusing lens and the gas cell were placed on
top of nanopositioning stages (Thorlabs MAX302) to facilitate alignment. To enable edge
coupling, the chips were cleaved with a LatticeAx 225 cleaver at the input of the 1x2-MMI,
just before light is separated into the sensing and reference arms (see Fig. 4.8 of Chapter
4), as can be seen in Fig. D.1(b). The gas cell, of which a close-up picture can be observed
in Fig. D.1(c), had transparent side and upper walls to let the light go in and out. Output
grating couplers were read by a Raptor Photonics Ninox 640 InGaAs camera, controlled
by the EPIX XCAP image processing software. Either pure Ny or 4% CH,4 were alter-
natively brought to the gas cell by Bronkhorst EL-FLOW mass-flow controllers (MFCs),
configured by a custom LabVIEW program. Additional measurements with 10% acety-
lene (CoHa, Ao = 1.52 um) instead of methane were also performed. The gas outlet was
directed to a flow-meter to verify the flow rate and detect possible gas leaks.

D.1.2 Read-out algorithm

For spectroscopic measurements, the wavelength was scanned in step-mode around the
desired absorption line. The infrared camera was configured to acquire an image se-
quence, at the same rate as the laser switched wavelength. Both the wavelength scan
and the image acquisition were simultaneously started. At the signal processing stage,
the time axis of the images was mapped into the wavelength axis. Ideally, the laser and
the camera should have been automatically synchronized by implementing a controlling
routine based on LabVIEW or Matlab, but it could not be accomplished due to time con-
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Figure D.1: (a) Schematic representation of the measurement setup for gas sensing. Abbrevia-
tions: mass-flow controller (MFC). (b) Cleaved chip to enable edge coupling. The sensor was
cleaved at the input of the 1x2-MMI. (c) Close-up of the gas cell. Light can be coupled in and
read-out thank to transparent side and upper walls.

strains. A custom Matlab script was developed to transform the images of the grating
couplers, of which an example can be observed in Fig. D.2(a), into numerical intensity
vectors. The algorithm steps are the following:

1. Define the regions of interest (ROI) containing each grating coupler.
2. Apply a binary mask to each ROL

3. Sum the values of the pixels of each masked ROI. This value is proportional to the
output intensity.

A background cancellation algorithm, consisting of calculating the light background by
applying the described method to a dark region, and then subtracting it to the obtained
signals, was developed to improve read-out quality.

D.2 Results and discussion

Intensity vectors were low-pass filtered and background-corrected using the results from
the nitrogen flow. Afterwards, the absorbance and dispersion spectra were calculated.
Figures D.2(b)—(c) show such spectra for a representative CoHy spectroscopy measure-
ment. The observed oscillations are explained by residual fringes caused by reflections in
the setup. In Fig. D.2(b), it can be seen that the obtained absorbance peak corresponds
to the free-space propagation of the output beam in a 14-mm pathlength, which agrees
with the distance from the chip to the upper wall of the gas cell (see Fig. D.1(a)). This
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Figure D.2: (a) Image of the grating couplers during a gas sensing experiment. (b) Absorbance
spectrum of CoHs. The observed response corresponds to the free-space propagation [46] of the
output beam in the cell. (c) Dispersion spectrum of CoHsy. The scaled shape of the theoretically
expected response [50] is represented in dotted lines.

means that there is no added contribution from the waveguide, and therefore the sensor
is not suitable to perform gas absorption spectroscopy. The reason for the displacement
of the peak would require deeper investigation. The phase response represented in Fig.
D.2(c), shows a certain degree of similarity to the theoretically expected curve, but the
poor quality of the signal prevents making further claims.

Although the measured devices were not reliable complex refractive index sensors
for the detection of gases, their evaluation in the described setup was fundamental for
troubleshooting. When the fiber array was substituted by edge input-coupling and the
camera read-out, the spurious artifacts previously observed in the sensing intensity sig-
nals, described in Section 4.3.3 of Chapter 4, ceased. This confirmed the suspicions about
the influence of the fiber array in the problems encountered while evaluating the chips in
Malaga.



134 Appendix D. Gas sensing experiments at the University of Tromse



APPENDIX E

—>0(C—"DO0<—

MID-INFRARED SUSPENDED SILICON WAVEGUIDES

Suspended waveguides for methane detection in the mid-infrared were designed for Cor-
nerstone’s suspended silicon platform and fabricated on the commercial Suspended Si
MPW#1. Unfortunately, these waveguides could not be experimentally characterized dur-
ing this thesis due to lack of equipment. This appendix summarizes the main aspects
regarding the design (Section E.1) and visual inspection under the SEM (Section E.2) of
the implemented devices. Finally, brief conclusions about the expected performance are
drawn (Section E.3).

E1  Sensor design

EA1  Sensor components

Cornerstone’s platform offers a 0.5-pum silicon guiding layer an a 3-um BOX buffer layer,
which is removed from the areas underneath the waveguides, as shown in Fig. E.1, by HF
etching. According to the information provided by the foundry, the etching process re-
duces the final thickness of the guiding layer to ~0.45 pm, so H = 0.45 pm is the conside-
red nominal waveguide height in the designs. The operation wavelength corresponds to
the methane absorption line at A\ = 3.27 um and the polarization is TE. The main charac-
teristics of the waveguides, i.e., confinement factor and leakage, both vertical and lateral,
were calculated as described in Section 3.1 of Chapter 3, using rigorous Bloch-Floquet
simulations.

Sensing waveguides

Two different waveguide designs (A and B), based on those previously described in [279,
280], and whose nominal dimensions can be found in Table E.1, were studied. The com-
bination of the core (W) and lateral-cladding (W¢j,q) widths guaranteed a lateral leak-
age (Lieak1at) below 0.1dBem™!. The periodic lateral cladding, operating in the SWG
regime, provided mechanical support and refractive-index contrast, in addition to allow-
ing the HF to flow for BOX removal. Figure E.2 shows the transversal field distribution of

the fundamental TE mode of each waveguide, for a z-position corresponding to a lateral

Table E.1: Nominal dimensions of the designed suspended silicon waveguides for A\g = 3.27 um,
H = 0.45 um and Hppx = 3 um.

DESigH w [”m] Wclad [Hm] Lstrip [um] Lhole [Hm]
A 1.2 4 0.23 0.32
B 0.95 5.5 0.23 0.32
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Figure E.1: Schematic representation of a suspended silicon waveguide for operation in the mid-
infrared.

(a) IE,, (x.y)| (b) IE,_ (xy)|

Figure E.2: Field profile of the fundamental TE mode of the (a) A and (b) B waveguide designs,
for a z-cut corresponding to an air hole. Only the real part of the effective index is given.

hole. Confinement factors of I’ = 0.19 and I3 = 0.27 were obtained for waveguides A
and B, respectively, while vertical leakage was negligible (Ljeakver < 107*dBcm™!) in
both designs. Here it is worth acknowledging that, despite suspending the waveguides,
the obtained sensitivities are comparable to those of the NIR strip waveguides used in the
sensors from Chapter 4. This is the result of prioritizing low-loss propagation in the de-
sign. In fact, beyond-free-space interaction (1" > 1) could be achieved with both A and B
waveguide geometries by exciting the fundamental TM mode instead of the TE. However,
while a vertical leakage loss around 6 dBcm ™! for the A waveguide could be managed,
values above 100 dB cm ™! would impede practical operation of the B waveguide.

Grating couplers

Suspended surface grating couplers, as the one shown in Fig. E.3, featuring the dimen-
sions included in Table E.2, were designed to enable coupling to and from the chip [274],
incorporating a SWG adaptation tooth to minimize back-reflections. To connect the grat-
ings with the waveguides, an adiabatic taper with length Liper = 500.5 pm was imple-
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Figure E.3: Schematic top view of a suspended surface grating coupler.

Table E.2: Nominal dimensions of the designed suspended grating couplers for A\ = 3.27 um,
H = 0.45 um and Hpox = 3 um.

Wece [um] Lgc[pm] a[um] b[um] Wgwg[um] aswg[um] bswg [um]
16 94.55 1.24 0.31 0.45 0.52 0.27

mented. The grating radiated with an angle of 12° to the air and achieved a maximum cou-
pling efficiency CE = —5.5 dB. The calculated back-reflections amounted to BR = —34 dB.

E1.2 Chip layout

Waveguides with designs A and B and different lengths ranging from roughly 4 to 40 mm
were integrated on the chip. Figure E.4 shows the layout of one of such waveguides,
where long straight fragments have been omitted for compactness. To achieve the desired
sensing pathlengths within a chip area of 5.5x4.9 mm?, 180°-bends with a radius of 45 pm
were added. In addition to the grating-coupled waveguides, four A waveguides with
edge couplers, implemented with 500.5 pm-long tapers, were included. This was done
to facilitate future gas sensing measurements, placing the chip inside a gas chamber in a
similar setup as the one described in Appendix D.

Output grating coupler
L X —_—

)
— ——-- )
N 7
T W ———
AT R

Input grating coupler Sensing waveguide

Figure E.4: Mask layout of a suspended silicon waveguide accessed via grating couplers.
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Figure E.5: (a) Top view and (b) cross section of a bent suspended waveguide with design A. (c)
Full view and (d) close-up of a suspended grating coupler.

E.2 SEM images of the fabricated sensors

The fabricated chips were inspected under the SEM to verify their correct processing by
the foundry. Images of the waveguides, as those shown in Figs. E.5(a)—(b) for the top
view and a cross section of a bent waveguide, confirmed the complete suspension of all
the structures, both with A and B designs. No significant deviations from the nominal di-
mensions were observed. The measured thickness of the silicon guiding layer was around
0.46 pm, so slightly lower confinement factors than those obtained in simulations should
be expected. Regarding the grating couplers, of which full and close views can be ob-
served in Figs. E.5(c)-(d), respectively, the designed SWG adaptation tooth, despite ad-
justing to the design rules of the foundry, was not etched. This same issue was previously
experienced with the SiNOI platform (SiN MPW#3) used to fabricate the sensors from
Chapters 4 and 5, and is expected to increase back-reflections. Overall, the fabricated
waveguides were considered suitable for experimental demonstration.

E.3 Conclusions

Suspended silicon waveguides for methane detection at Ay = 3.27 um were designed
and successfully fabricated in Cornerstone’s Suspended Si MPW#1. Even acknowledg-
ing the moderate confinement factors (1" ~ 0.2) of the waveguides, low concentrations
of methane could potentially be detected with an optimized read-out system. Owing to
the low simulated lateral and vertical leakage, scattering loss due to surface roughness
is expected to dominate. Considering practical propagation losses around 3.5dBcm™1,
similar to those reported in [281] at A\g = 3.8 um, the optimum sensing length (see Eq.
(6.17) of Chapter 6) amounts to Lopt ~ 12.41 mm. The closest implemented pathlength
is L = 13.46 mm, so those should be the best-performing sensors in the chip. Assum-
ing an absorbance noise o4 ~ 2 - 107°au [116], and following the 1-¢ criterion, typical
in gas sensing, 13.46 mm-long waveguides A and B could reach LOD, = 4.1 ppm and
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LODg = 2.8 ppm of CHy, respectively. Optical characterization and sensing experiments
are needed to verify these estimations.
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RESUMEN EN ESPANOL

Esta tesis estd dedicada la investigacion y el desarrollo de diferentes arquitecturas de sen-
sado foténico integrado, aportando novedades y mejoras respecto al estado de la cuestién.
El presente apéndice contiene un resumen espafiol del trabajo realizado. En primer lugar,
se introduciré la el campo del sensado foténico y se indicaran las principales aportaciones
de esta tesis (Secciéon G.1). A continuacién, se repasaran los fundamentos de los senso-
res foténicos integrados (Secciéon G.2) y se describird la metodologia de trabajo empleada
(Seccion G.3). Después, se presentaran las tres contribuciones principales: un sensor de
indice de refraccién complejo (Seccién G.4), un sensor bimodal de indice de refraccién
(Seccion G.5) y un estudio riguroso sobre el disefio de guias para espectroscopia de ab-
sorcion (Seccién G.6). El apéndice concluira recogiendo las conclusiones mas importantes
(Seccion G.7).

G.1  Introducciéon

G.11 Afrontando los desafios del S. XXI mediante sensores fotonicos

En su informe sobre tendencias globales de cara a 2040 [1], publicado en abril de 2024,
el Sistema Europeo de Anadlisis de Estrategias y Politicas defini6 la época venidera como
una de multiples crisis. Entre los distintos desafios identificados, las emergencias climé&-
ticas y la salud global tienen un papel sobresaliente. El cambio climatico, agravado por la
ingente emison de gases de efecto invernadero originada por la actividad humana, es pro-
bablemente la amenaza medioambiental mas visible. Reducir el nivel de emisiones hasta
los niveles recomendados por la comunidad cientifica [5] es imposible con las medidas
de control vigentes, por lo que es previsible un recrudecimiento de las mismas. A los ries-
gos para la salud humana causados por la degradacién medioambiental, se afaden otros
como la proliferacién de enfermedades infecciosas o la mayor prevalencia de enfermades
ligadas al envejecimiento de la poblacién, como el cancer, la diabetes o el Alzheimer. Una
poblacién envecejida demandara mayores servicios médicos y, para que los sitemas sa-
nitarios puedan gestionar esa carga, serd necesario acelerar los procesos de diagnoéstico y
monitorizacién de tratamientos en curso, asi como solventar los problemas causados por
la falta de personal cualificado [10].

Un paso clave para enfrentarse a los problemas mencionados es detectar y monitori-
zar las sustancias que los originan, como gases contaminantes o patdgenos. En este punto,
los sensores juegan un papel decisivo. Habitualmente, un sensor, como el mostrado en el
esquema genérico de la Fig. G.1(a), se compone de una fuente de sefial, un elemento de
transduccién, en contacto con la muestra a analizar, un detector de sefial y una etapa de
procesado que produce la sefial de salida. De entre las diversas categorias de sensores
existentes [15], los sensores fot6nicos basados en guias de onda, que son un subconjunto
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Figura G.1: (a) Componentes de un sensor genérico. (b) Propagacién de una onda plana en un
medio homogéneo, constituido por la muestra a analizar. (c) Modelos de sensores 6pticos comer-
ciales.

de los sensores 6pticos, centran el interés de esta tesis y por ello se introducen expresa-
mente en la Seccién G.1.2. Las caracteristicas deseables en un sensor son comunes a las
distintas implementaciones. En primer lugar, el limite de deteccion (LOD, por sus siglas
en inglés) debe ser lo menor posible, esto es, deben poderse detectar cantidades muy pe-
quefias de analito. Un LOD bajo se beneficia de una sensibilidad alta, definida como la
relacién entre la sefial de salida y la cantidad de analito, y de una baja incertidumbre en
la lectura. Ademads, muchas aplicaciones requieren especificidad para garantizar que el
sensor solo reacciona ante el analito de interés. Otras propiedades interesantes son un
tamafio compacto, precios competitivos, velocidad de operacién y facilidad de uso.

G.1.2 Sensores Opticos

En un sensor 6ptico, cambios en las propiedades de la luz, producidos como resultado
de la interaccién entre ésta y la muestra, se transforman en una sefial medible mediante
fotodetectores. Concretamente, en esta tesis se tratan los sensores que detectan cambios
en el indice de refraccién o en la absorcién de la luz, y que operan tanto en el infrarrojo
medio (MIR, por sus siglas en inglés) como en el cercano (NIR, por sus siglas en inglés).
Para comprender el funcionamiento de dichos sensores, resulta de ayuda contemplar la
propagacioén de una onda plana en un medio homogéneo, caracterizado por su indice de
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refraccién complejo (n + jk), representada en la Fig. G.1(b). La longitud de onda en el
medio es inversamente proporcional a la parte real del indice de refraccién (n) y, por lo
tanto, el desfase que acumula la onda puede escribirse como

2

® = @in + TnLa (G.1)

donde ¢, es el desfase inicial y L es la longitud de interaccién. Asimismo, la absorcién de
laluz estd regida por la parte imaginaria del indice (k), y sigue una evolucién exponencial
descrita por la ley de Beer-Lambert [44]:

I = Line(=oF), (G.2)

donde I es la intensidad transmitida, Iin es la intensidad previa a la interaccién con el
medio y a = (47/)\)k es el coeficiente de absorcién de potencia (en m~1). Los cambios
tanto en la parte real como en la imaginaria del indice se pueden relacionar univocamente
con la presencia y concentracién del analito y, por tanto, la deteccién de los primeros
implica la deteccion cuantitativa del Gltimo.

La deteccién de analitos mediante su indice de refraccién, especialmente en muestras
liquidas, puede ejecutarse mediante refractémetros basados en prismas [55] o en inter-
ferémetros [56]. Por su parte, las técnicas mas extendidas para sensado de absorcion, ya
sea en fase liquida, sélida o gaseosa, emplean espectrometros FTIR [57] y TDLAS [59],
por sus siglas en inglés, que analizan el espectro de absorcion de la luz tras atravesar una
celda donde se encuentra la muestra. Pese las altas prestaciones de modelos comerciales
como los ejemplos recogidos en la Fig. G.1(c), estos aparatos son voluminosos, caros y
fragiles, por lo que no son aptos para operarse fuera del laboratorio o para desplegar de
redes de sensores inteligentes. En este contexto, la fotonica integrada aparece como una
potente herramienta de miniaturizacion.

Sensores fotonicos integrados

La foténica integrada se ha convertido en una tecnologia de referencia en telecomunicacio-
nes y centros de datos a lo largo de las tltimas décadas [60], y estd expandiendo su campo
de aplicacion a dreas como la automocion [63] y el sensado [65]. Las plataformas basadas
en materiales del Grupo IV, como el germanio o el silicio, son especialmente interesantes,
ya que permiten utilizar las avanzadas tecnologias de fabricacién de la industria micro-
electrénica. Confinando y guiando la luz en guias de ondas en lugar de depender de la
propagacién en el espacio libre, los sensores foténicos integrados ofrecen soluciones sub-
milimétricas, que pueden operar con tan s6lo microlitros de muestra y que son aptos para
integrarse en plataformas de deteccién maltiple [69, 70]. Estos dispositivos exhiben unas
prestaciones excelentes, entregando resultados cuantitativos en tiempo real y sin necesi-
dad de un tratamiento previo de la muestra o de operarios altamente cualificados. Ade-
mas, pueden producirse en masa en fabricas de microconductores, abarantando asi los
costes y promoviendo dispositivos total o parcialmente desechables. Ademas, son piezas
claves de los laboratorios-en-chip (LOC, por sus siglas en inglés) [72, 73], un concepto que
puede revolucionar el campo del sensado quimico. Por ejemplo, LOCs para diagnéstico
clinico podrian llevarse a regiones con acceso limitado a instalaciones sanitarias, o dis-
positivos para monitorizacién medioambiental podrian colocarse en ubicaciones remotas
para la creacién mapas de contaminacion actualizados en tiempo real. Por su interés y ver-
satilidad, este trabajo se centra en el desarrollo de sensores foténicos integrados basados
en guias de onda dieléctricas.
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Figura G.2: Resumen de las contribuciones principales de esta tesis, incluyendo ilustraciones 3D
(no a escla), perfiles de campo simulados, imdgenes de microscopio éptico y SEM y resultados.
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G.1.3 Contribuciones de esta tesis

Tres contribuciones principales avalan el trabajo de la presente tesis: dos sensores operan-
do en el infrarrojo cercano, que utilizan la técnica de deteccién coherente anteriormente
propuesta por el grupo de Foténica y RF de la Universidad de Malaga [218] y un estudio
tedrico acerca de la optimizacién de guias para espectroscopia de absorcion en el infra-
rrojo medio. A continuacién se incluye una breve descripcién de cada contribucién, las
cuales se resumen graficamente en la Fig. G.2.

Sensor de indice de refraccién complejo

Los sensores foténicos integrados que detectan cambios simultdneos en la absorcién y la
refraccién de una muestra tienen un gran potencial, pues pueden combinar la gran sensi-
bilidad del sensado indice de refraccién con la especificidad del de absorcién. Sin embar-
go, se encuentran pocos ejemplos en la literatura, especialmente en implementaciones en
chip. Un sensor de este tipo, basado en un interferémetro de Mach-Zehnder modificado,
se ha implementado en una plataforma de nitruro de silicio para operar en longitudes de
onda del infrarrojo cercano. Estos sensores se han validado experimentalmente, obtenien-
do un LOD del orden de 10~% RIU tanto para la parte real como la imaginaria del indice.
Hasta donde alcanza el conocimiento de la autora, estas cantidades nunca se habian de-
tectado simultdneamente con un LOD tan bajo. Los principales resultados se encuentran
publicados en [89].

Sensor bimodal de indice de refraccion

Los sensores basados en guias bimodales estan apareciendo con el objetivo de reducir el
drea ocupada por las arquitecturas interferométricas convencionales, ya que no requie-
ren de un camino de referencia fisico. Sin embargo, sufren desventajas asociadas con una
incorrecta excitacion de modos superiores y de la lectura de su salida sinusoidal. Una
novedosa arquitectura de sensado que combina una guia bimodal con una excitacién mo-
dal controlada y deteccién coherente de fase se ha propuesto y validado como sensor de
indice de refraccion. Los chips se fabricaron en una plataforma de nitruro de silicio y se
midieron a la longitud de onda 1.55 ym con excelentes resultados, alcanzando limites de
deteccion en torno a 1077 RIU. Esta cifra es la mejor que se ha reportado, hasta donde
llegan los conocimientos de la autora, en un sensor bimodal operando en el del infrarrojo
cercano. Esta contribucién estd publicada en [93].

Guias de onda para espectroscopia de absorcion

Pese a que existe una amplia variedad de guias de onda orientadas a la espectroscopia de
absorcién en el infrarrojo medio, comparar entre si las distintas alternativas es complica-
do, pues habitualmente han sido disefiadas siguiendo distintos criterios y para distintas
aplicaciones. Para abordar este problema, con foco en el andlisis de muestras liquidas,
aqui se ha desarrollado una expresién analitica para el LOD, que anticipa la exitencia de
una longitud éptima de interaccién. Guias en cuatro plataformas convencionales han sido
disefiadas con el objetivo de optimizar su LOD, y sus caracteristicas (sensibilidad, pérdi-
das, limite de deteccién) han sido estudiadas mediante simulaciones electromagnéticas.
Este enfoque no s6lo ha permitido proponer un paradigma general para el disefio de guias
de sensado de absorcién con 6ptimas prestaciones, sino también establecer, por vez pri-
mera, una comparacion justa entre plataformas. Este estudio y sus resultados se hallan
publicados en [95].
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Figura G.3: (a) Guia strip en una plataforma de nitruro de silicio, donde la cubierta de diéxido de
silicio no se muestra por visibilidad (b) Perfil de campo de los modos soportados por una guia de
nitruro de silicio de dimensiones H = 0.3 um, Hpox = 3umy W = 3 um.

G.2 Sensores fotonicos integrados basados en guias de onda

Los principios fundamentales de los sensores basados en guias de onda, que son la base
del trabajo de esta tesis, se recogen en esta seccion.

G.21 Guias sensoras

Una guia dieléctrica, como la strip de nitruro de silicio representada en la Fig. G.3(a), es
una estructura formada por capas de materiales dieléctricos, en la que la luz se confina
en una capa de guiado, que tiene un indice de refraccién mayor que en el de las cubiertas
inferior y superior. La descripcion electromagnética de las guias se obtiene mediante la
resolucion de las ecuaciones de Maxwell [97]. En la Fig. G.3(b), pueden verse los perfiles
de campo soportados por una guia de Si3N4 con cubierta de SiO, y dimensiones H =
0.3 umy W = 3 um. Aunque la mayor parte del campo se concentra en el nicleo de la guia,
una fraccion se extiende por la cubierta como una onda evanescente. Cada modo tiene un
indice efectivo complejo (negs + jkefr), que determina sus caracteristicas de propagacion.
Un modo estd guiado cuando su n es superior al mayor de los indices de las cubiertas
y exhibe unas pérdidas de propagacion regidas por ke, como se explica a continuacion.

Interacciéon luz-muestra

En un sensor foténico integrado, al menos una guifa actia como elemento transductor. Para
ello, tal y como se muestra en la Fig. G.4(a), el ntcleo de la gtiia se expone a la muestra,
que se considera la cubierta superior de la guia. La muestra, que puede entenderse como
un analito disuelto en una concentraciéon C en un solvente como agua o aire, tiene un
indice de refraccién complejo nsample + jksample, que depende tanto de la longitud de onda
(A) como de la concentracién de analito (C'). El modo fundamental que se propaga por la
guia, esquematizado en la Fig. G.4(b), tiene un indice effectivo complejo, influenciado por
el indice de la muestra. El factor de confinamiento (/") da una medida de dicha interacciéon
[114], de modo que

Onegg Okt

8nsample 8ksample

—T. (G.3)
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Figura G.4: (a) Guia sensora, en la que el nticleo esta expuesto a la muestra. (b) Interaccién luz-
muestra mediante campo evanescente.

Tras propagarse durante una distancia de interaccién L, la amplitud del campo eléctrico
puede expresarse como

E(L) = E(0)& X (netitiken) L (G.A4)
De aqui, puede definirse una constante de fase

27
Bett = et (G5)

proporcional a ng. El desfase acumulado por el modo es por tanto

2
T e, (G.6)

(L) — p(0) = BegrL = 5

donde ¢(0) es el valor inicial del desfase. Detectar ¢ conduce a una medida de n.s, que
puede relacionarse con ng;mple mediante I'. Finalmente, conocer ngample €quivale a deter-
minar la cantidad de analito. De manera andloga a (., se puede definir un coeficiente de
absorcién modal, expresado en términos de potencia (I o |E|?),

a7
Qreff = —~Keff, (G.7)

directamente proporcional a kegs. La absorcion de la muestra contribuye a la modal, de
modo que

Qleff = Qint + Fasamplev (G8)

donde ajnt son las pérdidas intrinsecas de la guia, y agample = (47/))ksample incluye las
pérdidas del solvente (agolvent) Y las del analito (o). Al fotodetectar la sefal 6ptica se
obtiene una medida de la intensidad de campo, que puede expresarse como

I(L) = I(0)e il (G.9)
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Figura G.5: (a) Sensor MZI convencional. (b) Sensor MZI con lectura coherente de fase. (c) Sefiales
de salida del MZI coherente. (d) Sefales en-fase y cuadratura de la sefial compleja. (e) Represen-
tacion en el plano IQ de la sefial compleja generada.

De aqui, puede calcularse la absorbancia del analito:

A= —log,, (}2&%) =TIeCL, (G.10)

donde Iy = I(0)e~(@mtl0ven)l eg ]a intensidad de base y ¢ = log,,(e)aa/C es el co-
eficiente de absorcién molar. Por lo tanto, un analito con e conocido puede detectarse
cuantitativamente monitorizando cambios en la absorcién de la luz. Sin embargo, con es-
ta técnica, la informacién de fase se ha perdido en el proceso de deteccién, por lo que
harén falta enfoques més sofisticados para recuperarla.

G.2.2 Arquitecturas para sensado de indice de refraccion

El objetivo de las arquitecturas de sensado de indice de refraccion es transformar cambios
en neg en magnitudes calculables mediantes sefales de intensidad, que pueden extraer-
se con fotodetectores. Por simplicidad, en esta seccion se omitira la parte imaginaria del
indice. Aunque los cambios en n.¢ pueden medirse mediante resonadores [117], las arqui-
tecturas de interés para esta tesis son las interferométricas. Los interferémetros generan
interferencias constructivas o destructivas entre sefiales de luz con distintos caminos 6p-
ticos. Estas configuraciones muestran una gran sensibilidad, por lo que a menudo se usan
en aplicaciones de alta exigencia [123, 124].

En un interferémetro de Mach-Zehnder (MZI, por sus siglas en inglés) convencio-
nal como el esquematizado en la Fig. G.5(a), el modo que se propaga por el brazo de
referencia tiene un indice efectivo ngff, diferente al del modo de la rama sensora, ngff. A
consecuencia, tras viajar por las ramas del sensor, que en este ejemplo se consideran de
igual longitud, los modos han acumulado un desfase relativo

2

Ap(Aneg) = 3

AnggL, (G.11)

donde Aneg = nS; — nk;. Una ventaja de esta arquitectura es que puede trabajar a longi-
tud de onda fija, cuando los cambios en la concentracién de analito suceden de manera
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dindmica. En los MZI convencionales, los brazos sensor y de referencia se combinan di-
rectamente, resultando en una intensidad de salida

I(Ap) = IR + Is + 24/ IrIs cos(Ayp), (G.12)

donde IR y Is son las intensidades de los brazos de referencia y de sensado respectiva-
mente. La naturaleza sinusoidal de esta salida genera dificultades analiticas tales como
disminucién de sensibilidad en los maximos y minimos y ambigiiedad en la direccién del
cambio. Una posible solucién a estas limitaciones surge de la adaptacién de las técnicas
de recepcién coherente usadas en telecomunicaciones al &mbito del sensado [111, 84].

Deteccidn coherente de fase

Por suimportancia en las arquitecturas de sensado NIR de esta tesis, se explica la deteccién
coherente de fase, particularizada a un MZI como el representado en la Fig. G.5(b). El
combinador 2x1 de un MZI convencional se sustituye por un MMI 2x3, que actia como
hibrido 120°. Asi, cada salida del sensor,

1 2
I, (Ap) = 3 IR + Is + 2+/IrIs cos (A«p + ?ﬂ(m - 2)” m = {1,2,3} (G.13)

constituye una sefial interferométrica equivalente a las obtenidas de manera convencional
(Eq. (G.12)), pero desfasadas 120° entre si, como puede verse en la Fig. G.5(c). Una vez
digitalizadas, las salidas se combinan mediante una matriz de lectura, con coeficientes
1 /3
o T
C= 1 , (G.14)
=153
2 )2
para generar una sefial compleja en el plano en-fase y quadratura (IQ, por sus siglas en
inglés),
z=Cl.1, (G.15)
donde I = [I; I> I3]". Expresando z por sus partes real e imaginaria, representadas en la
Fig. G.5(d), se obtiene

z = \/Irls (cos(Ap) + jsin(Ag)) = /IrIse™?, (G.16)
que, con cambios continuos de Ay, proyecta un circulo en el plano IQ, como se muestra

en la Fig. G.5(e). Ahora, el desfase buscado puede obtenerse directamente como Ay =
arg(z), obteniendo una medida univoca con sensibilidad constante.

G.2.3 Mecanismos de especificidad

Ademas de traducir cambios en la parte real o imaginaria del indice efectivo en sefiales de
intensidad medibles, es necesario garantizar la especificidad del sensor, esto es, asegurar
que s6lo reacciona ante la presencia del analito deseado. Los dos enfoques méds comunes
para conseguir especificidad son las huellas dactilares espectrales y la funcionalizacién
de superficies, que pueden combinarse para obtener mejores resultados [137, 138]. En es-
pectroscopia de gases, es habitual guiarse por las huellas espectrales de cada molécula,
que estdn consitutuidas por lineas de absorcién caracteristicas como las mostradas en la
Fig. G.6(a), y que estdn relacionadas con movimientos vibraciones y rotacionales a ni-
vel atémico. Estos espectros sirven para identificar y cuantificar los distintos compuestos.
Aqui es necesario destacar que la regién del MIR es donde estas lineas aparecen con més
fuerza. En biosensado, la estrategia dominante es la modificacién quimica de la superfi-
cie, afladiendo una capa de biorreconocimiento como la representada en la Fig. G.6(b).
Dicha capa hace que tinicamente el analito objetivo se adhiera al elemento biorreceptor,
garantizando que s6lo éste interacttie con la luz guiada [145].
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Figura G.6: (a) Espectro caracteristico de absorcién de diferentes moléculas en estado gaseoso.
Datos extraidos de [46]. (b) Guia funcionalizada para biosensado especifico.

G.3 Metodologia

En esta seccién se resume la metodologia de trabajo empleada en el desarrollo de esta
tesis, con especial énfasis en el disefio de las guias sensoras, las plataformas de fabrica-
cién empleadas, el sistema de caracterizacion experimental y la técnica de calibracién de
sefiales de fase.

G.31 Diseno fotdnico

La mayor parte del disefio foténico de esta tesis ha estado centrado en las caracteristicas
de las guias de onda, ya que son el elemento crucial de las arquitecturas de sensado de-
sarrolladas. El analisis de las guias se ha llevado a cabo mediante FemSIM, de Synopsys,
un resolutor modal basado en el método de diferencias finitas (FEM, por sus siglas en in-
glés) [177]. Una vez modelada la guia, especificando su geometria y las caracteristicas de
sus materiales, y calculado el perfil de un modo soportado por la misma, las pérdidas de
propagacion de dicho modo pueden obtenerse mediante k.. Para disefiadores foténicos,
es util expresar estas pérdidas en dBcm ™!,

ar

ko102 (G.17)
Ao

Lprop = 101og,(e)

La sensibilidad bulk de la guia, que coincide con su factor de confinamiento, puede calcu-
larse simulando variaciones en el indice real o imaginario de la cubierta, y viendo cémo
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Para calcular pérdidas por fugas de potencia al substrato de silicio, es necesario omitir las
pérdidas de los materiales, incluir un fragmento del substrato en la ventana de simulacién
e introducir capas absorbentes perfectamente adaptadas (PML, por sus siglas en inglés)
como condiciones de contorno verticales. En este caso, el valor de Lyyop calculado corres-
pondera por completo a este fenémeno. FemSIM soporta el calculo de modos de guias
curvas, por lo que es posible calcular las pérdidas por radiacién pura (L;,q) de manera
analoga a las fugas al substrato, pero introduciendo PML horizontales. Las pérdidas de
transicién entre guias rectas y curvas ( Lirans) se calculan mediante el cdlculo de la integral
de solape [181] entre los modos de ambas guias.

G.3.2 Fabricacion de chips

La fabricacién de las diferentes generaciones de chips desarrolladas en esta tesis se ha lle-
vado a cabo en empresas que comercializan obleas multiproyecto (MPW, por sus siglas
en inglés). Concretamente, se han fabricado chips tanto en Cornerstone [185] como en
Applied Nanotools (ANT) [186]. La plataforma de nitruro de silicio sobre aislante (Si-
NOI, por sus siglas en inglés) ofrecida por Cornerstone, esquematizada en la Fig. G.7(a),
se compone de un substrato de silicio cristalino, una capa inferior de SiO; de 3 pm y una
capa de guiado de 0.3 um de SizNy. Las guias de interconexién se protegen mediante una
cubierta de 2 pm de SiO3, que puede eliminarse para fabricar gufas sensoras. Por su parte,
la plataforma de silicio sobre aislante (SOI, por sus siglas en inglés) de ANT, descrita en la
Fig. G.7(b) contiene un susbtrato de silicio, 2 pm de SiO; inferior y una capa de guiado de
silicio de 0.22 nm. De igual manera al caso anterior, las guias de interconexién se protegen
con una cubierta de 2.2 pm de SiOs, estableciendo ventanas sobre las dreas sensoras. Para
poder fabricar los sensores disefiados, es necesario enviar a la fabrica una mdscara del
chip. En esta tesis, las méscaras se han preparado utilizando las herramientas de software
libre conocidas como Nazca Design Tools [187], basadas en Phython-3.

G.3.3 Sistema de medidas

El sistema de medidas con el que se han caracterizado los sensores que se presentardn en
las Secciones G.4 y G.5 se muestra esquematicamente en la Fig. G.8. Pueden distinguirse
distintos componentes: optoelectrénica, microfluidica e interfaz software. El comporta-
miento del sistema es el siguiente. Una fuente laser emite luz NIR, que se amplifica en un
amplificador de fibra dopada con erbio (EDFA, por sus siglas en inglés). La polarizaciéon
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Figura G.8: Esquematico del sistema de medidas, que incorpora elementos épticos, electrénicos y
fluidicos.
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Figura G.9: Ilustracién del funcionamiento del algoritmo de calibracién utilizado para recuperar
la sefial de fase, basado en ajustar los puntos medidos a una elipse y transformarla en un circulo.

de entrada al chip se controla manualmente mediante un controlador de polarizacién.
Un array de fibras (FA, por sus siglas en inglés) angularmente pulido, montado sobre
una plataforma de tres ejes, se utiliza para acoplar la luz al chip, que a su vez se halla
montado sobre una plataforma de cuatro ejes para facilitar el alineamiento. La muestra
a analizar circula sobre el drea de sensado en un canal de microfluidica, en alternancia
con una sustancia buffer. Las sefales de salida del sensor se acoplan de nuevo al FA y se
dirigen a fotodetectores (PD, por sus siglas en inglés) amplificados por transimpedancia
(TIA, por sus siglas en inglés). Los voltajes resultantes se digitalizan mediante una tarjeta
de adquisicién de datos (DAQ, por sus siglas en inglés) y se graban con una interfaz de
usuario gréfica (GUI, por sus siglas en inglés) controlada por Matlab.

G.3.4 Calibracion de la senal de fase

Los coeficientes de la matriz de calibracién de la Eq. (G.14) (Seccién G.2.2) son validos ba-
jo la asuncién de componentes ideales. Sin embargo, en sistemas précticos, las tolerancias
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de fabricién y la diferencias en la eficiencia de acoplamiento de las distintas salidas del
sensor provocan distorsiones en la sefial. A consecuencia, la sefial compleja generada se
asemeja a una elipse en el plano IQ en lugar de a un circulo. Esto a su vez provoca errores
en la lectura de fase. Para corregir dichos errores, se emplea una téncica de calibracién cie-
ga basada en ajustar los puntos medidos a una elipse, que posteriormente se transforma
en un circulo mediante operaciones lineales [84]. Los pasos del algoritmo, graficamente
descrito en la Fig. G.9, se resumen a continuacién.

1. Aplicar la matriz de calibracion ideal a las sefiales de salida para obtener la sefial
inicial zp.

2. Seleccionar un fragmento de la sefial zj y ajustar los puntos a los coeficientes de una
elipse siguiendo el método de Taubin [192].

3. Convertir los coeficientes algebraicos obtenidos en el radio del eje mayor (R,) y el
del eje menor (Ry), el angulo del eje mayor con el eje real (y) y el punto central de
la elipse (c1 +jcq).

4. Centrar en el origen: z; = 2y — (¢1 + jcq)-
5. Rotar para alinear el eje mayor con el real: zo = z1e 7.

6. Escalar a un circulo: z3 = %?} 4 jlmize}

Ry,

7. Restaurar el d&ngulo original: z4 = 2567,

G.4 Sensor de indice de refraccion complejo en el infrarrojo cercano

La mayoria de los sensores fotonicos detectan analitos basandose tinicamente en medidas
bien de la parte real, bien de la parte imaginaria, del indice de refraccién. No obstante,
resultaria interesante disponer de ambas magnitudes simultdneamente para caracterizar
completamente una muestra, ademds de combinar la extrema sensibilidad del sensado de
indice de refraccién con la especificidad inherente de la espectroscopia de absorcién. Es-
tos dispositivos encontrarfan aplicaciones en dreas como la ciencia de materiales [86, 198 ]
y la deteccién de compuestos organicos volatiles (VOC, por sus siglas en inglés) [201]. En
esta seccion se presenta un sensor de indice de refraccién complejo basado en un MZI in-
tegrado en una plataforma de nitruro de silicio, que opera en el infrarrojo cercano. Esta es
una de las contribuciones centrales de esta tesis y los principales resultados se encuentran
publicados en A. Torres-Cubillo, A. Sdnchez-Postigo, J. Jagerskd, ]. G. Wangtiemert-Pérez,
and R. Halir, “Simultaneous measurement of refraction and absorption with an integra-
ted near-infrared Mach—Zehnder interferometer,” Optics & Laser Technology 177, 111154
(2024).

G.41 Arquitectura del sensor

La Fig. G.10 muestra un diagrama del sensor propuesto, que se diferencia del MZI cohe-
rente de la Fig. G.5(b) en la incoroporacién de MMIs 1x2 para entregar lecturas directas
de las intensidades de las ramas de sensado y referencia.

La luz acoplada al chip se divide entre los brazos sensor y de referencia, de longitud
L.En el brazo de referencia, el modo se propaga sin perturbaciones, con un indice efectivo
nRe(A) +jkX:(N). Por su parte, el brazo sensor estd expuesto a la muestra, compuesta por
un disolvente y un analito disuelto en una concentracién C'. El modo sensor posee un
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Figura G.10: Diagrama esquematico del sensor de indice de refraccion complejo, basado en un
MZI con detecciéon coherente modificado.

factor de confinamiento I" e interacttia con la muestra a través de su campo evanescente.
Un cambio en C modifica el indice de refraccion de la muestra, esto es,

nsample()‘a C) = nsample()\a 0) + Ansample()‘v C)

(G.19)
k:sample()‘v C) = ksample(/\’ O) + Ak‘sample(Av C),

donde nsampte(A, 0) + jksample(A, 0) es el indice de refraccion complejo del solvente puro.

Debido a la interaccién entre la luz y la muestra, el indice efectivo complejo del modo

también depende de la concentracién de analito, y puede expresarse como

nog (X, C) = ngg(X, 0) + I'(A) Angampte(A, C)

5 5 (G.20)

keff()‘v O) = keff()‘v 0) + F(/\)Aksample(/\a 0)7
donde ngff()\, 0)+j ksff(A, 0) es el valor del indice efectivo cuando la cubierta estd compuesta
por el solvente puro. Al final de los brazos del interferémetro, cada modo ha acumulado
un desfase

2m
PRV = SN
o (G.21)
es(A, C) = T"Eff()\, C)L
con respecto al inicio de la guia, y viaja con una intensidad
fin _azi®r ()L
[R()\) = —e a it (
2 (G.22)

Is(A,C) = %e*%k;{(A,C)La

donde Ij, es la intensidad acoplada al chip.
El desfase relativo entre los modos sensor y de referencia puede escribirse como

Ap(1,C) = g0, C) — er(A) = T Anea(A, C)L, (G.23)

donde Angg(A, C) = n3(X, C) — nR (). La diferencia entre el desfase relativo con y sin
analito da una medida proporcional a Angmple, @ partir del que puede calcularse la con-

centracion.

Ap(0,C) =~ Ap(A,0) = 5T Anampie(A, €)1 (G24)
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Tabla G.1: Expresiones de las métricas del sensor de indice de refraccién complejo propuesto.

Expresion
Métrica Indice real P Indice imaginario
Sensibilidad modal (Sp,) % =TI %:f;e =r
Sensibilidad arquitecténica (.S;) giﬁ = 27”11 68,::“ = 47” log,,(e)L
Sensibilidad del dispositivo (Sy k) 8g§£1e =2'1L 8k?aip1e = 4T log,,(e)I'L
Limite de deteccién (LOD) LOD, = 3(;?@ LODy = %:4

Tabla G.2: Factor de confinamiento y pérdidas de propagacién de las guias sensoras de los sensores
de indice de refraccién complejo.

I'  Luyo [dBem '] Ljea [dBem™'] Loy [dB]
0.22 11.38 0.018 0.011

Para detectar el desfase con la técnica de deteccién coherente explicada en la Seccion G.2.2,
las sefiales sensora y de referencia se llevan hasta un hibrido 120°, implementado median-
te un MMI 2x3. La sefial compleja

2\, C) = %\/IR()\)IS()\, CYedeh0). (G.25)

se genera al combinar las salidas de dicho MMI.

Introduciendo un MMI 1x2 al final de cada espiral, se pueden detectar directamente
sefiales de intensidad proporcionales a IR e Is. Asi, la absorbancia del analito se puede
calcular como

Is(\, C) 4
AN, C) = —log,, <w> = 10810(6)7F()\)Aksample()\a O)L, (G.26)
donde I5(A,0) es la intensidad detectada con el solvente puro. La absorbancia es directa-
mente proporcional a Akgample ¥, ademas, la relacion entre Akgample y C' se puede explicitar
haciendo uso del coeficiente de absorcién molar introducido en la Seccién G.2.1.

Y
loglo(e)%ﬁ

Las expresiones de las métricas para evaluar el sensor propuesto en términos de sen-
sibilidad (modal, de la arquitectura y del dispositivo) y limite de deteccién, determinado
por el suelo de ruido de la sefial de salida (o), se recogen en la Tabla G.1.

Akszim;)l(e()‘v C) (G'27)

G.4.2 Diseno del sensor

La primera generacién de sensores se disefi6 para la plataforma de SiNOI de Cornersto-
ne, descrita en la Seccién G.3.2, en el marco de una colaboracién con la Universidad de
Southampton. Desaforturnadamente, tras una serie de evaluaciones previas, estos sen-
sores se descartaron, mayoritariamente debido a su altas pérdidas de propagacion. Para
corregir los problemas diagnosticados, se diseiié y fabricé una segunda generacién de
chips, que se fabricaron en misma plataforma, en la tirada comercial SiN MPW#3. Estos
sensores resultaron exitosos y con ellos se han realizado los experimentos presentados
en esta tesis. Las principales caracteristicas sobre sus componentes y disposicién en la
mascara del sensor se resumen en esta seccion.

La seccién transversal de las guias de referencia y sensado disefiadas para A\ = 1.55 um
se muestran en la Fig. G.11(a), asi como los modos TE fundamentales soportados por di-
chas guias. La guia sensora es el elemento critico de la arquitectura, por lo que centré el



158 Appendix G. Resumen en espaiiol

(a) Referencia Sensor

IE, xy)]

|

IE, ()l

1
05_
, E =

(b) MMI 1x2
Transicion cubierta-muestra Ventana de sensado MMI 2x3
| =g Brazo

| / =

ensor
MMI 2x2 /
= =

N\
| [

Acoplador de rejilla para
entrada por fibra

Acopladores de rejilla
para entrada/salida
por array de fibras

(c)

Figura G.11: (a) Seccién transversal y perfil de campo del modo TE fundamental de las guias
de referencia y sensora. (b) Disposicién de los elementos del sensor de segunda generacion en la
mdscara preparada para su fabricacion. (c) Fotografias al microscopio éptico de dos de los sensores
desarrollados.

Tabla G.3: Caracteristicas de las guias en espiral de los sensores complejos implementados.

L[mm] Areamm?®] S,[rad/RIU] S\ [au/RIU] L [dB] L3, [dB]
6.72 0.39 5.97 - 103 5.14 - 103 3.57-1073 7.65
16.14 0.57 14.35 - 103 12.34-10° 3.58-103 18.37

andlisis electromagnético. La Tabla G.2 muestra los valores calculados de factor de confi-
namiento (I"), pérdidas de propagacién por absorcién del agua (Lipo), pérdidas por fu-
gas al substrato (Ljeqax) y por cada curva de 90° (Lgg). Aqui se evidencia que las pérdidas
del agua son dominantes frente al resto. Los MMI y los acopladores de rejilla son disefios
homogéneos convencionales para esta plataforma. La disposicién de los componentes di-
seflados en la mdscara del sensor puede observarse en la Fig. G.11(b). La distribucién de
los acopladores responde al objetivo de evitar que la sefial de entrada enmascare a las se-
fales de salida, més débiles. Para incrementar la longitud de interaccién sin comprometer
el espacio ocupado, se integraron guias en espiral con distintas longitudes. En la Tabla G.3
se recogen las caraceteristicas de dichas espirales en términos de sensibilidad, pérdidas
de radiacién y pérdidas por absorcién esperadas. Por tltimo, la Fig. G.11(c) muestra fo-
tografias al microscopio 6ptico de dos de los sensores, una vez fabricados. La evaluacién
Optica de estos sensores resulté satisfactoria debido a las bajas pérdidas de propagacion
y reflexiones en-chip medidas.
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Figura G.12: (a) Salida del sensor L; durante un experimento de sensado homogéneo. Fragmento
de las sefiales (b) interferométricas y (c) de intensidad.

G.4.3 Experimentos de sensado homogéneo

Los sensores L1 = 6.72mm Yy Ly = 16.14 mm se evaluaron en términos de linealidad, sen-
sibilidad y LOD mediante experimentos de sensado homogéneo utilizando disoluciones
salinas (NaCl) en agua deionizada con concentraciones C' = {1.5,3, 6,12} w %. La parte
real del indice de refraccién de las muestras se calculé a partir del modelo desarrollado
en [221]. Desafortunadamente, en el caso de la parte imaginaria del indice, no fue posible
encontrar la informacién necesaria en la literatura de manera precisa, ya que la absorciéon
del NaCl es muy pequefia en relacion a la del agua. Por lo tanto, los valores asumidos se
estimaron a partir de los datos de [222]. Cabe destacar aqui que el cambio esperado en la
absorbancia con la adicién de sal es negativo, pues una mayor concentracién de sal supo-
ne una leve disminucién de la cantidad de agua y, por tanto, de las pérdidas asociadas a
su absorcion. Las muestras se hicieron fluir por el canal de microfluidica a una velocidad
de 30 uL/min en alternancia con el agua pura.

La Fig. G.12 muestra las senales de salida de uno de los sensores (L;) medidos du-
rante un experimento de sensado homogéneo a longitud de onda fija \g = 1.55 pm. En
la Fig. G.12(b), pueden apreciarse las sefiales interferométricas, desfasadas 120°, como
cabia esperar. Sin embargo, atendiendo a las sefiales de intensidad, tal y como se mues-
tra en la Fig. G.12(c), se observan unas fuertes oscilaciones espurias en los periodos de
transicién entre el agua pura y las muestras. Dichas oscilaciones se trasladan al célculo
de la absorbancia, degradando la medida. Tras comparar las oscilaciones de las sefiales
de intensidad con las de las sefiales de fase adyacentes, se lleg6 a la conclusiéon de que
existia interferencia provocada por las sefiales interferométricas. Para mejorar la calidad
de la lectura de la absorbancia, se desarrollé6 un modelo analitico de dicha interferencia,
dando como resultado la siguiente ecuacion:

IEP ~ (1 + 27)|s|* + 2y cos(Ap — ©1)]s|. (G.28)
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Tabla G.4: Limites de deteccién de sensores integrados de indice de refraccién complejo operando
en distintos regimenes espectrales. Los resultados de este trabajo se muestran en negritas.

Ref. Régimen  Arquitectura =~ LOD,[107°RIU] LOD,[10~°RIU]
[202] VIS YI 15 1.6
[203] Microdisco de PC 30 200
o [204] NIR RRSWG 5 7
Este trabajo MZI coherente 1.9 21
o [208] ik RRsuspendido 8 3
[154] RR en cascada 9900 210

Aqui, ITP esla intensidad detectada por el fotodetector designado a la lectura de la intesi-
dad del brazo sensor, Ay es el desfase medido mediante las sefiales interferométricas y
y ©1 son pardmetros ajustables que definen la interferencia. La Ec. (G.28) se utilizé para
corregir las lecturas de intensidad, obteniendo reducciones significativas en la amplitud
de las oscilaciones y corrigiendo asi las sefiales de absorbancia calculadas.

Dos ejemplos de lecturas finales de desfase y absorbancia se ensefian en las Figs.
G.13(a)-(b) para los sensores L; y L respectivamente, donde los intervalos conside-
rados en el calculo de los valores de saturacion se hallan sefialados. Dichos valores se
muestran en en las Figs. G.13(c)-(d) para tres chips diferentes. Todos los sensores mues-
tran una buena linealidad, con R? > 0.9861 para el desfase y R? > 0.9631 para la ab-
sorbancia. La absorbancia del sensor L; exhibe una mayor variabilidad entre chips, lo
que se puede atribuir a un mayor impacto de las interferencias o de otros factores ex-
ternos cuando los valores de absorbancia objetivo son pequefios. Las sensibilidades me-
dias del dispositivo frente a cambios en el indice de refraccién complejo se calcularon
como Sy = 5.07 - 103rad/RIU, Sy = 2.23 - 103au/RIU y S, = 10.69 - 103rad/RIU, Sy =
3.55 - 103 au/RIU para los sensores L; y Lo respectivamente. Para determinar el LOD, se
evalu6 el ruido de fragmentos de 30s de ruido de las sefiales de desfase y absorbancia
correspondientes a la circulacién de agua pura, en las que la salida era estable y cercana
a cero. Los LOD medios calculados son LOD,, = 1.93 - 1079 RIU, LOD; = 2.09 - 10~ RIU
y LOD, = 2.48 - 107 °RIU,LODy = 2.77 - 10~ ® RIU para los sensores L1 y Lo respecti-
vamente. Las mejores prestaciones se obtuvieron para el sensor mas corto, debido a la
menor influencia de las pérdidas del agua. Considerando este resultado, este trabajo se
encuentra entre los mejores del estado de la cuestion de los sensores integrados de in-
dice de refracciéon complejo, como puede verse en la Tabla G.4. Es mas, la arquitectura
propuesta es la tinica con idénticas capacidades para detectar tanto n como k, lo que es
especialmente desafiante mientras se opera en el NIR.

Para complementar los resultados a longitud de onda fija, se llevaron a cabo una serie
de medidas espectroscépicas, utilizando tanto las disoluciones salinas descritas anterior-
mente como muestras de isopropanol y agua puros. Los resultados obtenidos fueron pro-
metedores, mostrando un buen ajuste con las predicciones tedricas, pero para una evalua-
cién precisa del sensor como dispositivo para espectroscopia de dispersion (refraccion)
y absorcién simultdneas atin es necesario emprender mejoras en el disefio y el sistema de
medida. No obstante, la arquitectura demostrada resulta prometedora para su extension
al MIR, donde podria operar en las regiones de huella dactilar de numerosos compuestos
quimicos, obteniendo valiosos resultados.

G.5 Sensor bimodal de indice de refraccion en el infrarrojo cercano

Los sensores basados en guias bimodales han aparecido con la intencién de reducir el area
ocupada por las arquitecturas interferométricas convencionales, que requieren tanto un
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Figura G.13: Seriales de desfase y absorbancia calculadas a partir de dos medidas de los sensores
(a) L1 y (b) L. Valores de saturacién de desfase y absorbancia para los sensores (c¢) L y (d) Lo
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162 Appendix G. Resumen en espaiiol

Ventana de sensado /

[l
/2

| B &ﬁl Conversion'SMMM = = Conversion MM-SM{EIALY L[
| I
3

1A

iy
L.

Figura G.14: Diagrama esquematico del sensor bimodal de indice de refraccién con excitacién con-
trolada de modos y deteccién coherente.

brazo sensor como uno de referencia [90]. Para conseguir el mismo resultado con un tni-
co brazo, se excitan dos modos ortogonales soportados por una gufa multimodo (MM).
Sin embargo, estos sensores sufren las desventajas de una excitacién modal incontrolada,
que puede provocar fuertes reflexiones, y de las limitaciones de la lectura de sefales sinu-
soidales, destacadas en la Seccién G.2.2. En esta seccién se presenta un novedoso sensor
de indice de refraccion, que combina una guia sensora bimodal con una excitaciéon y sepa-
racién de modos controlada y una lectura coherente de fase. Este sensor constituye una de
las contribuciones principales de este trabajo y los principales resultados estan publicados
en A. Torres-Cubillo, J. M. Luque-Gonzélez, A. Sdnchez-Postigo, A. Fernandez-Gavela, J.
G. Wangtiiemert-Pérez, I. Molina-Fernandez, and R. Halir, “High-performance bimodal
evanescent-field sensor with coherent phase readout,” Journal of Lightwave Technology
42(8),3010-3015 (2024).

G.51 Arquitectura del sensor

La Fig. G.14 muestra un diagrama esquemaético del sensor propuesto, que estd basado en
una guia bimodal, que soporta dos modos TE. Un convertidor de modos produce una
excitacion modal controlada a la entrada de la guia sensora. La misma arquitectura, dis-
puesta de manera simétrica, separa entre si los modos para que constituyan las entradas
de la etapa de deteccion coherente.

El funcionamiento es el siguiente. La luz acoplada al chip se divide para alimentar el
conversor de modos, mediante el cual se excitan los dos primeros modos TE de la guia
sensora bimodal. En dicha guia, el modo fundamental (TEq,) se propaga con un indice
efectivo neg o y tiene un factor de confinamiento /7, mientras que el primer modo superior
(TE10) hace lo propio con neg 1 y I1. El solapamiento entre el primer modo superior y la
muestra es mayor al que experimenta el fundamental, que estd méas confinado en el nticleo
(I1 > Ip). Como el sensor opera a longitud de onda constante, se puede considerar que
los indices efectivos de los modos dependen tinicamente del analito,

Nefr,0(C) = 7eff,0(0) + Lo ANsample(C)
Nef,1(C) = ef1(0) + I'1 Angample (C),

donde n,g,0(0) ¥ negr,1(0) son los valores tomados en presencia del solvente puro. Tras
propagarse por la guia, cada modo ha acumulado un desfase

(G.29)

2
©o(C) = Toneff,O(C)L

o (G.30)
@1(0) = Toneff,l(C)L'

La diferencia en el desfase de los modos puede definirse de manera andloga a un MZI
(ver Seccion G.2.2).
2m

Ap(C) = p1(C) — po(C) = TOAneff(C)L, (G.31)
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Tabla G.5: Expresiones de las métricas del sensor bimodal de indice de refraccién propuesto.

Métrica Expresion
Sensibilidad modal diferencial (Syq) 8?:::;9 — a?::’;e =Iy—1Iy
Sensibilidad arquitecténica (.S;) 8n:ff =2T[
Sensibilidad del dispositivo (S k) %ﬂ‘;le = 2{(1”1 —Io)L
Limite de deteccion (LOD) LOD,, = 32?*"

donde Angg(C) = ner1(C) — nesro(C). Normalizando este desfase relativo, de manera
que

Ap(C) — Ap(0) = i:m ~ Ip) Angampie (O)L, (G.32)

se obtiene una medida proporcional a Angample- Los modos de la guia bimodal se dividen
en dos modos fundamentales de guias monomodo (SM, por sus siglas en inglés) por la
operacion inversa del conversor modal. Estos dos modos conservan Ay, y son las entradas
del MMI 2x3. Asi se permite ejecutar la deteccion coherente, generando la sefial compleja

2(C) = /Iy, (G.33)
donde I and I; son las intensidades de los modos TE( y TE;o respectivamente y Ay =

arg(z).

Las expresiones de las métricas para evaluar el sensor propuesto en términos de sen-
sibilidad (diferencial, de la arquitectura y del dispositivo) y limite de deteccién, determi-
nado por el suelo de ruido de la sefial de salida (oA, ), se recogen en la Tabla G.5.

G.5.2 Diseno del sensor

Se disefi6 una primera generacién de chips para la plataforma de SOI ofrecida por ANT
e introducida en la Seccién G.3.2 para la longitud de onda de trabajo Ay = 1.31 pm. Des-
afortunadamente, debido a problemas asociados tanto a la plataforma como al disefio
de los sensores, no fue posible obtener resultados de sensado validos. Sin embargo, gra-
cias a la experiencia adquirida se desarroll6 una segunda generacion de sensores con altas
prestaciones, cuyas caracteristicas se abordan en esta seccion. Estos sensores se fabricaron
para \g = 1.55 um en los mismos chips que los sensores de indice de refraccién complejo
presentados en la Seccién G.4 (MPW#3 de Cornerstone).

El conversor modal implementado para la segunda generacién de sensores se muestra
esquemdticamente en la Fig. G.15(a). Este dispositivo esta basado en el disefio propuesto
y validado en [91, 92] y tiene tres subcomponentes: un MMI 2x2 operando como acopla-
dor hibrido a 3dB-90°, un desfasador (PS, por sus siglas en inglés) y una unién en Y de
perfil sinusoidal. El desfasador se compone de dos guias paralelas. Mientras el brazo in-
ferior es una guia monomodo recta, el brazo superior incluye dos transiciones adiabaticas
contrapuestas, que tienen el objetivo de incrementar el indice efectivo del modo, intro-
duciendo asi un retardo en la propagacién, que se corresponde con un desfase de 90°
respecto al modo del brazo inferior. Estos modos desfasados se transforman mediante la
unién en Y en el modo fundamental y el primer modo superior de la guia bimodal. La sec-
cién transversal de dicha guia, asi como los perfiles de los modos TEqy y TE;( excitados,
se muestran en la Fig. G.15(b). Tal y como se aprecia en los mapas de campo, el primer
modo superior estd menos confinado en el ntcleo, por lo que, ademés de ser més sensi-
ble, se espera que experimente mas perdidas por absorcién del agua, fugas al substrato
y curvaturas. Los valores calculados de estos pardmetros se encuentran recogidos en la
Tabla G.6. Con estos valores de factor de confinamiento, la sensibilidad modal diferencial
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(a) Hibrido 3 dB-90° Desfasador Unién en Y

Sensor

IE, xy)I

1
1.8 um

0.5

f e ) |

y[pm]
Y [um]

5 1 05 0 05 1 15
X [um]
(c)
Desfasador Unién en Y
N
Conversor/separador modal ~— o Acopladores de rejilla
— MMI 2x2 = para entrada/salida
..... LY por array de fibras
\ f- ------- —_—
L o N
Acoplador de rejilla para bimoddal /1 [ 0000\ —
entrada por fibra MMI2x2 ¥ I\ /|| @ —A—
= = 1__=_
Ventana de sensado - LA 2 =

Figura G.15: (a) Conversor de modos empleado en los sensores de segunda generacién, basado
en un MMI, un desfasador y una unién en Y. (b) Seccién transversal de la giifa bimodal y perfil
de campo de los modos TE soportados. (c) Disposicién de los elementos del sensor de segunda
generacién en la mascara preparada para su fabricacion.

es Sq = 11 — Iy = 0.094RIU/RIU. La Fig. G.15(c) muestra la disposicién de los elemen-
tos del sensor en la mascara para su fabricacién. La espiral bimodal disefiada tiene una
longitud L = 7.81 mm y el resto de sus caracteristicas se recogen en la Tabla G.7. Estos
sensores se evaluaron épticamente en términos de pérdidas de propagacion y reflexio-

nes, y los favorables resultados obtenidos promovieron la realizacién de experimentos de
sensado con los mismos.

G.5.3 Experimentos de sensado homogéneo

La validacién de los sensores mediante experimentos de sensado homogéneo a longitud
de onda fija \g = 1.55 um se hizo de forma andloga a lo especificado en la Seccién G.4.3
para los sensores de indice de refraccién complejo, utilizando las mismas disoluciones de

Tabla G.6: Factor de confinamiento (I") y pérdidas de propagacién de ambos modos por absorcién
del agua (Lino), fugas al substrato (Lieax) y curvas (Lop).

Modo I Lo [dB cm’l] Lieak [dB cm’l] Ly [dB]
TEgy 0.15 7.79 6.54 - 1072 0.0041
TE,y 0.24 12.74 0.27 0.017
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Tabla G.7: Caracteristicas de la guia sensora en espiral. El modo fundamental no experimenta
pérdidas por radiacién en las curvas.

A d
L{mm] Arealmm® Salgw] Lia[dB] Ligo,[dB] Ligzo,; [dB]

7.81 0.72 2.85-10° 0.05 6.02 9.95
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Figura G.16: (a) Salida del sensor durante un experimento de sensado homogéneo con disolucio-
nes salinas. (b) Desfase calculado a partir de la sefial compleja. Las 4reas utilizadas para calcular
los valores de saturacién se han destacado. (c) Desfases obtenidos en funcién de la concentracién
de NaCl en experimentos de sensado homogéneo con 5 chips diferentes.

NaCl en agua deionizada. La sefial de salida del sensor durante uno de estos experimentos
puede verse en la Fig. G.16, asi como el detalle de las oscilaciones de las sefiales interfe-
rométricas, que se comportan de la manera esperada. A partir de estas sefiales, es posible
calcular una sefial compleja, la evolucién de cuya fase puede observarse en la Fig. G.16(b),
donde los fragmentos utilizados en el cdlculo de los valores de saturacién se han resaltado.
Dichos valores se representan en la Fig. G.16(c) en funcién de la concentracién de NaCl
Todos los sensores muestran una gran linealidad (R? > 0.9986) y las variaciones entre
chips son pequefias. La sensibilidad media obtenida, S, = 4.30 - 10* rad /RIU, es ligera-
mente superior a la tedrica, lo que puede deberse a la combinacién de un sobregrabado de
la guia con otras no-idealidades no consideradas. Para calcular el LOD se evalué el suelo
de ruido durante fragmentos de 30 segundos de las medidas, como el ejemplo represen-
tativo insertado en la Fig. G.16(b). El valor medio obtenido es LOD = 1.03-10~% RIU, que
es competitivo con el estado actual de la cuestién en sensores bimodales. Ademds, con-
siderando el mejor resultado, correspondiente al Chip 2, con LOD = 1.59 - 10" RIU, la
arquitectura aqui presentada es, hasta donde llega el conocimiento de la autora, la mejor
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Tabla G.8: Limites de deteccién de sensores integrados bimodales operando en distintos regimenes
de longitud de onda. Los resultados de este trabajo se muestran en negrita. Abreviaturass: altura
(h.), anchura (w.), algoritmo (alg.), no determinado (n.d.).

Ref. Régimen Excitacién modal Lectura LOD [10~"RIU]
[226] VIS Discontinuidad h. Convencional 0.5
[231] Discontinuidad h.  Alg. trigonométrico 0.32
o283 Discontinuidad w.  Convencional 220
[228] Discontinuidad w. Espectral 200
[229] NIR Discontinuidad w. Espectral 66
[232] Discontinuidad w. Coherente n.d.
[161] Discontinuidad w. Convencional 244
Este trabajo Conversor modal Coherente 1.59

reportada en el NIR, como se evidencia en la Tabla G.8. Estas elevadas prestaciones se ven
reforzadas por una excitacién modal controlada y una lectura lineal de fase.

G.6 Guias para espectroscopia de absorcion en el infrarrojo medio

La espectroscopia de absorcién en el infrarrojo medio es una potente herramienta para
la deteccion cuantitativa de analitos. Para detectar muestras acuosas, algo especialmente
interesante en aplicaciones medioambientales y biomédicas, es preferible usar guias de
onda basadas en ldminas finas (TFWGs, por sus siglas en inglés), por su mayor robustez
mecénica. Se han propuesto una gran variedad de plataformas materiales para imple-
mentar dichas guias en el MIR [94], pero la falta de un criterio homogéneo en el disefio y
posterior caracterizacién dificulta establecer una comparacién entre alternativas que per-
mita seleccionar la opcién més oportuna. En esta seccién se realiza un estudio teérico de
cuatro plataformas de TFWGs, proponiendo un criterio de disefio para 6ptimas prestacio-
nes y estableciendo una comparacién justa entre implementaciones. La mayor parte del
trabajo aqui presentado se realizé durante una estancia en la Universidad de Ulm y los
principales resultados pueden leerse en A. Torres-Cubillo, A. Teuber, R. Halir, and B. Mi-
zaikoff, “Optimized waveguides for mid-infrared lab-on-chip systems: A rigorous design
approach,” Sensors and Actuators A: Physical 378, 115797 (2024).

G.6.1 Modelo sistémico
Guia sensora

La guia genérica representada en la Fig. G.17(a) estd expuesta a una muestra liquida, com-
puesta por agua (el solvente) y un analito en concentracién C. Cuando la concentracion
de analito es pequefia, el coeficiente de absorcién de la muestra puede expresarse como

asample(Av C) = aHZO(A) + aa(>‘7 C)? (G34)

donde ap,0 es el coeficiente de absorcién del agua pura y «a, es la absorciéon adicional que

introduce el analito, tal que
cWN)

log,,(e)
Las pérdidas sufridas por el modo guiado pueden expresarse como
Qeff(A, C) = aint(A) + Fasample()‘a C) =~ amat(A) + aleak(A) +F05H20()\) +laa (N, C),

Qint

@M C) = (G.35)

Qwg

(G.36)
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Figura G.17: (a) Guia para espectroscopia de absorcién expuesta a una muestra acuosa. Las fuen-
tes de pérdidas del modo se hallan sefialadas. (b) Esquematico del sistema de medidas tipico
considerado en el analisis de ruido.

donde aint son las pérdidas intrinsecas de la guia, que pueden aproximarse como una
combinacién de las pérdidas por fugas al substrato (k) y la absorcién por todos los
materiales de la gufa (amat), exceptuando la cubierta de agua. En la préctica conviene
expresar la Ec. (G.36) como

aeff()‘7 C) = O‘Wg(A) + F()éa()\, C)a (G37)
con awg = aint + I'ap,0, para separar las pérdidas que dependen del analito de las que
no lo hacen. La intensidad a la salida de la guia es

Is(\, ©) = Is(A, 0)e~TaaAOL

(G.38)
donde la intensidad de fondo I5(, 0) oc e~ corresponde al agua pura. Finalmente, se
puede calcular la absorbancia tomando

Is(\, C
A()\, C) == —logw <ISO> == loglo(e)FOéa(A, C)L, (G39)

de donde se puede obtener C.

Relacion senal a ruido

Considerando el sistema de medida tipico representado en la Fig. G.17(b), la fotocorriente
de sefial entregada por el fotodetector, que es proporcional a Is, puede expresarse como

isignal = PLDCE;CE Re ™ (wstaall — oo (awgtloa)l

(G.40)
donde P p es la potencia de salida del laser, CE; y CE, son las eficiencias de acoplamiento
de entrada y salida respectivamente y R es la responsividad del fotodiodo. Para simplificar
la notacién se introduce el pardmetro constante Sy = PLpCE;CE,R.

Las fuentes de ruido consideradas en este estudio son el ruido de disparo (shot) del
fotodiodo, el ruido eléctrico del TIA y el ruido de cuantificacién introducido por el DAQ.
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Tabla G.9: Expresiones de las métricas de la guia para espectroscopia de absorcién y del sistema
sensor que la incorpora.

Nivel Métrica Expresion
Guia Figura de mérito (FOM) LA L

e . T AN Olsional o 127 o I
Sensibilidad del dispositivo (S,) % = —So'Le wsl

Sensor Limite de detecciéon (LOD) é—”‘ = SFL?;igang
& 0
1 i

Longitud éptima (Lopt) =

Qwg Oéint+FaH20

(@) GaAs Se6 GOS

- GaAs ] AIGaAs|:| se6 [ | se2 [IS - Ge [l Pco [ sisM4 D Si0o

GaAs

X [um]

Figura G.18: (a) Guias en las plataformas estudiadas: GaAs, Se6, GOS and PCD. La cubierta de
agua no se ha representado por visibilidad. (b) Perfiles de los modos TM fundamentales de las
distintas guias.

De éstas, s6lo el ruido de fotodiodo depende de la sefial recibida. Considerando que las
fuentes son independientes, el suelo total de ruido es:

o= \/USZhot + 0t + 0bag: (G.41)

Las expresiones de las métricas para evaluar el sistema de espectroscopia de absorcion
basado en una guia foténica pueden encontrarse en la Tabla G.9.

G.6.2 Comparacion entre plataformas

Se han estudiado cuatro plataformas habitualmente empleadas para espectroscopia de
muestras liquidas en el MIR: arseniuro de galio (GaAs), calcogenuro (Se6), germanio so-
bre silicio (GOS, por sus siglas en inglés) y diamante policristalino (PCD, por sus siglas
en inglés). La longitud de onda central es Ay = 6 um, que tiene gran interés analitico al
encontrarse en la banda vibracional de las amidas, esencial para detectar proteinas. La
polarizacién estudiada es TM. Siguiendo un criterio de disefio sistemético, se han mode-
lado guias en dichas plataformas, cuyas secciones transversales y perfiles de sus modos
fundamentales se muestran en la Fig. G.18(a)-(b). Los pardmetros I" y ayg se han obteni-
do mediante simulaciones electromagnéticas (ver Seccién G.3.1), y la FOM de cada guia,
representada en las Fig. G.19(a)-(d), se ha calculado a partir de ellos. Puede observarse
cémo en las gufas de GaAs y PCD, la FOM decae exponencialmente con el ancho de la
guia. Esto es debido a la accién combinada de un menor I" y unas mayores pérdidas in-
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Figura G.19: Figura de mérito de las guias de (a) GaAs, (b) Se6, (c) GOSy (d) PCD waveguides,
evaluada en el régimen monomodo. (e) Estimacién del limite de deteccién de cada plataforma.
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Tabla G.10: Geometria y caracteristicas de las guifas disefiadas en las distintas plataformas.

Plat. W [um] T'[%] oawg[em™'] FOM[pm] Lop[mm] LOD[cm™ ]

GaAs 7 0.11 15.75 0.69 1.8 11.1-.107°

Se6 5.75 3.22 74.05 4.34 0.25 1.75-107°
GOS 1.62 1.55 34.79 4.46 0.54 1.51-107°
PCD 5 1.14 41.26 2.77 0.45 2.75-107°

trinsecas (aint). En el caso del GOS, aint es practicamente nulo, asi que el deterioro de la
sensibilidad y la reduccién en las pérdidas del agua estdn equilibrados y FOM ~ 1/am,0
es constante. Algo parecido ocurre en el caso del Se6, con la salvedad de que el FOM mejo-
ra con una mayor anchura, pues en el limite inferior del régimen monomodo las pérdidas
inducidas por el agua son muy elevadas.

Para calcular el LOD, se seleccioné una anchura en el centro del régimen monomodo,
que pueede consultarse en la Tabla G.10, asi como los pardmetros asociados a este ancho.
Para evaluar el suelo de ruido, se asumieron unas condiciones de medida compatibles con
un sistema tipico de espectroscopia MIR. Los resultados obtenidos tras evaluar el LOD en
funcién de la longitud de interaccion se muestran en la Fig. G.19(e). Para cada opciéon
existe una Lopt, cuyo valor y el LOD correspondiente se encuentran en la Tabla G.10. Aqui
es necesario observar que, mientras que el valor 6ptimo del LOD est4 determinado por el
inverso del FOM (ver Tabla G.9), cuanto mayores son las pérdidas de la guia, menor es
su tolerancia a incrementos en la longitud de interaccién. Con esto, puede concluirse que
un disefio adecuado puede conducir a prestaciones anédlogas en las guias de Se6, GOS y
PCD, pero que, si no se puede garantizar el punto de trabajo, es preferible optar por las
de GOS o PCD, de menores pérdidas. Las guias de GaAs, pese a su menor sensibilidad,
son una opcién interesante si por limitaciones practicas es necesario implementar una
longitud de interaccién superior a 1.8 mm. Con el presente estudio, generalizable a otros
materiales y longitudes de onda, se pretende impulsar el desarrollo de nuevos sensores
de espectroscopia de absorcién optimizados.

G.7 Conclusiones

A continuacién se resumen las principales conclusiones derivadas del trabajo realizado
en esta tesis:

1. Se ha desarrollado una arquitectura de sensado de indice de refraccién complejo
basada en un MZI modificado, que otorga medidas directas de intesidad y lectu-
ra coherente de fase, operando en el infrarrojo cercano. El sensor se ha fabricado
en una plataforma de SiNOI y se ha evaluado mediante experimentos de sensado
homogéneo. Los limites de deteccién obtenidos, LOD,, = 1.9 - 10~ RIU, LODy =
2.1-107%RIU, son los mejores reportados, hasta donde llegan los conocimientos de
la autora, en la deteccion simulatdnea de ambas partes del indice de refraccion uti-
lizando una arquitectura integrada. Los resultados principales estdn publicados en
[89].

2. Se ha propuesto un sensor de indice de refraccién en el infrarrojo cercano que com-
bina una guia bimodal con una excitacién y separacién de modos controladas y una
lectura coherente de fase. El sensor se ha fabricado en SiNOJI, y se ha validado me-
diante experimentos de sensado homogéneo, mostrando una elevada sensibilidad y
buen LOD. El mejor resultado obtenido, LOD = 1.59 - 10~ RIU, es el mejor para un
sensor bimodal operando en el NIR, hasta donde la autora alcanza a conocer. Los
resultados principales estdn publicados en [93].
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3. Se ha llevado a cabo un estudio tedrico, basado en un modelo analitico y en si-
mulaciones electromagnéticas, de cuatro plataformas distintas (GaAs, Se6, GOS,
PCD) para implementar guias de espectroscopia de absorcién en el infrarrojo medio,
orientadas al anélisis de muestras acuosas. Con esto se ha conseguido, por prime-
ra vez, establecer una comparacion objetiva entre plataformas, asi como establecer
un criterio de disefio riguroso para 6ptimas prestaciones. Los resultados principales
estdn publicados en [95].
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