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Abstract

Gas detection is crucial in a wide range of fields and applications, such as
safety and process control in the industry, atmospheric sciences, and breath
diagnostics. Optical gas sensing offers some key advantages, compared to
other sensing methods such as electrochemical and semiconductor sensing:
high specificity, fast response, and minimal drift.

Wavelengths between 3 and 10 µm are of particular interest for gas sens-
ing. This spectral range, called the mid-infrared (mid-IR), is also known as
the fingerprint region, because several gas species can be identified by their
sharp absorption lines in this region. The most relevant mid-IR-active gases
are the trace gases carbon dioxide (CO2), methane (CH4), carbon monoxide
(CO), ammonia (NH3), and nitrous oxide (N2O). They are greenhouse gases,
contributing to global warming. They are waste products of human activities
and widely used in agriculture and industry. Therefore, it is crucial to accu-
rately and extensively monitor them. However, traditional optical gas sensors
with a free-space optical path configuration, are too bulky, power-hungry, and
expensive to be widely adopted.

This thesis presents mid-IR integrated photonic devices that enable the
on-chip integration of optical gas sensors, with a focus on CO2 sensing. The
reported technologies address the fundamental sensor functionalities: light-
gas interaction, infrared light generation, and infrared light detection. The
thesis introduces a novel mid-IR silicon photonic waveguide that allows a
light path as long as tens of centimeters to fit in a volume smaller than
a few cubic millimeters. Mid-IR CO2 spectroscopy demonstrates the high
sensing performance of the waveguide. The thesis also explores the refractive
index sensing of CO2 with a mid-IR silicon photonic micro-ring resonator.
Furthermore, the thesis proposes platinum nanowires as low-cost infrared light
sources and detectors that can be easily integrated on photonic waveguides.
Finally, the thesis presents a large-area infrared emitter fabricated by high-
speed wire bonding and integrated in a non-dispersive infrared sensor for the
detection of alcohol in breath.

The technologies presented in this thesis are suited for cost-effective mass
production and large-scale adoption. Miniaturized integrated optical gas sen-
sors have the potential to become the main choice for an increasingly broad
range of existing and new applications, such as portable, distributed, and
networked environmental monitoring, and high-volume medical and consumer
applications.

Keywords: Silicon photonics, Mid-infrared, Optical gas sensing, Spectroscopy,
Waveguide, Ring resonator, Nanowire, Trace gas, CO2 sensing, Alcohol sens-
ing, Absorption, Dispersion.
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Sammanfattning

Gasmätningar är viktiga för olika tillämpningsområden, till exempel mil-
jöövervakning, processövervakning i industrin, och medicinsk diagnostik. Op-
tiska gasmätningar har vissa fördelar över andra vanliga mätmetoder, såsom
de baserade på elektrokemi eller halvledarteknologi, nämligen hög specifici-
tet, korta mättider, och minimal drift. Ljusvåglängder mellan 3 och 10 µm,
dvs det mid-infraröda (mid-IR, eng: mid-infrared) spektralområdet, är speci-
ellt intressanta för gasmätningar, då många viktiga gaser kan identifieras av
deras tydliga mid-IR absorptionslinjer. De mest relevanta mid-IR aktiva ga-
serna är spårgaser, såsom koldioxid (CO2), metan (CH4), kolmonoxid (CO),
ammoniak (NH3), och lustgas (N2O). De är alla växthusgaser som bidrar till
global uppvärmning genom deras flitiga användning inom jordbruk och indu-
stri. Därför är det viktigt att noggrant och extensivt övervaka dem. Dock är
befintliga optiska gassensorer, som är alla baserade på fri strålgång, för stora,
energikrävande och dyra för storskalig tillämpning.

Denna avhandling presenterar integrerade optiska komponenter för mid-
IR som möjliggör miniatyriserade gassensorer på ett mikrochip, med fokus
på CO2-mätning. De tre fundamentala sensorfunktionerna är representerade:
interaktion mellan ljus och gas, infraröd ljuskälla, och infraröd ljusdetektor.
Här presenteras en ny optisk vågledare för mid-IR gjord i kisel som möjliggör
att placera tiotals cm långa vågledare i en volym på bara några kubikmillime-
ter. Vågledaren uppvisar excellent mätprestanda vilken demonstreras genom
mid-IR CO2 spektroskopi på chip. Dessutom utforskas också brytningsindex-
mätning av CO2 med hjälp av en mid-IR optisk mikroringresonator i kisel. I
denna avhandling presenteras även nanotrådar i platina som ett alternativ för
kostnadseffektiva infraröda ljuskällor och detektorer som direkt kan integreras
på optiska vågledare. Slutligen, har ytterligare en infraröd ljuskälla utvecklats
baserad på höghastighetstrådbonding och den använts för alkoholmätning i
utandningsluft.

Teknologin som utvecklats i denna avhandling lämpar sig väl för hög-
volymfabrikation av lågpriskomponenter och bäddar därmed för en mycket
bredare tillämpning av optiska gassensorer. Miniatyriserade integrerade op-
tiska gassensorer har stor potential för att ta över befintliga och öppna upp
nya användningsområden, såsom miljöövervakning med mobila uppkopplade
enheter, och användning inom medicin och elektronik.

Floria Ottonello Briano, floria@kth.se
Avdelningen för Mikro- och Nanosystem
Skolan för Elektroteknik och Datavetenskap
Kungliga Tekniska Högskolan, SE-10044 Stockholm, Sverige
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Chapter 1

Introduction

1.1 Gas sensing

Gas sensors are a discreet but important presence in our everyday life. They detect
combustible, flammable, and toxic gases, as well as oxygen depletion, in a variety of
environments and circumstances. For example, they are used in industrial plants,
agricultural infrastructures, and water treatment facilities, both to monitor pro-
cesses and to ensure the safety of the people engaged in the operations. Moreover,
gas sensors are fundamental to the study of Earth’s atmosphere. The gas sensors
we encounter in our everyday life, e.g. installed in medical equipment, vehicles,
and indoor environments, monitor the air we breathe by detecting volatile organic
compounds (VOCs), carbon monoxide (CO), flammable gases, and carbon dioxide
(CO2).

The most commonly used types of gas sensor, relying on different sensing meth-
ods, are: catalytic bead, electrochemical, semiconductor, and optical sensors [1].
Catalytic bead sensors (or pellistors), used to detect combustible gases, consist
of a Wheatstone bridge having, on opposite arms, a reference bead and an active
catalytic bead that are electrically heated. The gas molecules to be measured oxi-
dize on the active bead, thus heating it up and increasing its resistance. Catalytic
bead sensors are robust, but they require oxygen to work, they suffer from drift, and
can be corrupted by certain compounds. Electrochemical gas sensors comprise
a set of electrodes immersed in an electrolyte enclosed by one or several porous
membranes. The analyte gas diffuses through the membranes and the electrolyte,
and reduces or oxidizes at the electrodes, causing a current flow of a potential varia-
tion between the electrodes. Electrochemical sensors can be sensitive and relatively
specific, but they suffer from cross-sensitivity to humidity and have a short life-
time. Semiconductor gas sensors, the most well-known being metal oxide sensors
(MOS), rely on the analyte gas to be adsorbed by the constitutive material and
thus change its resistivity. They are simple, inexpensive, and scalable, but they
have low specificity, suffer from drift, and are affected by changes in temperature

1



2 CHAPTER 1. INTRODUCTION

and humidity.
All these sensing methods have one common characteristic: the sensor material

engages in a chemical reaction with the analyte gas, effectively modifying the sensor
itself, and thus leading to problems such as drift, the need for frequent calibration,
degradation, and limited lifetime. Moreover, these sensors rely on gas to reach the
active area or volume by diffusion, limiting the response speed. Speed is also often
traded for specificity, which is often achieved using porous filters and membranes
that further slow down the response.

An altogether different sensing method is optical gas sensing. Compared to the
previous methods, optical sensing provides high specificity, minimal drift, and a fast
response. For this reason, this thesis explores new optical gas sensing technologies.

1.2 Optical gas sensing

Many chemical species absorb light at specific wavelengths in the ultraviolet (UV),
visible, near-infrared (near-IR), and mid-infrared (mid-IR) spectral ranges, illus-
trated in Fig. 1.1. This means that light propagating through an analyte gas is
absorbed by the gas molecules, and hence the light intensity decreases along the
way. Optical gas sensors exploit this phenomenon and determine the gas concen-
tration by measuring the reduction in the light intensity.

Optical gas measurements provide a real-time response and they do not affect
the analyte gas. Likewise, the gas does not affect the sensors, because it does not
interact with its constitutive materials. This, and the fact that by measuring the
absorption at a certain wavelength, optical gas sensors directly measure a physical
property of the gas molecules, ensure low drift in time. Moreover, and most impor-
tantly, optical gas sensors are highly specific because, like a fingerprint, each gas
has its own characteristic absorption spectrum.

1.3 Absorption spectra, the mid-infrared, and trace gases

Atoms and molecules absorb light via two physical mechanisms: electronic tran-
sitions or molecular vibration and rotation. In both cases, energy transfers from
light to the atomic or molecular system, causing a change in the system. This takes
place only if the energy, i.e. wavelength, of the light matches the discrete energy
levels of the electronic transitions or the vibrational-rotational states, which are
characteristic of each molecule. Electronic transitions reveal themselves in sets of
absorption lines, called absorption bands, mainly in the UV and visible ranges.
Molecular vibration and rotation, instead, result in absorption lines in the near-
IR and mid-IR. The lines in the near-IR correspond to the first harmonic of the
vibrational-rotational states. Instead, the absorption lines in the mid-IR manifest
the fundamental vibrational-rotational energy levels. For this reason, they are much
stronger than those in the near-IR.



1.4. CARBON DIOXIDE (CO2) 3

2 4 6 8 10 12 14 16 18
Wavelength [µm]

A
bs

or
pt

io
n 

co
e�

ci
en

t [
cm

-1
]

100

102

101

CO2

CO
CH4

NH3

O3

N2O

f [Hz]

λ [m]

1061012

10-610-12 103100

109

10-310-9

101510181021

mm kmmµmnmpm

Electromagnetic spectrum

Absorption spectra 
of trace gases in the mid-infrared

INFRARED MICROWAVESX RAYSGAMMA RAYS UV RADIO WAVES
VISIBLE

Figure 1.1: Top: The spectral ranges of the electromagnetic spectrum. Bottom: The
wavelength-dependent absorption coefficient of the most abundant trace gases: carbon
dioxide (CO2), methane (CH4), carbon monoxide (CO), ammonia (NH3), ozone (O3),
and nitrous oxide (N2O), as listed by the HITRAN database [2].

Gases of interest that exhibit their fundamental absorption lines in the mid-IR
are trace gases such as carbon dioxide (CO2), methane (CH4), carbon monoxide
(CO), ammonia (NH3), ozone (O3), and nitrous oxide (N2O). Their absorption
spectra are shown in Fig. 1.1. They are all either direct or indirect greenhouse
gases, contributing to global warming. They are also, to different extents, toxic
to humans and animals, participate in atmospheric chemical reactions worsening
air pollution, and are often indicators of highly polluted areas. These trace gases
are waste products of human activities and also massively used in agriculture and
industry. CO2 is the most abundant of them, and the work in this thesis focuses
on its detection.

1.4 Carbon dioxide (CO2)

CO2 is the source of carbon in the carbon cycle and is therefore vital to life on Earth.
Its global atmospheric concentration reached 410 ppm in 2018 [3] and is growing at
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an ever-increasing rate. Besides affecting Earth’s climate [4, 5], elevated CO2 levels
increase air pollution mortality [6], and leakages of CO2 put the workers that handle
it at risk of asphyxiation [7]. Indoors, high CO2 levels deteriorate human cognitive
function and decision-making [8–10], with consequences spanning from reduced
attention and productivity in classrooms and offices [8, 9] to an increased risk for
car and airplane accidents [10]. Moreover, the measurement of CO2 in breath,
called capnography, provides precious information about a person’s cardiac output,
which is essential to optimize the care of surgery and intensive care patients [11–15].
Extensive and accurate sensing of CO2 is therefore crucial.

1.5 CO2 sensors

CO2 is best sensed optically. Since CO2 is constantly present at least in atmospheric
concentrations, chemical CO2 sensors are especially affected by drift and have a
short lifetime. Moreover, in most of the situations where CO2 sensing is required,
water vapor is also present, resulting in a low sensor specificity.

Optical CO2 sensors, instead, can achieve high specificity by using mid-IR light
to probe the fundamental absorption band of CO2. In fact, around 4.26 µm wave-
length, CO2 exhibits strong absorption peaks that do not overlap with those of
other gases commonly present in air in typical atmospheric conditions, such as
water vapor, as shown in Fig.1.2.

The implementations of CO2 optical sensing are numerous, spanning from the
very large-scale measurements of CO2 in Earth’s atmosphere using satellites (remote
sensing) to small sensors that fit in the palm of a hand. Different optical path
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Figure 1.2: Absorption spectra of typical air at 296 K and 1 atm and its mid-IR-active
constituents: 18 600 ppm (1.86 %) water vapor, 410 ppm carbon dioxide, 1.7 ppm methane,
0.15 ppm carbon monoxide, 0.37 ppm nitrous oxide, 30 ppb ozone, and 1 ppb ammonia [2].
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Figure 1.3: The development timeline of traditional free-space NDIR gas sensors, and
the vision for future on-chip optical gas sensors targeting portable applications. Photo
credits: Staffan Ehde, Senseair AB; used with permission.

configurations, light sources, and transduction methods combine into gas sensing
techniques such as cavity-enhanced absorption spectroscopy, tunable laser diode
spectroscopy, photoacoustic spectroscopy, and Fourier-transform infrared (FTIR)
spectroscopy [1]. Most of these techniques use near-IR light, and hence probe
the first harmonic absorption band of CO2, and result in bench-top laboratory
instruments. The most common CO2 optical sensors are the non-dispersive infrared
(NDIR) sensors. They have a simple configuration, consisting of a light source, an
optical path in air (free-space) along which the light interacts with the gas, usually
an optical filter, and a detector. All the traditional free-space optical gas sensors
are too bulky, power-hungry, and expensive to be widely adopted. Even NDIR
sensors, which are a mature technology and have shrunk in size in the last decades,
as illustrated in Fig. 1.3, are still a few centimeters big, and thus not suited for
integration in portable devices such as mobile phones. The challenge ahead is
then to miniaturize optical CO2 sensors to make them small, energy- and cost-
efficient enough not only to expand their adoption for the current applications, but
also to broaden their use to new applications, such as portable and distributed
environmental monitoring, and high-volume medical and consumer applications.
So far, the development of miniaturized optical gas sensors has been hindered by
the lack of suitable optical components for the mid-IR spectral range. Nevertheless,
recent advances in the state-of-the-art of mid-IR light sources [16–18], detectors [17–
23], and integrated photonic components [17, 18, 21, 24] are stimulating new efforts
towards integrated optical gas sensors.
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1.6 Aims of this thesis

The goal of this thesis is to take on the challenge of miniaturizing optical gas sensors.
To achieve on-chip sensor integration, it is essential to tackle the miniaturization
of the three fundamental optical gas sensor functionalities: the interaction between
light and gas, light generation, and light detection. This work addresses all three
functionalities by proposing mid-IR integrated photonic devices that focus on the
size and cost reduction of optical gas sensors.

The proposed devices are presented following a structure that reflects the sensor
functionalities, as illustrated in Fig. 1.4 and as listed here:

• Light-gas interaction. Two novel silicon photonic waveguides and a res-
onator are introduced, and their CO2 sensing capabilities are demonstrated
(Papers I and II).

• Light generation. Platinum nanoheaters and a wire-bonded Kanthal ther-
mal emitter are presented as low-cost infrared light sources (Papers III and
IV).

• Light detection. Platinum-nanowire bolometers are presented as low-cost
infrared light detectors (Paper V).

The presented technologies are integrated solutions that enable the on-chip in-
tegration of optical gas sensors and aim at the development of a new generation of
miniaturized, energy- and cost-efficient sensors.

IR light generation Light-gas interaction IR light detection

Optical gas sensor

Papers III, IV Papers I, II Paper V

Figure 1.4: Schematic of an elemental optical gas sensor, indicating the three funda-
mental functionalities addressed by the papers included in this thesis.
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Chapter 2

On-chip optical CO2 sensing with
mid-infrared photonic devices

This chapter presents two mid-IR photonic devices that address the miniaturization
of the light-gas interaction functionality of optical gas sensors.

To detect low gas concentrations, long optical paths are required. Traditional
free-space NDIR sensors implement that with mirror cavities in which light under-
goes multiple reflections. However, this configuration is sensitive to imperfections
in the mirror surfaces, surface degradation, and geometry variability in production,
and it has reached its miniaturization limit. To fit optical paths as long as tens
of centimeters in a volume smaller than a few cubic millimeters, it is necessary to
resort to integrated photonic waveguides.

The technologies presented here are two photonic waveguides and a photonic
micro-ring resonator that enable the confinement of mid-IR light on a chip surface
while ensuring strong light-gas interaction, and hence high sensitivity to gas. These
integrated devices allow on-chip detection of CO2.

To support the understanding of the working principle of the presented devices,
the challenges raised by their development, and the design choices they required,
this chapter starts with a description of the physics behind the devices’ operation
and also includes an overview of the current technological landscape for mid-IR
waveguides.

2.1 Theory1

Light is electromagnetic radiation, i.e. waves or oscillations of the electromagnetic
field propagating through space and carrying energy. Humans can see only a small
portion of the electromagnetic spectrum, the range with wavelengths between 380
and 740 nm. However, we have devised ways to detect the invisible parts of the

1The discussion in this section is largely based on refs. [25–28]

9



10 CHAPTER 2. ON-CHIP OPTICAL CO2 SENSING

electromagnetic spectrum and to use them for our purposes, e.g. X-rays to observe
our bones through other tissues, radio waves to transmit information across the
Earth, microwaves to heat up our food — and IR light to detect gases.

2.1.1 Electromagnetic waves and refractive index
The behaviour of a propagating electromagnetic wave traveling in vacuum or in a
medium is described by the electromagnetic wave equation. This is derived from
Maxwell’s equations, which, amongst other things, relate the electric and magnetic
fields so that, once either of them is determined, the other one is also determined.
In absence of source charges or currents, the wave equation of an electromagnetic
wave propagating in a dielectric medium, written in terms of the space- and time-
dependent electric field E(r, t), is:

1
v2

p

∂2

∂t2
E(r, t)−∇2E(r, t) = 0 , (2.1)

where r = (x, y, z) is the position vector, ∇ is the Laplace operator, and vp = 1/√µε
is the phase velocity, i.e. the speed of the wave in the medium with permittivity
ε and permeability µ. ε and µ are measures of how a material responds to an
electric field and a magnetic field respectively. Here we discuss only non-magnetic
materials, for which µ = µ0, i.e. the vacuum permeability.

The general solution to the electromagnetic wave equation is a linear superpo-
sition of space- and time-dependent waves of the form

E(r, t) = g(ωt− kr) , (2.2)

where g is generically any function that satisfies the equation, ω = 2πf is the
wave’s angular frequency, f being the wave frequency, and k = (kx, ky, kz) is the
wave vector. Particular solutions to the wave equation are periodic sinusoidal plane-
wave solutions:

E(r, t) = Re
{

E(r)eiωt
}

= Re
{

E0e
−ikreiωt

}
= Re

{
E0e

−i(kr−ωt)
}
, (2.3)

Electric
�eld

Magnetic
�eld

Sine wave

wavelength λ

Propagation
direction

Number of periods per second: frequency f
Angular frequency: ω = 2πf

period

Plane wave

time t
amplitude

(a) (b)

Figure 2.1: (a) A generic sine wave and its characterizing parameters. (b) A generic
propagating transverse electromagnetic wave, or plane wave.
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where i is the imaginary unit, eiωt = cos(ωt) + i sin(ωt) from Euler’s formula,
and E0 is the wave’s amplitude. A linear superposition of sinusoidal plane waves,
called transverse electromagnetic waves, with single frequency and polarization can
describe the propagation of an electromagnetic wave in a homogeneous, isotropic,
linear, time-independent medium, e.g. a dielectric material. In such a case, the
waves’ electric and magnetic fields do not have any component in the propagation
direction, indicated by the wave vector’s direction, but oscillate along directions
orthogonal to that and to each other, as illustrated in Fig. 2.1 (b).

The wave vector’s magnitude |k| = k is called wavenumber, and it expresses
how many oscillations the wave completes per unit space, thus the wavelength λ of
the light propagating in the material:

k = 2π
λ
, (2.4)

and hence the speed or phase velocity of the wave

vp = λf = λω

2π = ω

k
. (2.5)

The wave’s velocity depends on the material’s properties ε and µ. By comparing
the velocity in the material vp to the velocity in vacuum c, one finds an alternative
parameter that describes the optical behavior of the material: the refractive index

n = c

vp
= ck

ω
. (2.6)

If the material is completely transparent to the wave, the wavenumber k and the
refractive index n are real numbers. However, if the material partially absorbs the
electromagnetic radiation, i.e. is lossy, k and n are complex numbers. By explicitly
writing the refractive index as the sum of a real and an imaginary part, n = n+ iκ,
the expression of a sinusoidal plane wave propagating in a lossy medium along a
single direction z is

E(z, t) = Re
{

E0e
i
(

2π
λ0

(n+iκ)z−ωt
)}

= Re
{

E0e
− 2πκ

λ0
ze
i
(

2πn
λ0

z−ωt
)}

, (2.7)

where λ0 is the vacuum wavelength and 2π/λ0 = k0 is the vacuum wavenumber.
Thus, k = k0n. The real part of the wavenumber Re {k} = 2πn/λ0 = β is called
phase constant. The first exponential, instead, containing the wavenumber’s imagi-
nary part Im {k} = 2πκ/λ0 = α/2, describes the decay of the wave’s amplitude along
z due to absorption, represented by the absorption or attenuation coefficient

α = 4πκ
λ0

. (2.8)

As mentioned above, an electromagnetic wave carries energy. In case of lossy
material, part of the propagating energy gets absorbed, and the optical power
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decreases along the way. The time-averaged power flow, i.e. the intensity, along z
is

I(z) = 1
2η

∣∣∣E0e
− 2πκ

λ0
z
∣∣∣2 = I0e

−αz , (2.9)

where η, called impedance of the medium, is the ratio between the amplitudes of
the electric and magnetic fields. Equation (2.9) is known as the Beer–Lambert law.

In the rest of the chapter these concepts will be useful to describe the propaga-
tion of light in structures of dielectric material called waveguides and the absorption
of light by gas molecules. Particularly important will be the complex refractive in-
dex and the Beer–Lambert law.

2.1.2 Waveguides

Waveguides are structures that restrict the spatial region in which electromagnetic
radiation can propagate. Waveguides designed for wavelengths ranging from the
UV to the IR are called optical or photonic waveguides, and are most commonly
solid structures of dielectric materials. The way a dielectric waveguide confines
light is by providing a refractive index step relatively to its surroundings, having
lower refractive index. Its geometry imposes additional requirements, i.e. bound-
ary conditions, on field waves to be solutions to the Maxwell’s equations, compared
to the case of an electromagnetic wave propagating in an infinitely homogeneous
material. The solutions to the Maxwell’s equations that satisfy the boundary con-
ditions are called waveguide modes, and some of them are guided modes because
the light remains bound to the high refractive index material while propagating in
the unrestricted directions. The high refractive index material is called waveguide
core, and the surrounding material(s), featuring lower refractive index, are called
waveguide cladding.

Depending on the shape, i.e. field distribution, of a guided mode and on the
dimensions of the waveguide relatively to the wavelength of the propagating light,
different amounts of the electromagnetic field travel in the high-index core and in
the surrounding low-index material, the cladding, as illustrated in Fig. 2.2. The
propagation of the mode is then determined by an effective refractive index neff ,
which is in between the index of the cladding and that of the core: nclad < neff <
ncore, and described by the propagation constant

γ = ik0neff = i
2π
λ0
neff −

2π
λ0
κeff = −α2 + iβ . (2.10)

The phase constant β indicates that the phase acquired by a wave propagating for
a waveguide length L is φ = 2πLneff/λ0 = βL.

The waveguide modes supported by a waveguide are not pure transverse elec-
tromagnetic waves, because the electric and magnetic fields are not null in the
propagation direction. Which of the fields has no component in the propagation
direction determines the polarization of the mode. If it is the electric field, the
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Figure 2.2: Examples of waveguide configurations (top row) and cross-sections of their
fundamental TE waveguide modes, numerically simulated (bottom row). The propagation
direction is orthogonal to the page. (a) High-confinement strip waveguide. (b) Low-
confinement strip waveguide. (a) Low-confinement suspended strip waveguide. (d) Low-
confinement membrane-suspended rib waveguide. The illustrations are not drawn to scale.

mode is transverse electric (TE); if it is the magnetic field, instead, the mode is
transverse magnetic (TM).

The number of modes supported by a waveguide depends on the waveguide’s
geometry, on the refractive indices of the core and cladding materials, and on the
wavelength of the light to be guided. The guided modes are labelled based on their
polarization and on the number of nodes (or half-wave patterns) of the field profile
in the directions orthogonal to the propagation direction. The waveguides that
support only the fundamental mode are called single-mode waveguides.

2.1.3 Waveguides for sensing

The waveguides that will be presented in this thesis have one important feature:
they are smaller than the wavelength that they are meant to guide, particularly
in the vertical y direction. Because of this, a substantial portion of the supported
modes travels outside the waveguide core material. That part of the electromagnetic
field is called the evanescent field. The evanescent field is what allows us to use
dielectric waveguides for sensing.

Let us consider a dielectric waveguide with a rectangular cross-section in the x-y
plane, orthogonal to the propagation direction z, and immersed in air containing a
gas that is absorbing at the propagating wavelength. The portion of a mode that
propagates inside the waveguide core cannot interact with the gas molecules. The
evanescent field, instead, propagates in the air around the waveguide and is affected
by the gas. Effectively, the refractive index of the air cladding changes depending
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on how many gas molecules are present, i.e. on the gas concentration, and this
changes the effective index of the mode. Therefore, the larger the evanescent field,
the more sensitive the mode, i.e. the larger the effective index variation relatively
to a change in the cladding’s refractive index. The sensitivity of the mode is then
expressed by the external confinement factor [29–31]:

Γ = ∂neff
∂nclad

= ∂(n+ iκ)eff

∂(n+ iκ)clad
. (2.11)

The sensitivity is often — sometimes erroneously — evaluated using the evanes-
cent field ratio (EFR). The EFR is the ratio between the portion of optical power
propagating outside the waveguide and the portion propagating inside it. However,
the EFR approximates a waveguide’s sensitivity only in the cases where the differ-
ence between the refractive indices of core and cladding is low. Instead, if the index
contrast is high, this approximation is poor due to large electric field discontinuities
at the waveguide’s interfaces [30]. The external confinement factor Γ is therefore
the rigorous definition of a waveguide’s sensitivity to changes in the cladding, and
is valid in all cases.

The waveguides presented here use the fundamental TE mode for gas sens-
ing, even though the fundamental TM mode generally features a higher external
confinement factor. The reason is purely practical, as explained more in detail
in section 2.2. A large evanescent field, which on one hand provides high sensi-
tivity, on the other hand also interacts with any material in the vicinity of the
waveguide core. Thus, the light either gets absorbed by the materials or leaks into
them, leading to intolerably high absorption and leakage losses. These effects are
the more problematic the longer the wavelength is, and at mid-IR wavelengths the
implementation of TM waveguides is particularly problematic.

2.1.4 Absorption sensing

The most common way to optically detect gas is to measure how much of the
propagating light is absorbed by the gas. Therefore, the gas concentration is deter-
mined by measuring the transmitted light intensity according to the Beer-Lambert
law (2.9). This measurement observes the changes in the imaginary part of the
refractive index (eq. (2.8)) of the propagation medium, e.g. air.

When performing this measurement, it is necessary to account for optical losses
along the path that are not due to the gas but are caused by the characteristics of
the system. In waveguides, there can be multiple sources of losses: the waveguide
material itself (material loss), the roughness of the waveguide’s surfaces (scattering
loss), waveguide bends (curvature loss), and the presence of structural materials in
the vicinity of the waveguide (substrate leakage loss). All these losses constitute
the waveguide base loss that has to be accounted for. The light intensity along the
waveguide is then:

I(z) = I0e
−αbze−Γαgascgasz , (2.12)
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where αb is the base attenuation coefficient of the waveguide, Γ is the external con-
finement factor, cgas is the gas concentration, and αgas is the absorption coefficient
of the gas.

Attenuation, or absorption, coefficients express the intensity decay in units of
[1/cm], and relate to the corresponding power loss, expressed in [dB/cm], through
αdB/cm = 10

ln(10)α1/cm.
There is a point along a waveguide with base attenuation coefficient αb and

external confinement factor Γ at which the change in optical power due to a gas
concentration cgas is maximized. This is the optimal length

Lopt = 1
αb + Γαgascgas

. (2.13)

The parameters that express the absorption-based sensing performance of a
waveguide are the external confinement factor and the base attenuation coefficient.
Their ratio is the waveguide figure of merit (FOM)

FOM = Γ
αb

. (2.14)

The characteristics discussed so far pertain to the interaction path in a gas
sensing system. The system, however, must also comprise a light source and a
detector. The features of the three components and the way they are assembled
and coupled together determine the smallest gas concentration that can be detected
by the sensor, i.e. the limit of detection (LOD). Specifically, the optical power
provided by the source, all the losses along the optical path — including free-space
losses, waveguide propagation losses, and waveguide in- and out-coupling losses
— and the noise-equivalent power (NEP) of the detector determine the signal-to-
noise ratio (SNR) of the system, and hence the smallest optical signal that can be
measured. This, together with the FOM, the waveguide length, and the absorption
coefficient of the sensed gas, determines the LOD.

2.1.5 Refractive index sensing and dispersion spectroscopy

As we saw, refractive indices are complex numbers. However, the term ‘refractive
index’ is often used to refer solely to the real part n, while the imaginary part κ
is referred to as ‘absorption’, although they are not the same thing but related
according to (2.8). ‘Refractive index sensing’, thus, commonly indicates the mea-
surement of the real part of the index, rather than the absorption. Moreover, since
the wavelength-dependent behavior of the real part of the refractive index is called
dispersion, the measurement of the refractive index over a range of wavelengths is
called dispersion spectroscopy.

The real part n and the absorption α, hence the imaginary part, of any refractive
index are not independent from each other, but due to the principle of causality [32]
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they are related through the Kramers-Kronig relation

n(ω) = 1 + c

π

∫ ∞
0

α(ω′)
ω′2 − ω2 dω

′ . (2.15)

This means that, if there is a strong variation in the absorption of a material, there
is also a variation in the real part of its refractive index. This is the case of the
strong absorption peaks of CO2 in the mid-IR (Figs. 1.1 and 1.2). Fig. 2.3 shows the
real part of the refractive index of mixtures of nitrogen (N2) and CO2 in different
concentrations, calculated from the well-known wavelength-dependent absorption
coefficients around 4.23 µm wavelength.

A device well suited for the detection of small changes in the refractive index
of materials is the photonic ring resonator. A photonic ring resonator, depicted
in Fig. 2.4 a, is a closed-loop photonic waveguide. Light is coupled in and out
of the ring via an adjacent waveguide, called bus waveguide. Simply described,
when two waveguides are in close proximity their modes are not independent, but
together form so-called supermodes that span across both waveguides. Thanks to
the supermodes, under certain geometrical conditions, optical power propagating in
one waveguide can transfer to the other waveguide. Such a photonic component is
called a directional coupler. In this way, light can transfer from the bus waveguide
to the ring resonator and vice versa. Therefore, part of the light propagating in
the bus waveguide couples into the ring, travels along the loop, and reaches the
directional coupler again. At this point, the light has accumulated a phase shift
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Figure 2.3: Imaginary (top) and real (bottom) parts of the refractive index of 0.1 %,
0.5 %, and 1 % CO2 in N2 at room temperature and atmospheric pressure. The real part
was calculated through the Kramers-Kronig relation starting from the imaginary part,
listed in the HITRAN database [2]. The three displayed absorption peaks belong to the
fundamental absorption band of CO2 around 4.2 µm wavelength.
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Figure 2.4: (a) Top-view schematic of an all-pass ring resonator. (b) Schematic trans-
mission spectrum of the ring resonator. The light-blue curve illustrates a resonance shift
due to, e.g. a change in the refractive index of the ring waveguide. Adapted from [33]
with permission.

that depends on the mode’s effective refractive index, on the ring length, and on
the wavelength. If the phase shift is equal to a multiple of 2π, i.e. when the effective
wavelength of the light fits a whole number of times in the optical length of the
ring,

λr = neffL

m
, m = 1, 2, 3, . . . , (2.16)

the ring is on resonance and the light keeps propagating in it. The resonance is
revealed by a decrease in the light output from the bus waveguide, as shown in
Fig. 2.4 b. The transmission of a ring resonator device is described by

T = a2 − 2ra cosφ+ r2

1− 2ra cosφ+ r2a2 , (2.17)

where r is the ring coupling coefficient of the directional coupler (Fig. 2.4 a) and a
is the single-pass transmission coefficient, which accounts for the coupling loss and
for the propagation loss occurring in the ring.

Relevant characteristics of a ring resonator are the free spectral range (FSR),
i.e. the spectral spacing between adjacent resonances, the resonance bandwidth, or
full width at half maximum (FWHM) of the resonance dip, and the quality factor
(Q), i.e. the ratio between the energy stored in the ring and energy dissipated per
cycle, which is usually approximated as Q = λr/FWHM.

Any change in the effective index of the ring waveguide mode modifies the
phase shift of the light in the ring and, consequently, the resonance condition. This
translates into a shift in the resonance wavelength. Assuming a generic perturbation
p affecting the effective refractive index, the resonance shift is

∆λr = −p∂neff

p

∂λ

∂neff
. (2.18)
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The shift can be observed in the ring transmission spectrum (Fig. 2.4 b) and ex-
ploited to detect refractive index changes in either or both the core and cladding
materials. Therefore, the measurement sensitivity of the ring resonator is the shift
in resonance wavelength due to a change in the core or cladding material refractive
index:

S = ∂λr

∂ncore/clad
. (2.19)

2.2 Materials and waveguides for mid-infrared photonics

The core material of a waveguide must be as transparent as possible to the guided
wavelength to limit the absorption losses, and have a high refractive index relatively
to the cladding material to ensure that the supported modes are well guided. The
transparency of the cladding material is also relevant, if the guided light interacts
with it. Therefore, both core and cladding materials must be carefully chosen when
designing a photonic waveguide and platform. Fig. 2.5 summarizes the transparency
windows of the materials discussed in this section in the spectral range from the
near-IR to the long-wave IR. In addition to transparency and refractive index,
other characteristics that can play a role in the choice are nonlinear losses due to
multi-photon and free carrier absorption, compatibility with standard fabrication
processes, and, in the perspective of monolithically integrating light sources and
detectors, the electronic band structure.

Silicon-on-insulator (SOI)

The silicon-on-insulator (SOI) substrate consists of a stack of a silicon (Si, a semi-
conductor) layer and a silicon dioxide (SiO2, an insulator) layer on a Si substrate.
SOI substrates are widely used in the microelectronics industry, for radio frequency
(RF) applications, and for integrated photonic telecommunications applications.
Typical telecommunications wavelengths are around 1.55 µm, i.e. in the near-IR
spectral range. In this range, as well as in the mid-IR, Si features a refractive index
above 3.4 and thus offers a high index contrast relatively to SiO2, whose index
is about 1.45, enabling good confinement and small waveguides. Moreover, two-
photon absorption in Si is not problematic at mid-IR wavelengths, three-photon
absorption, although potentially deleterious, is unlikely to take place, and free-
carrier absorption can be easily limited by low doping [34]. The main drawback
of Si is its indirect bandgap electronic structure, which makes the material not
suited for light generation. Nevertheless, the qualities of silicon, together with the
well-established Si processing technologies and their compatibility with standard
electronics processing (e.g. CMOS), make SOI the most cost-efficient and scalable
platform for integrated photonics.

However, some limitations arise when applying SOI substrates in the mid-IR.
Silicon is transparent to wavelengths longer than 1 µm, but SiO2 is transparent in
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Figure 2.5: Transparency (lighter color) and opaqueness (darker color) ranges of the
materials most used in mid-IR applications [17, 43–47].

the visible and near-IR and its opacity gradually increases at longer wavelengths.
Typical SOI-based waveguide designs for the near-IR, such as rib, strip, and slot
Si waveguides with an SiO2 cladding, can operate at wavelengths up to about
3.8 µm with acceptable propagation loss, if the light is sufficiently confined inside
the core [35–42]. However, at longer wavelengths, the high SiO2 absorption heavily
affects the propagation loss and thus influences the design of Si-on-SiO2 mid-IR
photonic components. Moreover, at longer wavelengths, additional loss can be
caused by the leakage of the light modes from the Si waveguide core to the bulk
Si substrate, if the two are not sufficiently distant. These effects are particularly
relevant for the TM waveguide modes.

The only ways to limit the substrate leakage is to use an SOI substrate with a
thicker buried oxide (BOX) layer or carve out part of the bulk Si substrate. Instead,
to overcome the SiO2 absorption, different approaches have been adopted. Increas-
ing the dimensions of the waveguide to increase the confinement of the mode in the
Si core and reduce the evanescent field interacting with the SiO2 cladding is the
simplest solution [48]. However, this option is not suitable for sensing applications,
where a large evanescent field outside the waveguide core is required. The alterna-
tive is to partially or completely remove the SiO2 cladding under the waveguide.
Reported implementations of this approach are suspended Si ridge waveguides lat-
erally supported by a thin continuous Si membrane [49, 50], suspended waveguides
laterally supported by a sub-wavelength grating [51–54], and a strip waveguide sup-
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ported by a continuous SiO2 pedestal [55]. However, the functionality of all these
waveguides, except [53], has been demonstrated only up to 3.8 µm wavelength, and
all except [54] feature a high confinement of the light. In general, although benefit-
ing from the complete removal of the SiO2, side-suspended waveguides have a large
footprint and cannot be routed into tight bends. Moreover, the fabrication of the
side-suspension gratings requires high-resolution lithography, making the waveguide
design not suited for mass production.

An altogether different typology of waveguide is the photonic crystal waveguide,
of which two designs for the mid-IR have been demonstrated [56, 57]. However,
photonic crystal waveguides generally suffer from high propagation loss due to side-
wall scattering and are not suited for large-scale fabrication in foundries due to the
required resolution. Therefore, they are not the preferred choice for applications
where long propagation lengths and mass production are required, such as inte-
grated gas sensing [29].

All-silicon

Attempts to altogether avoid the SiO2 absorption by using not an SOI but a bulk
Si substrate led to suspended [58] and pedestal [59] waveguide designs. These all-Si
waveguides, however, require complex fabrication processes and impose a trade-off
between light confinement and substrate and scattering losses.

Silicon-on-sapphire (SOS)

The silicon-on-sapphire (SOS) substrate has been presented, in the past decade,
as an alternative to SOI for mid-IR photonics. It is commonly claimed that sap-
phire, i.e. aluminum oxide (Al2O3), benefits from a slightly larger transparency
window than SiO2 in the mid-IR. However, its absorption in that wavelength range
is far from negligible, and the refractive index contrast between Si and sapphire
(refractive index <1.75) is lower than that between Si and SiO2. Nevertheless, SOS
strip waveguides [60–63], ring resonators [64–67], grating couplers [62, 63, 65], and
photonic crystals [68, 69] have been demonstrated up to 5.5 µm wavelength.

One relevant limitation of the SOS substrate is the presence of dislocation de-
fect at the silicon–sapphire interface, deriving from the hetero-epitaxial fabrication
process. The defects cause thin waveguides to be very lossy, e.g. waveguides thin-
ner than 600 nm exhibit propagation losses exceeding 10 dB/cm [24]. Additionally,
SOS substrates cannot compete with SOI in terms of cost and availability. There-
fore, SOS is not suited for low-confinement waveguides for sensing, particularly for
large-scale low-cost applications.

Germanium (Ge) and silicon-germanium (SiGe)

Germanium Ge is, like Si, an indirect-bandgap semiconductor compatible with
CMOS technology. The use of Ge has already been extensively explored for appli-
cations for the near-IR and discrete optics for the mid-IR, due to its high refractive
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index (>4) and wide transparency window between about 1.5 µm and 14.5 µm. It
is indeed an attractive material for mid-IR photonics.

In fact, Ge-based passive photonic devices have been demonstrated up to 8.5 µm
wavelength [70] using different material configurations. Germanium can be epitax-
ially grown on bulk Si or SOI substrates (monolithic integration) or transferred to
other substrate types by wafer bonding (heterogeneous integration).

The monolithic integration approach leads to Ge-on-Si mid-IR waveguides [71–
76], ring resonators [77], and grating couplers [75, 78, 79], and Ge-on-SOI waveg-
uides [80–82] and ring resonators [83]. Moreover, the epitaxial growth of Ge on Si
offers the opportunity to produce SiGe alloys and graded SiGe layers. In this way,
it is possible to obtain stacks of multiple SiGe layers with different proportions of
the two elements and graded SiGe layers, in which the element proportion varies
gradually in the vertical direction. This technique enables the tailoring of the re-
fractive index profile in waveguides [84–89], and thus of the mode confinement and
of the waveguide dispersion [90].

Using the heterogeneous integration approach, instead, Ge can be integrated on
SiO2 and patterned into rib waveguides [91] or on a sacrificial stack of SiO2 and
aluminum oxide (Al2O3) to be then patterned into suspended-membrane photonic
devices [92–94]. Furthermore, Ge has also been integrated and patterned into strip
waveguides on silicon nitride SiN [95].

Nevertheless, despite germanium’s suitability for mid-IR photonic devices, sens-
ing with Ge waveguides has been only sparsely attempted, and gas sensing has not
been shown yet.

Chalcogenide glasses

Chalcogenide glasses are materials that contain one or more chalcogens, e.g. sul-
fur, selenium, and tellurium. Some of these glasses feature high transparency in
the whole mid-IR spectral region and even beyond 10 µm wavelengths. They are
generally characterized by a refractive index between 2 and 3, depending on the
composition, and by high nonlinearities. Due to their transparency, they have been
investigated for application in mid-IR photonics for more than a decade. Waveg-
uides [96–102] and resonators [103–105] have been presented, and the absorption
sensing of volatile organic compounds (VOCs) [106, 107] and methane [108–110]
has been demonstrated.

However, chalcogenide mid-IR waveguides suffer from similar issues to Si waveg-
uides. Integration on SiO2 provides a high refractive index contrast, but at the
expense of absorption loss. Chalcogenide waveguides on Si or on a second chalco-
genide, instead, suffer from high leakage loss. For these reasons, the reported wave-
guide designs feature small evanescent field ratios below 12 %, and hence limited
sensitivity. Therefore, chalcogenide photonics might be better suited for integrated
nonlinear [111–113] and optoelectronic [114] applications. Moreover, the fabrica-
tion of chalcogenide waveguides is still complex. Various fabrication techniques are
being explored both for deposition, e.g. comparing sputtering and thermal evapo-
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ration [101], and for patterning, e.g. reactive ion etching (RIE) [103, 111, 114, 115],
lift-off [99, 108], molding from liquid state [97, 116], and direct laser inscribing [117–
121]. Finally, chalcogenide glasses are fragile and not compatible with foundry
CMOS fabrication processes.

Silicon nitride

Silicon nitride (SiN) features transparency up to about 5 µm and a refractive index
close to 2, although its properties partly depend on the deposition process and
quality of the material. SiN is currently adopted for near-IR nonlinear optics appli-
cations, such as frequency comb generation. In the mid-IR, SiN has been proposed
as cladding for Si rib waveguides [122], and as core material on a SiO2 cladding [21].
However, the demonstrated applications in the mid-IR are still scarce.

Other materials

Aluminum nitride (AlN) has been proposed as core [123] and cladding [124, 125]
material for mid-IR waveguides. The main qualities of AlN are its compatibility
with CMOS processing and high optical nonlinearity. However, its transparency
window extends from the UV up to about 3.5 µm wavelength, making it better
suited for signal processing and computing applications in the visible and near-IR,
rather than sensing in the mid-IR.
Diamond features a wide transparency window across the whole mid-IR range
and high mechanical and chemical stability. Although mid-IR diamond waveguides
have been demonstrated [126–128], the adoption of diamond is curbed by fabrication
complexity, substrate availability, and cost.
Halides include, for example, calcium fluoride (CaF2), barium fluoride (BaF2),
silver chloride (AgCl), and silver bromide (AgBr). They are transparent across the
whole mid-IR, some even beyond 20 µm, and are thus used for discrete IR optical
components such as lenses and beamsplitters. However, due to the difficulties of
integration and processing, the demonstrated halide waveguides [129], which suffer
from high propagation losses, and Si devices on halide [130] are few.
III-V materials feature direct electronic bandgaps, and are therefore suited for
active devices such as light sources, modulators, and photodetectors. Some III-V
materials, such as gallium arsenide GaAs, are transparent in the mid-IR. How-
ever, their production by epitaxial growth on compatible III-V substrates limits
the achievable refractive index contrast [131, 132]. This, together with the reduced
substrate availability and cost, limits their adoption.
Lithium niobate (LiNbO3) is increasingly popular for electro-optical and non-
linear devices, thanks to advances in its processing technology. The transparency of
LiNbO3, however, is limited in the mid-IR. Nevertheless, it has the potential to be
a candidate for active photonic devices for the short-wave mid-IR spectral range.
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2.3 Absorption spectroscopy with a silicon waveguide

2.3.1 Description

Paper I presents a novel mid-IR photonic waveguide for CO2 absorption sensing.
The waveguide, shown in Fig. 2.6 (a–c), is fabricated on an SOI substrate and is a
mostly suspended Si beam supported by SiO2 pillars. The support structures are
designed to minimize the SiO2 mid-IR absorption, and their simulated insertion loss
is 0.025 dB each. The waveguide is broadband, but it is designed to be single-mode
at 4.24 µm wavelength. At that wavelength, the supported fundamental TE mode
is loosely confined, granting the waveguide a high external confinement factor Γ,
and hence a high sensitivity. The waveguide is routed to form a photonic circuit
that also includes multi-mode interference (MMI) splitters and diffractive grating
couplers. The circuit is specifically designed to perform fully on-chip referenced
gas measurements, to avoid errors due to the CO2 in ambient air. The waveguide
circuit was used to detect CO2 concentrations between 0.1 % and 5 % at different
wavelengths across a CO2 absorption peak. In this way, its gas sensing performance
was characterized.

2.3.2 Achievements

High sensing performance. The measured external confinement factor Γ of
the waveguide, and thus its sensitivity to gas, is 44 % that of free space. This is
the highest external confinement factor ever reported for an integrated gas-sensing
waveguide. The waveguide features a baseline propagation loss of (3± 1) dB/cm,
and hence a figure of merit FOM of (0.6± 0.3) cm. Therefore, the waveguide ex-
hibits a four-fold improved sensing performance compared to other reported mid-IR
waveguides.

Low SiO2 absorption loss. The waveguide design allows the presence of SiO2
pillars with an acceptable loss. This is possible because the SiO2 pillars formation
by isotropic wet etching provides them with smooth rounded slopes and, most
importantly, extremely sharp edges in the light propagation direction. This yields a
very gradual transition for the propagating light from the suspended sections of the
waveguide to the supported ones and vice versa. Additionally, the SiO2 pillars have
a focusing effect on the light, thus limiting its interaction with the tapers’ sidewalls.
According to bidirectional eigenmode expansion (EME) simulations, for this type
of structure, there is an optimal SiO2 pillar size that minimizes the insertion loss.
Sizes larger than that increase the absorption loss, but smaller sizes increase the
radiation loss.

Low scattering loss. The demonstrated waveguide features a baseline propa-
gation loss of (3± 1) dB/cm, even though its etched sidewalls feature a roughness of
about 25 nm RMS. The presented waveguide design, in fact, is devised to have low
sensitivity to sidewall roughness, which causes scattering losses in photonic waveg-
uides. The waveguide width in the suspended sections, 2.2 µm, is ten times larger
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Figure 2.6: (a–e) False-color scanning electron microscope (SEM) images of the fabri-
cated Si photonic waveguide. (a) A close-up view of the suspended waveguide. (b) A
support structure where the Si waveguide was partially removed to expose the SiO2 pil-
lar. (c) Waveguides branching out from a splitter. (d) Suspended input section of the
waveguide. (e) Suspended diffractive grating for out-coupling. (f) Cross-sectional finite-
element method (FEM) simulation of the waveguide, displaying the electric field profile of
the fundamental TE mode. (g) Top view of the time-averaged squared magnitude of the
electric field distribution in the middle plane of the waveguide along a support structure,
according to bidirectional eigenmode expansion simulations. (h,i) Measured excess wave-
guide propagation loss due to CO2, compared to the free-space CO2 absorption loss [2].
(h) Waveguide CO2 loss spectrum (markers) and 44 %-downscaled HITRAN free-space
spectrum (solid lines). (i) Waveguide CO2 loss as a function of the free-space loss. The
gray markers show the free-space reference measurement.

than the waveguide height, 220 nm. Therefore, the rough lateral sidewalls consti-
tute only one tenth of the waveguide surface. Most of the surface, instead, consists
of the factory-polished top and bottom Si surfaces, which affect the propagation
loss to a much lesser extent.

Small footprint. Compared to other reported suspended mid-IR Si waveg-
uides, this waveguide has a small footprint because does not require any side sus-
pension. This allows tighter bends without high bend loss, easier routing and
integration of additional photonic components, and longer waveguide paths per
area.

Simple and scalable fabrication. The presented waveguide circuit is fabri-
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cated starting from a commercially available standard SOI substrate with a single
lithography step. Although electron-beam lithography was used in this specific
instance, the minimum feature size in the circuit is compatible with stepper pho-
tolithography. Therefore, the waveguide design is suited for large-scale cost-effective
mass production.

2.3.3 Limitations
Limitations related to the specific device are:

Large support structure loss. The dimensions of the support structures
are chosen to minimize the insertion loss. However, the loss reduction is limited
by the current linear taper design. An optimization of the support structures is
possible with spline-shaped and adiabatic tapers, and the pitch of the structures
can be increased. To further improve the loss, it is necessary to eliminate the
waveguide tapers altogether. This, however, requires a fabrication process with
two lithography steps.

Limitations related to the technology are:
Suspended structures. The full removal of the SiO2 under the waveguide

requires a critical-point-drying step following the wet etching to avoid stiction of
the waveguide sections to the bottom substrate or, alternatively, the removal by
vapor, or anhydrous, hydrofluoric acid. Both options require dedicated fabrication
tools, which are common in MEMS processing but not in photonics and electronics
fabrication. Additionally, the suspended structures might undergo stiction if put
in contact with liquids.

2.4 Dispersion spectroscopy with a microring resonator

2.4.1 Description
Paper II presents the on-chip refractive index sensing of a CO2 absorption peak
using a Si photonic mid-IR tunable racetrack microring resonator. The measure-
ment exploits the link between the real and imaginary parts of the refractive index
of the air cladding, described by the Kramers-Kronig relation (as discussed in sec-
tion 2.1.5), to achieve dispersion spectroscopy of a CO2 fundamental absorption
peak in the mid-IR.

The ring resonator waveguide, shown in Fig. 2.7, as well as the bus waveguide,
are fully suspended Si rib waveguides, 220 nm thick and 2 µm wide, supported by
a continuous 70 nm-thick Si membrane 3 µm above the Si substrate. The coupling
gap between the ring and the bus waveguide is 1 µm and the ring is 935 µm long.
The waveguides are single-mode at 4.23 µm wavelength, and the supported funda-
mental TE mode features an evanescent field ratio (EFR) of 67 % and an external
confinement factor Γ of 50 %.
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Figure 2.7: (a–c) SEM images of the fabricated Si photonic ring resonator. (a) The ring
resonator and the bus waveguide. (b) A close-up view of the suspended ring waveguide.
It is possible to see, through the Si membrane, the cavity formed by etching the SiO2
BOX layer through the etch holes. (c) A close-up view of the suspended waveguide input.
(d) Cross-sectional finite-element method (FEM) simulation of the waveguide, displaying
the electric field profile of the fundamental TE mode. (e) Ring transmission spectrum at
different temperatures, showing the thermal tuning of the resonance, yielding increasing
overlap with a CO2 absorption dip. (f) Left axis: the resonance wavelength shift due to
CO2, for different initial resonance positions. Right axis: the effective refractive index
variation due to CO2, according to FEM simulations.

The ring resonator features an FSR of 6.6 nm and a Q factor of 8000. The res-
onance of the ring closest to the CO2 absorption peak at 4234.7 nm wavelength is
tuned across the peak by varying the temperature of the chip with a Peltier cooling
element. This allows varying the overlap between the resonance and absorption
peak. When flushing the photonic ring with CO2 diluted in N2 in concentrations
of 0.1 %, 0.5 %, and 1 %, the ring resonance shifts from its initial position due to
the change in the cladding’s refractive index, according to eq. 2.18, as shown in
Fig. 2.7 (f). By performing the gas sensing experiment for different initial reso-
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nance positions, set by thermally tuning the ring, the cladding’s refractive index is
measured across the wavelength range probed by the ring resonance, and thus the
gas cladding dispersion is characterized.

2.4.2 Achievements

On-chip gas dispersion spectroscopy. Dispersion spectroscopy of gases has
been recently shown using large-scale free-space gas cells and complex detection
schemes [133–136]. Efforts to implement more compact systems resorted to hollow-
core fibers [137]. However, Paper II demonstrates, for the first time, on-chip gas
dispersion spectroscopy in the mid-IR, using a compact integrated device in form
of the presented photonic microring resonator.

High sensing performance. The high external confinement factor Γ of 50 %
provides a high sensitivity of the light mode to the gas. The measured CO2 con-
centration of 1000 ppm is 5 times lower than that achieved by previously reported
microring-based absorption sensing of a trace gas [67].

Advantages of dispersion spectroscopy. The main advantages of disper-
sion spectroscopy over absorption spectroscopy are the linear relation between the
shift in the dispersion spectrum and the analyte concentration and the immunity
to intensity fluctuations. Absorption spectroscopy, as described in sections 2.1.4
and 2.3 of this chapter, requires the direct measurement of intensity changes in
the optical signal. This can be problematic if the signal changes are close to the
noise level, if the intensity variations exceed the dynamic range of the photode-
tector, and if the optical power provided by the source fluctuates. Moreover, for
strongly absorbing analytes, the Beer-Lambert law is not linear [133]. The disper-
sion spectrum, instead, varies linearly with the analyte concentration also at high
concentrations, and measurements of phase variations are much less affected by
possible photodetector nonlinearities and intensity fluctuations.

2.4.3 Limitations

Limitations related to the specific device are:
Limited Q factor. The waveguide propagation loss of about 6 dB/cm and a

high coupling loss due to fabrication error limit the Q factor of the ring resonator
to 8000, corresponding to a resonance dip slightly wider than the CO2 absorption
dips, as shown in Fig. 2.7 (e). Although such a resonance is sufficiently narrow-
bandwidth to perform dispersion spectroscopy, a higher Q factor, i.e. a narrower
resonance, would provide a higher resolution of the refractive index dispersion. This
could be achieved with a higher quality fabrication process, since the completely
suspended waveguide design grants low material absorption loss.

Limitations related to the technology are:
Specificity. Refractive index sensing is usually not specific. However, operat-

ing in the mid-IR offers the possibility to probe the fundamental absorption lines
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of trace gases. For CO2 sensing this is particularly beneficial, as its fundamental
absorption band does not overlap with those of other commonly present gases such
as water vapor. Furthermore, the ability to tune the ring resonator allows the accu-
rate control of the resonance position, e.g. to match specific absorption lines. These
two aspects together mitigate the lack of specificity of refractive index sensing.

Spectral resolution necessary. Absorption gas sensing performed with a
narrow-band light source yields extremely high specificity. However, it is possible
to implement absorption measurements also with broadband sources, as done, e.g.
with NDIR sensors. Dispersion spectroscopy, instead, requires high spectral reso-
lution, which can be achieved either by using a tunable narrow-band source, such
as a laser, or by combining a broadband source with tunable spectral filters.
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Chapter 3

Integrated thermal infrared light
sources

Mid-infrared light sources are mainly of three types: thermal sources, semiconduc-
tor lasers, and light-emitting diodes (LEDs).

Thermal sources are the simplest and most inexpensive mid-IR sources, and
they come in countless configurations. They emit broadband radiation, which can
be both an advantage and a shortcoming, depending on the application. For ther-
mal sources, the emitted optical power and peak wavelength are directly related and
cannot be adjusted independently [16]. Moreover, they generally emit spatially in-
coherent radiation, limiting the efficiency of the light coupling into waveguides [17].

Quantum cascade lasers (QCLs) and interband cascade lasers (ICLs) are semi-
conductor lasers, first demonstrated in the 1990s [138, 139]. They emit coherent
narrowband radiation and are tunable. However, their tunability range, efficiency,
and peak power are limited [140], compared to semiconductor lasers for other wave-
lengths. ICLs are limited to short-wave mid-IR emission and are negatively affected
by temperature instability [141]. QCLs’ capabilities extend to longer wavelength,
although certain wavelengths in the range between 3-5 µm are difficult to achieve.
The QCLs and ICLs requirements for complex and accurate electronic band struc-
ture engineering and temperature-controlled operation translate to low yield and
high cost [16]. Nevertheless, QCLs and ICLs are driving the advances in mid-IR
optics and photonics, and first attempts of integration on photonic platforms have
been reported [142, 143].

Mid-IR LEDs conceptually fit in between the two previous light source types.
Semiconductor-based, they emit spectra that span over about 1 µm, i.e. narrower
than thermal sources but much broader than QCLs. They are cost-effective, al-
though not as inexpensive as thermal sources. The emitted radiation is incoherent
and limited in power, but LEDs feature higher efficiency compared to thermal
sources.

Alternative approaches to generate mid-IR light are non-linear processes such as

31
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supercontinuum generation, frequency combs, and wavelength conversion. These
methods are currently being intensively explored and might be implemented in
spectroscopy applications.

In the perspective of integration with silicon photonics and low-cost gas sens-
ing applications, this chapter presents two types of integrated thermal IR sources:
platinum nanoheaters and a wire-bonded Kanthal emitter.

3.1 Theory

3.1.1 Thermal radiation: Planck’s law

Any object at a temperature above the absolute zero (0 K or −273.15 ◦C) sponta-
neously and continuously emits electromagnetic radiation due to the thermal motion
of the charge carriers in its atoms and molecules. For the purpose of describing such
thermal radiation, many objects can be modeled, with an approximation, as an ide-
alized fully opaque non–reflective body, called a black body. The electromagnetic
power radiated by a black body spreads over the electromagnetic spectrum in a
way that depends on the body’s temperature, as shown in Fig. 3.1 and described
by Planck’s law

B(λ, T ) = 2hc2

λ5
1

e
hc

λkBT − 1
, (3.1)

where B is the emitted spectral radiance as a function of wavelength λ and tem-
perature T , h is the Planck constant, c the speed of light, and kB the Boltzmann
constant.

For example, the emission of a black body at 5778 K, the temperature of the
Sun’s surface, peaks around 500 nm wavelength, i.e. right in the spectral range vis-
ible to the human eye (Fig. 3.1 a). An emission peaking at 4.24 µm, the wavelength
around which CO2 is highly absorbing, is instead related to a temperature of 685 K
(Fig. 3.1 b).

The optical power radiated by a black body per unit time depends not only on
its temperature, but also on its emitting area A, on the emissivity ε of the material
it is made of, and on the temperature of the surrounding environment Tenv:

Popt = εσA(T 4 − T 4
env) , (3.2)

where σ is the Stefan-Boltzmann constant.

3.1.2 Joule heating

An electrical current flowing through a metal, causes the metal to heat up. Expla-
nations of this effect, called Joule heating or resistive heating, have been given by
physical models such as Drude’s model and the free–electron model, with different
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Figure 3.1: The emitted spectral radiance, i.e. power per unit area and solid angle of
emission, of black bodies at different temperatures, according to Planck’s law. (a) Emis-
sion of black bodies at 3000 K, 4500 K, and 5778 K, i.e. the temperature of the Sun.
(b) Emission of black bodies at 400 K, 500 K, 600 K, i.e. the temperature reached by the
Pt nanoheaters presented in section 3.2 of this chapter, 685 K, i.e. the temperature corre-
sponding to an emission peaking at 4.2 µm, 700 K, and 960 K, i.e. the temperature reached
by the Kanthal emitter presented in section 3.3 of this chapter.

levels of accuracy. Here, the aspects relevant to the understanding of this thesis
work are described.

A voltage difference applied between two points of a material, e.g. a metal,
creates an electric field between the two points. The field accelerates the charge
carriers in the material, i.e. the electrons, which thus acquire kinetic energy. Along
their path, the charge carriers collide with the atomic ions of the material, get
scattered by them, and start a random motion, called thermal motion, that causes
the temperature of the material to increase. The energy per unit time, i.e. the
power, that is converted from electrical energy to thermal energy in a metal wire is

P = V I = RI2 , (3.3)

where V is the applied voltage difference, R is the electrical resistance of the wire,
and I is the current flowing through the wire. According to Ohm’s law, V = RI.

If Joule heating is taking place, however, the resistance R is not constant, but
it increases with temperature at a rate that depend on the wire material. Some
materials feature a linear relation between temperature and resistance, at least over
a certain range of temperature. Then the resistance increases with temperature
according to

R(T ) = R0 +R0α (T − T0) , (3.4)
where R0 is the resistance at a reference temperature T0 and α is the material’s
temperature coefficient of resistance (TCR).

If the applied voltage and hence the current flowing through the wire are not
direct (DC) but alternating (AC), they reverse direction periodically, e.g. following
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Figure 3.2: Illustration of the working principle of the 3ω method.

a sinusoidally oscillating pattern in time. Then the Joule heating and the resistance
variation are not constant, but time-dependent:

R(T, t) = R0 +R0α [T (t)− T0] . (3.5)

3.1.3 The 3ω method

Determining the temperature of a wire heating up due to DC current using equa-
tion (3.4) is straightforward. However, if the wire operates in AC, an accurate
electrical measurement of the time-varying temperature of the wire requires the 3ω
method [144–146]. With the 3ω method, it is possible to characterize the thermal
impedance of a system by purely electrical measurements.

The 3ω method exploits the fact that a metal wire driven with a sinusoidal
current at an angular frequency ω heats up regardless the current direction, hence
at double that frequency, as depicted in Fig. 3.2 (a,b). Specifically, the Joule heating
power also oscillates sinusoidally and is zero only when the current is zero. It can
be observed, then, that the heating Q(t) = Q0 +Q0sin (ωtht), where ωth = 2ω is the
frequency of the heating oscillation, has a 0ω and a 2ω component (Fig. 3.2 (b)).
The Joule heating causes a temperature increase θ(t) = θ0ω+θ2ω that also oscillates
at 2ω (Fig. 3.2 (c)). The amplitude (and the phase) of the temperature oscillation
depend on the thermal properties of the system, which consists of both the wire
and the surrounding material thermally connected to it. A linear thermal system
can be described by a complex thermal transfer function or thermal impedance in
the frequency domain:

Zth(ωth) = θ(ωth)
Q(ωth) . (3.6)
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Therefore, the temperature response due to the heating Q in the time domain is

θ(t) = Q0 Re {Z(ωth)} sin(ωtht) +Q0 Im {Z(ωth)} cos(ωtht) . (3.7)

To practically access the information about the temperature, its relation to
the electrical resistance (eq. (3.5)) can be exploited: the temperature oscillation
causes a 2ω variation of the wire resistance, and the resistance can be measured
by measuring the voltage across it using Ohm’s law V = RI. However, the 2ω
resistance variation multiplies with the driving current at ω, thus causing a voltage
signal at 3ω because

sin(ωt)sin(2ωt) = 1
2 [cos(2ωt− ωt)− cos(2ωt+ ωt)] = 1

2 [cos(ωt)− cos(3ωt)] .
(3.8)

Thus, the resulting voltage across the wire consists of an ω component V1ω (first
harmonic) and of a 3ω component V3ω (third harmonic), as shown in Fig. 3.2 (e).
The third harmonic provides the information about the complex temperature os-
cillation:

θ2ω(ω) = −2 V3ω(ω)
αR0I1ω(ω) . (3.9)

The strength of the 3ω method is that the electrical harmonics in the voltage
signal contain information about the thermal transfer function. Hence, it enables
the study of the thermal properties of a system by an easily implemented electrical
measurement. For this reason, the 3ω method is a valuable tool used to measure
the thermal conductivity of suspended wires [147], thin films [144, 148–150], and
carbon nanotubes [151, 152]. In the following sections, the 3ω method is used to
characterize the proposed thermal emitters.

3.2 Platinum nanoheaters

Thermal emitters are typically taken as examples of incoherent light sources, be-
cause they emit broadband radiation in a quasi-isotropic way, i.e. they emit equally
in all directions. However, this is not always true [153, 154]. Particularly, emit-
ters with sub-micrometer size in two dimensions support surface plasmon polariton
modes [155, 156] that can be thermally excited. Such nanoheaters emit polarized,
partially spatially coherent thermal radiation with coherence lengths over 20 µm
and enhanced emission efficiency [157, 158]. These features can be highly valuable
for the integration of thermal sources with photonic waveguides.

Platinum has some qualities that make it suited for that kind of application.
Specifically, Pt features a linear relation between resistance and temperature over
a wide range of temperature. This enables methods such as the 3ω method to
be implemented even in case of large temperature variations. Moreover, Pt is
a chemically inert metal up to high temperatures. Therefore, if e.g. integrated in
gas-sensing applications, it does not undergo degradation due to chemical reactions,
which could contribute to drift effects.
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Figure 3.3: (a) Top view SEM images (left) and cross-sections (right) of the three
nanoheater designs. (b) Schematic of the setup used to operate and characterize the Pt
nanoheaters with the 3ω methods. The nanoheater image displayed as part of the circuit is
an SEM image. (c) IR microscope image of an operating Pt nanoheater. (d) The frequency
response of: (top) the magnitude of the third harmonic component of the voltage across
the nanoheaters, normalized, (middle) the amplitude of the temperature oscillation, and
(bottom) the magnitude on dB scale (referred to 1 K/W) of the thermal impedance of the
nanoheaters. The vertical dashed lines indicate the thermal cut-off frequencies. The inset
in the middle illustrates a schematic of the thermal system’s model.

3.2.1 Description

Paper III presents three designs of platinum (Pt) nanoheaters, shown in Fig. 3.3 (a).
The proposed Pt nanoheaters are integrated on SOI substrates, which include

two materials, Si and SiO2, with very different thermal conductivities. By micro-
machining the substrate, it is possible to engineer the thermal properties of the
nanoheaters.

Design A consists of a Pt nanoheater on a stack of two thermally insulating



3.2. Pt NANOHEATERS 37

SiO2 layers alternating with a thermally conductive Si layer. Design B, instead,
has one Si layer and one SiO2 layer, both laterally insulated by a trench around
the Pt. Finally, design C consists of a Pt nanoheater on a Si beam, laterally and
vertically insulated by the removal of the surrounding SiO2. The Pt nanoheaters
are, in all designs, 60 nm thick, 500 nm wide, and 3.5 µm long.

Pt nanoheaters analogous to design A were previously studied under DC opera-
tion. However, a unilateral current flow causes electromigration, which is the main
failure mechanism for these devices [159]. AC operation, instead, greatly increases
their lifetime, reduces the power consumption, and offers the possibility to imple-
ment optical and electrical measurements that require modulation, such as the 3ω
method.

The 3ω method was used to characterize the thermal impedance of the three
nanoheaters with purely electrical measurements (Fig. 3.3 (b)). The thermal fre-
quency response, and thus the impedance, of the nanoheaters was modeled with
a lumped-element circuit including two thermal resistances and two thermal ca-
pacitances, i.e. a second-order RC ladder (Fig. 3.3 (d) inset). The thermal model
describes the contributions of the different parts and materials to the dynamics,
and identifies the heat capacitance of the devices.

3.2.2 Achievements

Large temperature oscillation. The electrically-driven nanoheaters safely
and durably support a temperature oscillation with amplitude of about 150 K. The
base temperature T0 being room temperature, i.e. about 295 K, the nanoheaters
reach a temperature of 595 K. According to Planck’s law (Fig. 3.1 (b)), this tem-
perature corresponds to a black-body emission peaking at about 5 µm wavelength.

High speed. The different nanoheaters designs feature a thermal cut-off fre-
quency between 180 kHz and 1.3 MHz, this corresponding to a minimum time con-
stant of 0.769 µs. As comparison, the commercial millimeter-sized MEMS-based IR
source EMIRS200 (Axetris AG, Switzerland) has a cut-off frequency of 11 Hz, as
shown in Fig. 3.3 (d), top plot.

Design flexibility. A substrate made of materials with very different thermal
conductivity, such as the SOI substrate, enables design flexibility. It allows, for
example, engineering a nanoheater to prioritize power efficiency or speed depending
on the application requirements.

Simple and flexible integration. Platinum can be deposited on a range
of substrates either by evaporation or sputtering, and patterned with standard
lithography processes. This makes the integration of Pt nanoheaters flexible and
accessible.

3.2.3 Limitations

Low emitted optical power. As for all thermal emitters, only a small part of
the input electrical power results in optical emission, while most of it is converted
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to heat. According to the Stefan-Boltzmann law (3.2), considering a Pt emissivity
of 0.0724 [160–162], the nanoheaters emit a peak optical power of 0.85 nW. Possible
ways to increase the available optical power are to increase the size of a heater at
the expense of speed, to design a multi-heater emitter, or to embed a heater in a
resonant cavity.

Broadband emission. The radiation emitted by the nanoheaters, and in
general by thermal sources, spreads over a broad spectrum. This is not necessarily
a drawback for all applications, but it entails that the emitted power at a specific
wavelength is only a fraction of the total emitted optical power.

3.3 Wire-bonded Kanthal thermal emitter

3.3.1 Description
Paper IV presents a thermal IR light source consisting of a meander-shaped sus-
pended filament of Kanthal, an iron-chromium-aluminum (FeCrAl) alloy. The emit-
ter, shown in Fig. 3.4 (a,b), was fabricated on a pre-structured silicon substrate by
automated wire bonding with a standard tool, conventionally used for establishing
electrical contacts between chips and packaging.

The Kanthal filament is 25 µm in diameter, 14 mm long, and wound over a 1 mm2

area. The filament is suspended at a distance of 75 µm from the substrate for low
thermal conductance and to avoid possible damage due to thermally-induced stress.
By Joule heating with 1 W electrical power, the filament reaches a temperature of
1086 K in its suspended parts. The average temperature over the whole emitter
area is 690 K. The thermal cut-off frequency of the emitter, measured using the 3ω
method, is just above 4 Hz.

The Kanthal-filament emitter was integrated in a traditional free-space NDIR
sensor unit for ethanol sensing, displayed in Fig. 3.4 (c). The unit is a reflective-
cavity multi-pass cell, in which light propagates for 96 cm and is eventually detected
by a thermopile IR detector. The detector is equipped with a band-pass optical filter
centered around 9.5 µm wavelength, which matches the fundamental absorption
band of ethanol. The sensor system, equipped with the Kanthal emitter, was used
to detect ethanol concentrations between 502 ppm to 200 ppm (in N2) in a controlled
environment (Fig. 3.4 (d)). The limit of detection of the system is below 30 ppm.
Moreover, the sensor is capable of detecting alcohol in breath in real-life conditions,
as shown in Fig. 3.4 (e).

3.3.2 Achievements
Large emitted optical power. Based on the Stefan-Boltzmann law (3.2),

thanks to the high emissivity of Kanthal, 0.7, and to the extended length of the
filament, 14 mm, the emitter radiates an average optical power of about 3 mW. This
is sufficient to perform gas sensing in conventional NDIR gas sensors.
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Figure 3.4: (a) SEM image of the fabricated Kanthal thermal emitter. (b) Photog-
raphy of the emitter during burn-in operation. (c) Photography of the ethanol sensing
system, overlaid with the illustration of the optical paths for ethanol and reference CO2
sensing. (d) Measurement of three ethanol concentrations in a controlled environment.
(e) Measurement of ethanol in breath, before (top) and after (bottom) alcohol intake. The
reference CO2 signal indicates the points of exhalation in time.

Flexible, high-precision, high-speed fabrication. The use of a wire bond-
ing tool enables great design flexibility, because the tool can be programmed to form
fully customized filament shapes, while ensuring a high placement accuracy. The
substrate chips can be fabricated in batches by standard microfabrication processes,
and the wire bonding is performed in about 1 s.

Gas sensing. The emitter was successfully introduced into an existing NDIR
sensor, and the system achieves real-life breath alcohol detection and a limit of
detection below 30 ppm. In current NDIR gas sensors, the placement of the light
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source is a critical step in the production. The wire-bonded emitter therefore has
the potential to improve the light source placement accuracy and hence reduce
failure due to fabrication errors.

3.3.3 Limitations
Low speed. Due to the relatively large thermal mass of the filament and its

high thermal insulation from the substrate, the cut-off frequency of the emitter is
4.3 Hz, corresponding to a time constant of about 230 ms. Despite this being a low
speed, it is comparable to that of other millimeter-sized MEMS-based IR sources
such as the EMIRS200 (Axetris AG, Switzerland).

Broadband emission. The emitted radiation, as usual for a thermal source,
spreads over a broad spectrum. This is not necessarily a drawback for all applica-
tions, but, for gas measurements, it requires optical filters to ensure selectivity.

Not a system on chip yet. Paper IV demonstrates a functional gas sens-
ing system using the proposed IR source. However, the sensor has a traditional
centimeter-sized free-space configuration. This highlights that the goal of fully
on-chip integrated optical gas sensors is still ahead.
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Chapter 4

Integrated platinum-nanowire
infrared detectors

Infrared detection has been achieved in numerous ways and with vastly diverse im-
plementations. IR detectors can be categorized into thermal detectors and photon
detectors, depending on the way they convert incoming radiation to an electri-
cal signal. In thermal detectors, the absorbed radiation alters some property of
the detector’s constitutive material by changing its temperature. Thermocouples,
pyroelectric detectors, and bolometers are examples of thermal IR detectors. In
photon detectors, instead, light is absorbed by interaction with electrons in the
material. Photon detectors, or photodetectors, are generally based on semiconduc-
tor materials, and operate according to a variety of working principles. Examples
of photon IR detectors are photoconductive detectors and photodiodes, which can
operate either in photovoltaic mode or in photoconductive mode. Another im-
portant distinction amongst IR detectors is whether they are cooled or not. The
lowest optical signal that a detector can measure is limited, in the infrared, by the
thermal background radiation. Therefore, cooling down the detector improves its
performance. Generally, photodetectors are more complex than thermal detectors,
require cooling, and are more costly.

The intended application of an IR detector drives not only the choice of de-
tector type and cooling option, but also the physical configuration. IR detectors
can be designed either for free-space operation or for integration with photonic
circuits. Free-space detectors are less restricted in terms of choice of material and
configuration. However, integration on waveguides can also have some advantages,
such as lower noise and larger bandwidth [17], mainly due to the miniaturized size.
The amount of effort put into developing integrated mid-IR detectors in the last
few years and the diversity of approaches [18–23, 108, 110, 163–181] offer promis-
ing paths towards the reliable and cost-effective integration of mid-IR detectors on
photonic platforms. Nevertheless, on-chip mid-IR detection is still challenging.

This chapter presents three designs of integrated bolometers based on platinum
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nanowires on SOI substrates, in the perspective of scalable low-cost photonic ap-
plications.

4.1 Theory

4.1.1 Bolometric infrared detectors
The principle of operation of bolometers relies on the relation between tempera-
ture and resistance described in section 3.1.2, eq. 3.4. Electromagnetic radiation
impinging on the sensing material, e.g. a metal wire, is absorbed by the metal, and
is converted into heat, thus raising the temperature of the wire. The temperature
increase corresponds to a resistance increase that can be electrically measured and
indicates the amount of optical power absorbed.

The responsivity is the measure of electrical output per optical input for a
bolometer, and in general for any photodetector. The responsivity is the ratio
between a detector’s response, i.e. its output signal, and the incident optical power,
Popt. In the case of a metal-wire bolometer, the variation in resistance is measured
by applying a fixed current to the wire and measuring the voltage variation V across
the wire. Therefore, the responsivity is

R = V

Popt
. (4.1)

The performance of optical detectors is expressed by a figure of merit called
specific detectivity:

D∗ = R
√
A

Sn
. (4.2)

where A is the area of the photosensitive region of the detector and Sn is the noise
spectral density. However, it can be challenging to measure noise in low-resistance
devices [182], and hence to measure the detectivity.

The sensing performance of a bolometer can alternatively be evaluated by an-
other figure of merit, the responsivity-bandwidth product R·f . The bandwidth, for
a bolometer, is determined by how fast the heat coming from the incident radiation
leaves the active material, i.e. is dissipated to the surroundings that constitute a
heat sink at a fixed temperature. This time, referred to as the time constant τ ,
depends on the thermal capacitance C of the active material volume and on its
thermal conductance G to the heat sink:

τ = C

G
. (4.3)

The time constant can be minimized by having a small thermal capacitance C,
which in practice corresponds to a small active volume, i.e. a small detector. The
responsivity can be increased by increasing the thermal insulation of the active
volume, i.e. by reducing the thermal conductance G, because this increases the
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temperature rise due to a certain input power. However, this increases the time con-
stant, making the detector slower. Such trade-off is expressed by the responsivity-
bandwidth product.

4.1.2 Plasmons
The interface between two materials can have some special properties. As discussed
in chapter 2, the optical properties of materials can be described by their refractive
index. The material properties are also described by the relative permittivity εr,
which, for non-magnetic materials, relates to the refractive index according to

εr = n2 . (4.4)

The permittivity expresses the amount of charge necessary to generate a unit of
electric flux in a medium. As the refractive index, the permittivity is a complex
function of the wavelength. When a metal and a dielectric in contact have per-
mittivities whose real parts have different signs (positive-negative), the electrons at
the interface can oscillate collectively and coherently. Such oscillations are called
surface plasmons. The motion of the charges creates an electric field in both mate-
rials.

Light impinging on the interface can, under certain conditions, couple with
the surface plasmons and thus excite a surface plasmon polariton (SPP), i.e. a
surface electromagnetic wave bound to the interface. An SPP propagates along the
interface until its energy is lost. SPPs are spatially confined and can have high
local field intensity.

In the case of an air-metal interface, SPPs cannot be excited on a flat smooth
metal surface. However, it is possible by creating surface defects such as slits
or grooves. The platinum nanowire bolometers discussed in this chapter feature
plasmonic field enhancement at the corners of the wire.

4.2 Uncooled platinum-nanowire bolometers

A great quality of platinum is the linear relation between its resistance and tem-
perature over a wide range of temperature. This makes it an excellent temperature
sensor, allowing small-scale detection of temperature variations. Additionally, Pt
is a chemically inert metal up to high temperatures. Therefore, if e.g. integrated in
gas-sensing applications, it does not undergo degradation due to chemical reactions,
which could contribute to drift effects.

4.2.1 Description
Paper V presents a single-Pt-nanowire bolometer, shown in Fig. 4.1 (a), operating
at room temperature and featuring a hybrid-plasmonic cavity that enhances the
detector’s responsivity.
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Figure 4.1: (a) Top view SEM image of the Pt-nanowire bolometer. (b) Cross-sectional
finite-element method (FEM) simulation of the suspended bolometer, displaying the elec-
tric field profile of the supported hybrid-plasmonic mode. (c) The voltage response of the
hybris-plasmonic bolometer and of the reference cavity-less bolometers as a function of
the modulation frequency of the longitudinally- and transversely-polarized incident light.
Left-most insets: cross-sections of the three bolometers. Middle insets: 2D raster scans of
the three bolometers at 11 kHz. Right-most inset: 2D raster scan of the hybrid-plasmonic
bolometer at 1.05 MHz.

The proposed bolometer consists of a 60 nm-thick, 500 nm-wide, and 3.5 µm-long
Pt nanowire on a suspended Si beam formed by micromachining the supporting SOI
substrate. The performance of the bolometer was characterized by measuring its
response to longitudinally and transversally linearly polarized laser light at 1.55 µm
wavelength, modulated at frequencies between 75 Hz and 1.13 MHz.
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The bolometer exhibits an enhanced response due to both thermal and optical
effects. Compared to a similar Pt-nanowire bolometer on an unstructured SOI sub-
strate, illustrated as Ref. 1 in Fig. 4.1 (c), the detector features a higher thermal
insulation from the substrate, i.e. a smaller thermal conductance. Moreover, com-
pared to a Pt-nanowire bolometer sitting on thermally insulating SiO2, illustrated
as Ref. 2 in Fig. 4.1 (c), the detector benefits from the heating of the surrounding
thermally conductive Si due to the large light spot delivered by an optical fiber
(about 10 µm in diameter). These features add up as a bulk thermal contribution
to the response. Additionally, the Si beam acts as an optically resonant cavity that
improves light absorption by the Pt nanowire, enhancing the response. This effect
is polarization-dependent according to the hybrid-plasmonic modes supported by
the cavity, and shown in Fig. 4.1 (b). Such optical effect is also much more localized
and, most importantly, faster than the thermal contribution. In fact, the effective
active area contributing to the thermal response of the bolometer extends beyond
the Pt nanowire and Si beam, to the Si in their surroundings. Due to such large
thermal mass, the cut-off of the device is 150 kHz. Instead, the optical contribu-
tion is due to the sole Pt nanowire and Si cavity, and thus it provides a signal up
to above 1 MHz. The localized optical nature of the response at high frequencies
was confirmed by 2D raster scans (Fig. 4.1 (c)) of the bolometer performed with
incident light modulated at 11 kHz, i.e. below the thermal cut-off frequency, and at
1.05 MHz, i.e. above the thermal cut-off frequency.

When evaluating the responsivity of the bolometer, the incident optical power
was not normalized by the nanowire area, as often done in literature, because the
effective active area extends beyond the Pt surface due to the thermal contribution
to the response and it varies with the light modulation frequency, as highlighted by
the 2D scans. Considering only the Pt area would therefore artificially inflate the
responsivity.

4.2.2 Achievements

Enhanced performance. The voltage response of the hybrid-plasmonic cav-
ity bolometer is almost three times higher than the response of the Pt-nanowires
on unstructured substrates, thanks to the cavity resonance. The responsivity of
the detector is 70 mV/W in the low-frequency regime, and above 25 mV/W up to
1.13 MHz. Such responsivity is lower than that of other reported single-nanowire IR
detectors [183, 184]. However, the large bandwidth provided by the resonant effect
yields a high responsivity-bandwidth product, and hence performance, as shown in
Fig. 4.1 (d).

High speed. Fig. 4.1 (d) also highlights the speed improvement of the pre-
sented detector, compared to other comparable devices reported [183, 184]. The
optical resonance allows operation up to above 1 MHz, while the thermal cut-off is
limited to 150 kHz.

Polarization sensitivity. The detector’s response is higher to polarizations
that match the light modes supported by the cavity, providing polarization sensi-
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tivity. This can also be a drawback, e.g. in cases where polarization-independent
sensitivity is required.

Uncooled operation. Since generally the performance of IR detectors is lim-
ited by thermal (Johnson-Nyquist) noise, cooled photodetectors achieve incompa-
rable performance. However, on-chip integration of cooled detectors is impractical
and cost-prohibitive. The uncooled photodetector presented, instead, is a cost-
efficient option for integration on photonic platforms.

Simple and flexible integration. Platinum can be deposited on a range
of substrates either by evaporation or sputtering, and patterned with standard
lithography processes. This makes the integration of Pt nanoheaters flexible and
accessible.

4.2.3 Limitations
Limitations related to the presented technology, and in general to thermal IR de-
tectors, are:

Responsivity-speed trade-off. Bolometers are notorious for imposing a
trade-off between responsivity and speed. Increased thermal insulation of the active
material volume increases a detector’s response, but it also slows it down because
it takes a longer time to dissipate the heat and return to equilibrium. Therefore, a
compromise must be reached depending on the application requirements.

Uncooled operation. Uncooled operation is an advantage in some respects,
but it ultimately limits the performance of the bolometers due to the thermal
background.

A limitation of the experiments presented in Paper V is:
Near-IR characterization only. Paper V shows the characterization of the

Pt-nanowire bolometer using near-IR light. At those wavelengths, however, the
device cannot compete with other mature technologies. Instead, it could be an in-
teresting option for mid-IR light detection, and specifically for low-cost integrated
mid-IR applications such as miniaturized optical gas sensing. To achieve an en-
hanced bolometer response to mid-IR light, however, it is then necessary to adapt
the design of the resonant cavity to those wavelengths.
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Chapter 5

Conclusions

The main goals of this work were to demonstrate CO2 optical sensing on a silicon
photonic chip and to explore low-cost integrated IR sources and detectors.

On-chip CO2 optical sensing was demonstrated in two ways with two different
silicon photonic devices:

• On-chip absorption spectroscopy was achieved using a broadband mid-IR
waveguide featuring low light confinement, and therefore high sensitivity to
the gas. The sensing performance of the waveguide represents a four-fold im-
provement compared to reported integrated gas-sensing waveguides (Paper I).

• On-chip dispersion spectroscopy was achieved using a tunable low-confinement
mid-IR microring resonator. By thermally tuning the ring resonance across
a single CO2 absorption peak in the mid-IR, the concentration-dependent
refractive index dispersion of the gas was measured. This is the first demon-
stration of its kind (Paper II).

The work on integrated IR sources and detectors resulted in:

• High-speed, integrated Pt-nanowire thermal emitters on SOI platform. The
thermal properties of the devices were tailored by engineering the substrate.
The devices can operate at much higher speed than current commercial ther-
mal IR sources (Paper III).

• A large-area Kanthal thermal emitter fabricated by wire bonding. Integrated
in a commercial NDIR sensor as the IR source, the emitter achieved the sens-
ing of ethanol concentrations down to 200 ppm in a laboratory environment
and the selective sensing of CO2 and alcohol in breath (Paper IV).

• An integrated uncooled Pt-nanowire bolometer on SOI platform. The detec-
tor, characterized at near-IR wavelengths, features a hybrid-plasmonic cavity
for enhanced responsivity, polarization-sensitivity, and high speed (Paper V).
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In conclusion, the technologies presented in this thesis have the potential to
enable the on-chip integration of optical CO2 sensors. Integrated optical CO2
sensors can finally overcome the limitations of traditional optical gas sensors and
achieve high levels of miniaturization, low-power consumption, and scalable fabri-
cation. Miniaturized mass-produced optical gas sensors can be cost-effective and
find much wider adoption in existing applications, such as environmental moni-
toring and safety, and new applications such as real-time capnography and mobile
devices.
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Chapter 6

Outlook

The work presented in this thesis addressed some of the challenges of on-chip CO2
sensing. It demonstrated that it is feasible, and reached a sensing performance
suitable for real-life applications. Moreover, technologies for IR light thermal gen-
eration and detections were explored.

The near-future goal for the proposed waveguide technologies is atmospheric-
level CO2 detection, i.e. to be able to reliably measure CO2 concentrations of
400 ppm or lower. To achieve that, the base propagation losses must be reduced by
design optimization and higher-quality fabrication.

The ultimate goal, however, is to implement a complete gas sensing system on
chip. This involves several challenges: the functional integration of mid-IR light
sources and detectors with the light-gas interaction devices, as well as the further
development of libraries of mid-IR photonic components. These should include
modulators, resonators, and filters, both passive and tunable.

The first fully integrated sensors operating at near-IR wavelengths are just be-
ing demonstrated [185], thanks to the availability of advanced near-IR sources and
detectors. However, for gas sensors working with mid-IR light, the technology is
not mature yet. The criteria for the selection of sources and detectors will have
to account for performance (signal-to-noise-ratio), power consumption, ease of in-
tegration, and cost. For example, semiconductor lasers and cooled photodetectors
doubtlessly offer higher performance, compared to thermal devices. However, they
are also more difficult to integrate with other photonic components, and are more
power-hungry and expensive. Therefore, they are unlikely to be the first choice for
low-cost mass-produced optical gas sensors. The possible strategies to integrate of
active devices on photonic chips are the following:

• Flip-chip transfer of the active components onto the sensing chip. This tech-
nique is the most immediately accessible because it employs existing com-
ponents. However, coupling light in and out of waveguides is a challenge in
itself.
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• Monolithic integration by deposition. Although this technique enables sim-
ple devices, such as the thermal Pt nanowires presented in this thesis, at a
reasonable cost, it strongly limits the type and complexity of active devices
that can be fabricated.

• Monolithic integration by heteroepitaxy or ion implantation. Heteroepitaxy
enables the growth of crystalline layers of materials, e.g. III-V materials, ap-
propriate for optoelectronic active devices on substrates suitable as photonic
platforms. Ion implantation, instead, aims at modifying the substrate itself.

• Monolithic integration on a III-V substrate. This strategy consists in de-
veloping a whole platform including source, detector, and passive photonic
components on the same material. Although conceptually simple, this tech-
nique limits the design and performance of the passive devices, and involves
a high cost.

• Heterogeneous integration by layer transfer. This technique consists in trans-
ferring layers of materials suitable for active devices on a substrate either at
wafer-level or in smaller patches. This strategy enables the use of 2D materials
with interesting photodetection capabilities, such as graphene and platinum
diselenide (PtSe2), in addition to the traditional III-V materials, at a lower
cost and higher material flexibility compared to monolithic integration.

Efforts are being directed towards most of these options, and the interest in mid-IR
photonic technologies and miniaturized gas sensors is currently high. Therefore,
fully integrated optical gas sensors might not be too far ahead.

Therefore, it can be interesting to take a look at the future prospects and impact
of miniaturized optical gas sensors. Small, energy-efficient, and low-cost optical sen-
sors have the potential to be extensively adopted for portable environmental moni-
toring and high-volume industrial, medical, and consumer applications. Integration
of multi-gas sensors in vehicles, mobile phones, and drones can be envisioned. Fur-
thermore, the large number of operational sensors can offer an additional strength:
sensors connected in networks will be able to exchange information with each other
and, thanks to machine learning, to perform automated calibration procedures
and large-scale gas measurements. Hopefully, this will provide individuals with in-
creased awareness of air quality, enable distributed atmospheric studies, and help
institutions to manage and reduce air pollution on a large scale.



Acknowledgements

Many people contributed directly or indirectly to the achievement that this thesis
represents. Some of them are recent encounters that stimulated my personal and
professional growth, while others have been supporting me for a long time. Here I
will try to express my gratitude to them.

First of all, I want to thank Kristinn, for the opportunity to do this PhD and
for your patient supervision. Thank you for demonstrating with your daily work
what a researcher mindset is, and for your dedication and honesty. I also thank
Göran for being involved in my project at the beginning of my PhD, and for shaping
and leading the Micro and Nanosystems group (department? division?), known as
MST, with its unique and friendly atmosphere. Another important figure in my
PhD path is Hans S.. Thank you for co-supervising me, for being an attentive
listener, and for your balance and wisdom.

I would also like to thank the other faculty pieces of the MST puzzle: Frank,
I enjoyed working with you when we had the chance and I appreciate you calm
but effective attitude, Anna, for bringing a new research area to MST and for
your pragmatic determination, Wouter, for your endlessly bubbling ideas, Niclas,
for your active temperament and for being a great character to portray on stage,
and Joachim, for sharing a similar taste for food and coffee (and for critics about
them).

Thanks to the people who read all or parts of my thesis and contributed with
their precious feedback: Anna,Kristinn,Carlos, Simon, Laila, Fritzi, Janosch,
and James.

Thanks to my co-authors and collaborators: Pauline, Snorri, Fredrik L.,
and Staffan T., and to Caroline, Thorir, and Håkan. It was amazing to see the
potential impact of new technologies on saving lives. Hans M. and Henrik, you
believed in my project and in my work from the beginning and through countless
difficulties. I cannot thank you enough for your trust and support. Sakamoto-
san, I genuinely enjoyed our friendly and productive collaboration, therefore I want
to thank you for your dedication and attention to details.

I would like to acknowledge the funding sources that made this work possi-
ble: Verket för innovationssystem (2012-01233, 2014-05246, 2016-02328, and 2017-
05108), Stockholms Läns Landsting (20140751 and 20150910), Stiftelsen för Strate-
gisk Forskning (GMT14-0071), the Light bulb manufacturers foundation, and the

57



58 CHAPTER 6. OUTLOOK

European Research Council (FP7-ERC-xMEMS Advanced Grant No. 267528). Ad-
ditionally, I want to acknowledge the European Union for its support to research
and innovation, and for making it possible for its citizens to seek personal and pro-
fessional fulfillment both within and outside its territory. Living in several places
in Europe and being surrounded by people from many different countries shaped
my identity and expanded my horizons.

A particular thank you goes to Mikael H.: by taking me on as an internship
student during my Masters you are the culprit who first brought me to Stockholm
and to MST, and your kindness always amazes me. Speaking of kindness, my
greatest appreciation goes to Tommy, I admire your ability to always see the good
in people and situations, and I thank you for sharing your perspective and for
teaching me to read scientific texts with your journal club.

I would like to especially thank Erika, Ulrika, Kathy, Emmy, and Annica
for all your behind-the-scenes work and your welcoming attitude whenever I sought
your support. The same goes for Cecilia and Mikael, your incredible skills and
competence were essential for my work, and for that I am deeply grateful.

The devices presented in this thesis were fabricated in the Electrum Labora-
tory in Kista and in the NanoFab Lab, where I spent a considerable amount of
time. I would like to thank the staff that established and supports these facili-
ties, often rushing to help when technical problems arise. Particularly, I want to
thank Anders Holmberg, for teaching me the tricks and deeper secrets of the
e-beam, and Anders Liljeborg, for your excellent work in creating and managing
a high-quality lab.

In Kista, my days were made more cheerful by the fellow students based there:
Federico, Fatjon,Ahmed, Szymon,Miao, Elena, Laura,Viktoria, and Sara.
Thank you for the break chats, the company over lunch, and to those of you whom
I met in Puglia, also including Claudia, thank you for the wonderful boat trip.

Back at MST, the main ingredient for a positive environment are the past and
present PhD students and post-docs: Adrian, Aleksandr, Alessandro, Alexan-
der, Andreas, Dimitrios, Emre, Federico, Filipe, Fredrik C. and Fredrik
F., Gaehun, Hiroki, Hithesh, Ilya, Isabelle, Linnea, Maoxiang, Martin,
Mikael S., Mikolaj, Miku, Mohammad, Mina, Noora, Oleksandr, Po-Han,
Reza, Saumey, Sebastian, Simone, Shyam, Staffan, Serguei, Thomas, Tor-
ben, Weijin, Xi, Xinghai, Yitong, and Zargham. Some of you did not just
share the corridor with me, but also climbing afternoons, picnics, pub nights, and
sailing trips: thank you for your company. A special shout-out goes to the pho-
tonic group colleagues: Arne, Pierre, and Stephan. Thank you for sharing labs,
struggles, and ideas.

Many thanks to the students I supervised or co-supervised during their Masters
thesis project: Silmi, Bachelors thesis projects: Olle B., Marcus, and Olle A.,
and their internships: Sumit, Marco C., Ahmed, Andrea, Marco G.. Besides
contributing to the science I was trying to do, you inspired me and helped me grow.

Of course I have to mention the corner office people, past and present: Fritzi,
Gabi, Xuge, Chianty, Laila, Bernie, and James. Thank you for tolerating my



59

complaints, sharing some gossip, growing a few plants, and making the office feel
like home.

During my PhD I have been a student representative, and that experience al-
lowed me to meet interesting people that I would not have met otherwise. I want
to thank the fellow student representatives in the School’s PhD Council and KTH’s
PhD Chapter for your work and motivation.

Another important experience of my past few years is that of the female PhD
students networks of the former Electrical Engineering School and of KTH. To all
the women that contributed and participated to the networks’ activities: you are
a great inspiration and I cannot help but admire your competence, motivation,
and drive to constantly improve yourselves and the world around you. In partic-
ular, I want to acknowledge Emma, for initiating the School’s network, Fritzi,
Elisabeth, Chianty, Sahar, Isabelle, Hoda, Michelle, Susanna, Mina, Inês,
and Joana, for setting up ever-interesting and relevant initiatives. During some of
them, I met Stefanie, who quickly became a lunch and sailing companion. Stefi,
thank you for the open-hearted chats; I look forward to seeing you succeed in your
life, whatever you choose it to be.

During the years of my PhD I had the luck to meet people that showed me
places I had never seen, involved me in activities I had never done, and offered me
their perspective on life. For this, I want to express my gratitude.

To Mikael Sterner, for your sailing skills and your calm that always make
me feel like everything can be kept under control, on a boat and on land. To
Xiaojing and Xuge, for regularly making sure that your friends get fed properly.
To Gaspard, Patricia, Umer, and Sara, for your deep kindness and generosity.
I am glad I know you. To Claudia and Anne-Lise, for the amazing time in San
Jose. To Eleonora, for allowing me to chat in Italian and making me try dangerous
sports. To Pauline, for the climbing days and your sensitivity. To Frankie, for
your direct questions and your open soul. To Jonas, for your absolutely over-the-
top gags that make you indispensable at any party. To Bernie, for introducing me
to Lonkero. To James, for the Irish accent combined with an acquired Swedish
lay-back attitude. To Chianty, it was marvelous to see you grow during your PhD
years and become a smart, competent professional thanks to your dedication and
determination. Thank you for all the smiles that you spread with your sometimes
inappropriate remarks. ToVal, for your awkward frenchness and for being my coffee
pal, and Anna, for letting me in despite your nordic tendency towards isolation,
as you call it. To Gabi, for your annoying happiness.

To the Karolinska people (even though some have nothing to do with KI):
Melissa, Erik, Susi, Sabine, Anna, Helena, Daniel, Henrietta, and Pim,
and the Bohemians, original and acquired: Gabi, Carlos, Jenine, Hesham, An-
gelina, Angela, Simone, and Elian. Thank you for some of my best time in
Sweden!

To Daiana, Gianluca, Dario, and Leonardo, for bringing to Stockholm the
air and flavors of Liguria. To Cecile, John, Celeste, and Romy, for your open-
ness, positivity, and active spirit. To Camilla and Pierangelo, for sharing time



60 CHAPTER 6. OUTLOOK

with me both in Stockholm and Savona, where we never fail to eat well, talk about
politics, and, from my side, learn something new. To Kostas, you are one of the
sweetest people I know, and I am grateful that you chose to share some of your
time and thoughts with me. To Laila, for your ample perspective, your patience,
and your consideration for the people around you. To Janosch and Selina, for
the feeling of familiarity that I get when I am with you, for welcoming me to dis-
tillation events, and for your strong support and care (e.g. in the form of cakes)
during my thesis writing. To Carlos, for our collaborations, for the feeling that
I can speak openly with you (and thus annoy you), and for your honest opinions,
which I appreciate even — especially — when they are not what I want to hear.
Moreover, I am honored to be friend of the crazy guy that hiked a snowy Angel’s
Landing in sneakers. To Fritzi, for being my longest-lasting Stockholm friend and
the master of parties. Without you, my social life would have been much flatter.
Thank you also for being my venting companion, for our discussions, over gelato or
beer, ranging from the most serious to the silliest, for taking me to the North, and
still sharing the aurora curse with me.

Inoltre, voglio ringraziare le persone che, da lontano, nel tempo e nello spazio,
mi hanno sostenuta fino a qui. Un ringraziamento va agli ottimi insegnanti che,
a partire dalle maestre Anna e Germana, hanno stimolato e guidato la mia cu-
riosità. Il risultato di questa tesi ha radici nel vostro lavoro. Hannelore, essere
tua coinquilina non solo è stato un piacere ma anche una fortuna, perché amiche
come te sono difficili da trovare. È tempo di organizzare il nostro prossimo viaggio.
Jonida, grazie per la tua gioia contagiosa e l’attenzione verso le persone che ti cir-
condano. Giulio, grazie per le risate e per la tua radicata genovesità che sei riuscito
ad esportare e che mi fa sentire a casa ovunque. Dilvo, Alba, e Mattia, grazie per
l’interesse che avete dimostrato nei miei confronti; le nostre cene, e le forniture di
prodotti dell’orto, mi fanno sempre grande piacere. Oscar, e Alina, la vostra gen-
erosità, che vi ha portato ad aiutarmi in un momento difficile, è straordinaria. Vi
ringrazio per il vostro continuo supporto e per la vostra compagnia. La mia famiglia
pugliese, in particolare zia Tetta, zio Gino, Vincenzo e Riccardo, grazie per
la vostra accoglienza ed il vostro affetto. Zia Nella, grazie per le chiacchierate
che sono per me una vacanza nelle vacanze. Ti voglio bene. Daniele, grazie per
il tuo interesse verso il mio lavoro e la mia vita a Stoccolma. Spero che sfogliare
questa tesi stimoli la tua curiosità. Maria Teresa, grazie per essere stata presente,
seppur con discrezione, nei momenti importanti della mia vita, portando sempre
un soffio di serenità. Isma, grazie per essermi venuta a trovare, per le provviste di
cibo, e per l’energia positiva che mi trasmetti. Willi, Noëmi, Selina, Fabrizio,
Lele e Brigitte, grazie per avermi accolta nella vostra famiglia con naturalezza e
per l’attenzione e la cura che avete nei miei confronti. Amiche, Paola, Stefania,
Erica e Fede, voi ci siete sempre, e per questo non posso ringraziarvi abbastanza.
Guardandovi, vedo donne con personalità diverse ma accomunate dal fatto di essere
diventate eccellenti professioniste nel proprio campo e di avere una sensibilità non
comune. Per questo mi siete di ispirazione. Sono fiera di voi e di noi.

Vorrei, inoltre, rivolgere un pensiero alle persone che purtroppo non ci sono



61

più, ma che mi hanno fortemente e a lungo supportata nel mio percorso fino a qui:
Gina, Tino, Lino, Rita, ed Ezio.

Simon, grazie per scegliere ogni giorno di condividere con me sfide, avventure
e anche le parti noiose della vita. Sono fiera di quello che abbiamo costruito e della
squadra che insieme formiamo.

Infine, Mamma, questa tesi non è in grado di contenere tutto il tuo successo
come genitore. In quanto donna, madre e lavoratrice sei sempre stata d’esempio e
d’ispirazione. Questo successo ti appartiene.

Floria Ottonello Briano,
Stockholm, 30th September 2019





Bibliography

[1] J. Hodgkinson and R. P. Tatam, “Optical gas sensing: A review,” Measurement Science
and Technology, vol. 24, no. 1, p. 012004, 2013.

[2] I. E. Gordon, L. S. Rothman, C. Hill, R. V. Kochanov, Y. Tan, P. F. Bernath, M. Birk,
V. Boudon, A. Campargue, K. V. Chance, B. J. Drouin, J. M. Flaud, R. R. Gamache, J. T.
Hodges, D. Jacquemart, V. I. Perevalov, A. Perrin, K. P. Shine, M. A. H. Smith, J. Tennyson,
G. C. Toon, H. Tran, V. G. Tyuterev, A. Barbe, A. G. Császár, V. M. Devi, T. Furtenbacher,
J. J. Harrison, J. M. Hartmann, A. Jolly, T. J. Johnson, T. Karman, I. Kleiner, A. A.
Kyuberis, J. Loos, O. M. Lyulin, S. T. Massie, S. N. Mikhailenko, N. Moazzen-Ahmadi,
H. S. P. Müller, O. V. Naumenko, A. V. Nikitin, O. L. Polyansky, M. Rey, M. Rotger, S. W.
Sharpe, K. Sung, E. Starikova, S. A. Tashkun, J. V. Auwera, G. Wagner, J. Wilzewski,
P. Wcisło, S. Yu, and E. J. Zak, “The HITRAN2016 molecular spectroscopic database,”
Journal of Quantitative Spectroscopy and Radiative Transfer, vol. 203, pp. 3–69, Dec. 2017.

[3] R. F. Keeling and C. D. Keeling, “Scripps CO2 Program Data,”
http://doi.org/10.6075/J0542KSG, 2017.

[4] A. A. Lacis, G. A. Schmidt, D. Rind, and R. A. Ruedy, “Atmospheric CO2: Principal
Control Knob Governing Earth’s Temperature,” Science, vol. 330, no. 6002, pp. 356–359,
Oct. 2010.

[5] H. D. Matthews, N. P. Gillett, P. A. Stott, and K. Zickfeld, “The proportionality of global
warming to cumulative carbon emissions,” Nature, vol. 459, no. 7248, pp. 829–832, Jun.
2009.

[6] M. Z. Jacobson, “On the causal link between carbon dioxide and air pollution mortality,”
Geophysical Research Letters, vol. 35, no. 3, Feb. 2008.

[7] A. Guais, G. Brand, L. Jacquot, M. Karrer, S. Dukan, G. Grévillot, T. J. Molina, J. Bonte,
M. Regnier, and L. Schwartz, “Toxicity of Carbon Dioxide: A Review,” Chemical Research
in Toxicology, vol. 24, no. 12, pp. 2061–2070, Dec. 2011.

[8] U. Satish, M. J. Mendell, K. Shekhar, T. Hotchi, D. Sullivan, S. Streufert, and W. J. Fisk,
“Is CO2 an Indoor Pollutant? Direct Effects of Low-to-Moderate CO2 Concentrations on
Human Decision-Making Performance,” Environmental Health Perspectives, vol. 120, no. 12,
pp. 1671–1677, Dec. 2012.

[9] J. G. Allen, P. MacNaughton, U. Satish, S. Santanam, J. Vallarino, and J. D. Spengler,
“Associations of Cognitive Function Scores with Carbon Dioxide, Ventilation, and Volatile
Organic Compound Exposures in Office Workers: A Controlled Exposure Study of Green
and Conventional Office Environments,” Environmental Health Perspectives, vol. 124, no. 6,
pp. 805–812, Jun. 2016.

63



64 BIBLIOGRAPHY

[10] J. G. Allen, P. MacNaughton, J. G. Cedeno-Laurent, X. Cao, S. Flanigan, J. Vallarino,
F. Rueda, D. Donnelly-McLay, and J. D. Spengler, “Airplane pilot flight performance on
21 maneuvers in a flight simulator under varying carbon dioxide concentrations,” Journal
of Exposure Science & Environmental Epidemiology, p. 1, Aug. 2018.

[11] C. Hällsjö Sander, M. Hallbäck, M. Wallin, P. Emtell, A. Oldner, and H. Björne, “Novel
continuous capnodynamic method for cardiac output assessment during mechanical venti-
lation,” British Journal of Anaesthesia, vol. 112, no. 5, pp. 824–831, May 2014.

[12] C. Hällsjö Sander, P.-A. Lönnqvist, M. Hallbäck, F. S. Sipmann, M. Wallin, A. Oldner,
and H. Björne, “Capnodynamic assessment of effective lung volume during cardiac output
manipulations in a porcine model,” Journal of Clinical Monitoring and Computing, vol. 30,
no. 6, pp. 761–769, Dec. 2016.

[13] T. S. Sigmundsson, T. Öhman, M. Hallbäck, E. Redondo, F. S. Sipmann, M. Wallin, A. Old-
ner, C. Hällsjö Sander, and H. Björne, “Performance of a capnodynamic method estimating
effective pulmonary blood flow during transient and sustained hypercapnia,” Journal of
Clinical Monitoring and Computing, vol. 32, no. 2, pp. 311–319, Apr. 2018.

[14] T. Sigmundsson, “Performance of a revised capnodynamic method for cardiac output mon-
itoring,” Ph.D. dissertation, Inst för fysiologi och farmakologi / Dept of Physiology and
Pharmacology, Apr. 2019.

[15] P. J. Peyton, M. Wallin, and M. Hallbäck, “New generation continuous cardiac output
monitoring from carbon dioxide elimination,” BMC Anesthesiology, vol. 19, no. 1, p. 28,
Feb. 2019.

[16] D. Jung, S. Bank, M. L. Lee, and D. Wasserman, “Next-generation mid-infrared sources,”
Journal of Optics, vol. 19, no. 12, p. 123001, Nov. 2017.

[17] H. Lin, Z. Luo, T. Gu, L. C. Kimerling, K. Wada, A. Agarwal, and J. Hu, “Mid-infrared
integrated photonics on silicon: A perspective,” Nanophotonics, vol. 7, no. 2, 2017.

[18] J. Fedeli and S. Nicoletti, “Mid-Infrared (Mid-IR) Silicon-Based Photonics,” Proceedings of
the IEEE, vol. 106, no. 12, pp. 1–11, 2018.

[19] A. Tittl, A.-K. U. Michel, M. Schäferling, X. Yin, B. Gholipour, L. Cui, M. Wuttig, T. Taub-
ner, F. Neubrech, and H. Giessen, “A Switchable Mid-Infrared Plasmonic Perfect Absorber
with Multispectral Thermal Imaging Capability,” Advanced Materials, vol. 27, no. 31, pp.
4597–4603, 2015.

[20] Z. Cheng, C. Qin, F. Wang, H. He, and K. Goda, “Progress on mid-IR graphene photonics
and biochemical applications,” Frontiers of Optoelectronics, vol. 9, no. 2, pp. 259–269, Mar.
2016.

[21] T. Hu, B. Dong, X. Luo, T.-Y. Liow, J. Song, C. Lee, and G.-Q. Lo, “Silicon photonic
platforms for mid-infrared applications,” Photonics Research, vol. 5, no. 5, pp. 417–430,
Oct. 2017.

[22] S. Deckoff-Jones, H. Lin, D. M. Kita, H. Zheng, D. Li, W. Zhang, and J. Hu, “Chalco-
genide glass waveguide-integrated black phosphorus mid-infrared photodetectors,” Journal
of Optics, vol. 20, no. 4, 2018.

[23] L. Huang, B. Dong, X. Guo, Y. Chang, N. Chen, X. Huang, W. Liao, C. Zhu, H. Wang,
C. Lee, and K.-W. Ang, “Waveguide-Integrated Black Phosphorus Photodetector for Mid-
Infrared Applications,” ACS Nano, Dec. 2018.



BIBLIOGRAPHY 65

[24] Y. Zou, S. Chakravarty, C.-J. Chung, X. Xu, and R. T. Chen, “Mid-infrared silicon photonic
waveguides and devices [Invited],” Photonics Research, vol. 6, no. 4, pp. 254–276, Apr. 2018.

[25] J. D. Jackson, Classical Electrodynamics, 3rd ed. Wiley, 1998.

[26] G. Lifante, Integrated Photonics: Fundamentals. Wiley, 2005.

[27] M. Hammer, K. R. Hiremath, and R. Stoffer, “Analytical Approaches to the Description of
Optical Microresonator Devices,” AIP Conference Proceedings, vol. 709, no. 1, pp. 48–71,
May 2004.

[28] W. Bogaerts, P. De Heyn, T. Van Vaerenbergh, K. De Vos, S. Kumar Selvaraja, T. Claes,
P. Dumon, P. Bienstman, D. Van Thourhout, and R. Baets, “Silicon microring resonators,”
Laser & Photonics Reviews, vol. 6, no. 1, pp. 47–73, Jan. 2012.

[29] D. M. Kita, J. Michon, S. G. Johnson, and J. Hu, “Are slot and sub-wavelength grating
waveguides better than strip waveguides for sensing?” Optica, vol. 5, no. 9, pp. 1046–1054,
Sep. 2018.

[30] J. T. Robinson, K. Preston, O. Painter, and M. Lipson, “First-principle derivation of gain
in high-index-contrast waveguides,” Optics Express, vol. 16, no. 21, pp. 16 659–16 669, Oct.
2008.

[31] G. J. Veldhuis, O. Parriaux, H. J. W. M. Hoekstra, and P. V. Lambeck, “Sensitivity enhance-
ment in evanescent optical waveguide sensors,” Journal of Lightwave Technology, vol. 18,
no. 5, pp. 677–682, May 2000.

[32] V. Lucarini, K.-E. Peiponen, J. J. Saarinen, and E. M. Vartiainen, Kramers-Kronig Re-
lations in Optical Materials Research, ser. Springer Series in Optical Sciences. Berlin,
Heidelberg: Springer, Berlin, Heidelberg, 2005, vol. 110.

[33] C. Errando-Herranz, “Photonic MEMS for optical information technologies,” Ph.D. disser-
tation, KTH Royal Institute of Technology, 2018.

[34] H. Hara and Y. Nishi, “Free Carrier Absorption in p-Type Silicon,” Journal of the Physical
Society of Japan, vol. 21, no. 6, p. 1222, 1966.

[35] G. Z. Mashanovich, M. M. Milo?evi?, M. Nedeljkovic, N. Owens, B. Xiong, E. J. Teo, and
Y. Hu, “Low loss silicon waveguides for the mid-infrared,” Optics Express, vol. 19, no. 8,
pp. 7112–7119, Apr. 2011.

[36] N. Hattasan, B. Kuyken, F. Leo, E. Ryckeboer, D. Vermeulen, and G. Roelkens, “High-
Efficiency SOI Fiber-to-Chip Grating Couplers and Low-Loss Waveguides for the Short-
Wave Infrared,” IEEE Photonics Technology Letters, vol. 24, no. 17, pp. 1536–1538, Sep.
2012.

[37] M. M. Milošević, M. Nedeljkovic, T. M. B. Masaud, E. Jaberansary, H. M. H. Chong, N. G.
Emerson, G. T. Reed, and G. Z. Mashanovich, “Silicon waveguides and devices for the
mid-infrared,” Applied Physics Letters, vol. 101, no. 12, p. 121105, Sep. 2012.

[38] M. Muneeb, X. Chen, P. Verheyen, G. Lepage, S. Pathak, E. Ryckeboer, A. Malik,
B. Kuyken, M. Nedeljkovic, J. V. Campenhout, G. Z. Mashanovich, and G. Roelkens,
“Demonstration of Silicon-on-insulator mid-infrared spectrometers operating at 3.8µm,”
Optics Express, vol. 21, no. 10, pp. 11 659–11 669, May 2013.



66 BIBLIOGRAPHY

[39] G. Roelkens, U. D. Dave, A. Gassenq, N. Hattasan, C. Hu, B. Kuyken, F. Leo, A. Malik,
M. Muneeb, E. Ryckeboer, D. Sanchez, S. Uvin, R. Wang, Z. Hens, R. Baets, Y. Shimura,
F. Gencarelli, B. Vincent, R. Loo, J. V. Campenhout, L. Cerutti, J. B. Rodriguez,
E. Tournié, X. Chen, M. Nedeljkovic, G. Mashanovich, L. Shen, N. Healy, A. C. Pea-
cock, X. Liu, R. Osgood, and W. M. J. Green, “Silicon-Based Photonic Integration Beyond
the Telecommunication Wavelength Range,” IEEE Journal of Selected Topics in Quantum
Electronics, vol. 20, no. 4, pp. 394–404, Jul. 2014.

[40] J. Soler Penadés, A. Z. Khokhar, M. Nedeljkovic, and G. Z. Mashanovich, “Low-Loss Mid-
Infrared SOI Slot Waveguides,” IEEE Photonics Technology Letters, vol. 27, no. 11, pp.
1197–1199, Jun. 2015.

[41] M. Rouifed, C. G. Littlejohns, T. X. Guo, H. Qiu, T. Hu, Z. Zhang, C. Liu, G. T. Reed, and
H. Wang, “Low Loss SOI Waveguides and MMIs at the MIR wavelength of 2 um,” IEEE
Photonics Technology Letters, vol. PP, no. 99, pp. 1–1, 2016.

[42] B. Dong, X. Guo, C. P. Ho, B. Li, H. Wang, C. Lee, X. Luo, and G. Q. Lo, “Silicon-
on-Insulator Waveguide Devices for Broadband Mid-Infrared Photonics,” IEEE Photonics
Journal, vol. 9, no. 3, pp. 1–10, Jun. 2017.

[43] H. H. Li, “Refractive index of silicon and germanium and its wavelength and temperature
derivatives,” Journal of Physical and Chemical Reference Data, vol. 9, no. 3, pp. 561–658,
Jul. 1980.

[44] J. Kischkat, S. Peters, B. Gruska, M. Semtsiv, M. Chashnikova, M. Klinkmüller, O. Fe-
dosenko, S. Machulik, A. Aleksandrova, G. Monastyrskyi, Y. Flores, and W. T. Masselink,
“Mid-infrared optical properties of thin films of aluminum oxide, titanium dioxide, silicon
dioxide, aluminum nitride, and silicon nitride,” Applied Optics, vol. 51, no. 28, pp. 6789–
6798, Oct. 2012.

[45] C. Wild and E. Wörner, “The CVD diamond booklet.”

[46] S. Adachi, “Optical dispersion relations for GaP, GaAs, GaSb, InP, InAs, InSb, AlxGa1-
xAs, and In1-xGaxAsyP1-y,” Journal of Applied Physics, vol. 66, no. 12, pp. 6030–6040,
Dec. 1989.

[47] A. D. Rakić and M. L. Majewski, “Modeling the optical dielectric function of GaAs and
AlAs: Extension of Adachi’s model,” Journal of Applied Physics, vol. 80, no. 10, pp. 5909–
5914, Nov. 1996.

[48] S. A. Miller, M. Yu, X. Ji, A. G. Griffith, J. Cardenas, A. L. Gaeta, and M. Lipson, “Low-loss
silicon platform for broadband mid-infrared photonics,” Optica, vol. 4, no. 7, pp. 707–712,
Jul. 2017.

[49] Z. Cheng, X. Chen, C. Y. Wong, K. Xu, and H. K. Tsang, “Mid-infrared Suspended Mem-
brane Waveguide and Ring Resonator on Silicon-on-Insulator,” IEEE Photonics Journal,
vol. 4, no. 5, pp. 1510–1519, Oct. 2012.

[50] Y. Xia, C. Qiu, X. Zhang, W. Gao, J. Shu, and Q. Xu, “Suspended Si ring resonator for
mid-IR application,” Optics Letters, vol. 38, no. 7, pp. 1122–1124, Apr. 2013.

[51] J. Soler Penadés, C. Alonso-Ramos, A. Z. Khokhar, M. Nedeljkovic, L. A. Boodhoo,
A. Ortega-Moñux, I. Molina-Fernández, P. Cheben, and G. Z. Mashanovich, “Suspended
SOI waveguide with sub-wavelength grating cladding for mid-infrared,” Optics Letters,
vol. 39, no. 19, pp. 5661–5664, Oct. 2014.



BIBLIOGRAPHY 67

[52] J. Soler Penadés, A. Ortega-Moñux, M. Nedeljkovic, J. G. Wangüemert-Pérez, R. Halir,
A. Z. Khokhar, C. Alonso-Ramos, Z. Qu, I. Molina-Fernández, P. Cheben, and G. Z.
Mashanovich, “Suspended silicon mid-infrared waveguide devices with subwavelength grat-
ing metamaterial cladding,” Optics Express, vol. 24, no. 20, p. 22908, Oct. 2016.

[53] J. Soler Penadés, A. Sánchez-Postigo, M. Nedeljkovic, A. Ortega-Moñux, J. G. Wangüemert-
Pérez, Y. Xu, R. Halir, Z. Qu, A. Z. Khokhar, A. Osman, W. Cao, C. G. Littlejohns,
P. Cheben, I. Molina-Fernández, and G. Z. Mashanovich, “Suspended silicon waveguides for
long-wave infrared wavelengths,” Optics Letters, vol. 43, no. 4, pp. 795–798, Feb. 2018.

[54] W. Zhou, Z. Cheng, X. Wu, X. Sun, and H. K. Tsang, “Fully suspended slot waveguide
platform,” Journal of Applied Physics, vol. 123, no. 6, p. 063103, Feb. 2018.

[55] P. T. Lin, V. Singh, J. Wang, H. Lin, J. Hu, K. Richardson, J. D. Musgraves, I. Luzinov,
J. Hensley, L. C. Kimerling, and A. Agarwal, “Si-CMOS compatible materials and devices
for mid-IR microphotonics,” Optical Materials Express, vol. 3, no. 9, pp. 1474–1487, 2013.

[56] C. Reimer, M. Nedeljkovic, D. J. M. Stothard, M. O. S. Esnault, C. Reardon, L. O’Faolain,
M. Dunn, G. Z. Mashanovich, and T. F. Krauss, “Mid-infrared photonic crystal waveguides
in silicon,” Optics Express, vol. 20, no. 28, p. 29361, Dec. 2012.

[57] R. Shankar and M. Lončar, “Silicon photonic devices for mid-infrared applications,”
Nanophotonics, vol. 3, no. 4-5, pp. 329–341, 2013.

[58] R. Siebert and J. Müller, “Infrared integrated optical evanescent field sensor for gas analysis
- Part I System design,” Sensors and Actuators A: Physical, vol. 119, no. 1, pp. 138–149,
Mar. 2005.

[59] P. T. Lin, V. Singh, Y. Cai, L. C. Kimerling, and A. Agarwal, “Air-clad silicon pedestal
structures for broadband mid-infrared microphotonics,” Optics Letters, vol. 38, no. 7, pp.
1031–1033, Apr. 2013.

[60] T. Baehr-Jones, A. Spott, R. Ilic, A. Spott, B. Penkov, W. Asher, and M. Hochberg,
“Silicon-on-sapphire integrated waveguides for the mid-infrared,” Optics Express, vol. 18,
no. 12, pp. 12 127–12 135, Jun. 2010.

[61] F. Li, S. D. Jackson, C. Grillet, E. Magi, D. Hudson, S. J. Madden, Y. Moghe, C. O’Brien,
A. Read, S. G. Duvall, P. Atanackovic, B. J. Eggleton, and D. J. Moss, “Low propagation
loss silicon-on-sapphire waveguides for the mid-infrared,” Optics Express, vol. 19, no. 16,
pp. 15 212–15 220, Aug. 2011.

[62] Z. Cheng, X. Chen, C. Y. Wong, K. Xu, C. K. Y. Fung, Y. M. Chen, and H. K. Tsang, “Mid-
Infrared Grating Couplers for Silicon-on-Sapphire Waveguides,” IEEE Photonics Journal,
vol. 4, no. 1, pp. 104–113, Feb. 2012.

[63] Y. Zou, H. Subbaraman, S. Chakravarty, X. Xu, A. Hosseini, W.-C. Lai, P. Wray, and
R. T. Chen, “Grating-coupled silicon-on-sapphire integrated slot waveguides operating at
mid-infrared wavelengths,” Optics Letters, vol. 39, no. 10, pp. 3070–3073, May 2014.

[64] A. Spott, Y. Liu, T. Baehr-Jones, R. Ilic, and M. Hochberg, “Silicon waveguides and ring
resonators at 5.5 Mm,” Applied Physics Letters, vol. 97, no. 21, pp. 213 501+, 2010.

[65] C. Y. Wong, Z. Cheng, X. Chen, K. Xu, C. K. Y. Fung, Y. M. Chen, and H. K. Tsang,
“Characterization of Mid-Infrared Silicon-on-Sapphire Microring Resonators With Thermal
Tuning,” IEEE Photonics Journal, vol. 4, no. 4, pp. 1095–1102, Aug. 2012.



68 BIBLIOGRAPHY

[66] R. Shankar, I. Bulu, and M. Lončar, “Integrated high-quality factor silicon-on-sapphire ring
resonators for the mid-infrared,” Applied Physics Letters, vol. 102, no. 5, p. 051108, Feb.
2013.

[67] C. J. Smith, R. Shankar, M. Laderer, M. B. Frish, M. Loncar, and M. G. Allen, “Sensing
nitrous oxide with QCL-coupled silicon-on-sapphire ring resonators,” Optics Express, vol. 23,
no. 5, pp. 5491–5499, 2015.

[68] Y. Zou, S. Chakravarty, and R. T. Chen, “Mid-infrared silicon-on-sapphire waveguide cou-
pled photonic crystal microcavities,” Applied Physics Letters, vol. 107, no. 8, p. 081109,
Aug. 2015.

[69] Y. Zou, S. Chakravarty, P. Wray, and R. T. Chen, “Experimental demonstration of prop-
agation characteristics of mid-infrared photonic crystal waveguides in silicon-on-sapphire,”
Optics Express, vol. 23, no. 5, pp. 6965–6975, Mar. 2015.

[70] D. Marris-Morini, V. Vakarin, J. M. Ramirez, Q. Liu, A. Ballabio, J. Frigerio, M. Mon-
tesinos, C. Alonso-Ramos, R. X. Le, S. Serna, D. Benedikovic, D. Chrastina, L. Vivien, and
G. Isella, “Germanium-based integrated photonics from near- to mid-infrared applications,”
Nanophotonics, vol. 7, no. 11, pp. 1781–1793, 2018.

[71] Y.-C. Chang, V. Paeder, L. Hvozdara, J.-M. Hartmann, and H. P. Herzig, “Low-loss ger-
manium strip waveguides on silicon for the mid-infrared,” Optics Letters, vol. 37, no. 14,
pp. 2883–2885, Jul. 2012.

[72] A. Malik, M. Muneeb, Y. Shimura, J. van Campenhout, R. Loo, and G. Roelkens,
“Germanium-on-silicon mid-infrared waveguides and Mach-Zehnder interferometers,” in
2013 IEEE Photonics Conference (IPC), Sep. 2013, pp. 104–105.

[73] A. Malik, M. Muneeb, S. Pathak, Y. Shimura, J. V. Campenhout, R. Loo, and G. Roelkens,
“Germanium-on-Silicon Mid-Infrared Arrayed Waveguide Grating Multiplexers,” IEEE
Photonics Technology Letters, vol. 25, no. 18, pp. 1805–1808, Sep. 2013.

[74] A. Malik, M. Muneeb, Y. Shimura, J. Van Campenhout, R. Loo, and G. Roelkens,
“Germanium-on-silicon planar concave grating wavelength (de)multiplexers in the mid-
infrared,” Applied Physics Letters, vol. 103, no. 16, p. 161119, Oct. 2013.

[75] M. Nedeljkovic, J. S. Penadés, C. J. Mitchell, A. Z. Khokhar, S. Stanković, T. D. Bucio, C. G.
Littlejohns, F. Y. Gardes, and G. Z. Mashanovich, “Surface-Grating-Coupled Low-Loss Ge-
on-Si Rib Waveguides and Multimode Interferometers,” IEEE Photonics Technology Letters,
vol. 27, no. 10, pp. 1040–1043, May 2015.

[76] M. Nedeljkovic, J. S. Penades, V. Mittal, G. S. Murugan, A. Z. Khokhar, C. Littlejohns,
L. G. Carpenter, C. B. E. Gawith, J. S. Wilkinson, and G. Z. Mashanovich, “Germanium-
on-silicon waveguides operating at mid-infrared wavelengths up to 8.5 um,” Optics Express,
vol. 25, no. 22, pp. 27 431–27 441, Oct. 2017.

[77] B. Troia, J. S. Penades, A. Z. Khokhar, M. Nedeljkovic, C. Alonso-Ramos, V. M. N. Passaro,
and G. Z. Mashanovich, “Germanium-on-silicon Vernier-effect photonic microcavities for the
mid-infrared,” Optics Letters, vol. 41, no. 3, pp. 610–613, Feb. 2016.

[78] C. Alonso-Ramos, M. Nedeljkovic, D. Benedikovic, J. S. Penadés, C. G. Littlejohns, A. Z.
Khokhar, D. Pérez-Galacho, L. Vivien, P. Cheben, and G. Z. Mashanovich, “Germanium-on-
silicon mid-infrared grating couplers with low-reflectivity inverse taper excitation,” Optics
Letters, vol. 41, no. 18, p. 4324, Sep. 2016.



BIBLIOGRAPHY 69

[79] S. Radosavljevic, B. Kuyken, and G. Roelkens, “Efficient 5.2 um wavelength fiber-to-chip
grating couplers for the Ge-on-Si and Ge-on-SOI mid-infrared waveguide platform,” Optics
Express, vol. 25, no. 16, pp. 19 034–19 042, Aug. 2017.

[80] U. Younis, S. K. Vanga, A. E.-J. Lim, P. G.-Q. Lo, A. A. Bettiol, and K.-W. Ang,
“Germanium-on-SOI waveguides for mid-infrared wavelengths,” Optics Express, vol. 24,
no. 11, pp. 11 987–11 993, May 2016.

[81] U. Younis, A. E. Lim, P. G. Lo, A. A. Bettiol, and K. Ang, “Propagation Loss Improvement
in Ge-on-SOI Mid-Infrared Waveguides Using Rapid Thermal Annealing,” IEEE Photonics
Technology Letters, vol. 28, no. 21, pp. 2447–2450, Nov. 2016.

[82] A. Osman, M. Nedeljkovic, J. S. Penades, Y. Wu, Z. Qu, A. Z. Khokhar, K. Debnath, and
G. Z. Mashanovich, “Suspended low-loss germanium waveguides for the longwave infrared,”
Optics Letters, vol. 43, no. 24, pp. 5997–6000, Dec. 2018.

[83] S. Radosavljevic, N. T. Beneitez, A. Katumba, M. Muneeb, M. Vanslembrouck, B. Kuyken,
and G. Roelkens, “Mid-infrared Vernier racetrack resonator tunable filter implemented on a
germanium on SOI waveguide platform [Invited],” Optical Materials Express, vol. 8, no. 4,
pp. 824–835, Apr. 2018.

[84] M. Brun, P. Labeye, G. Grand, J.-M. Hartmann, F. Boulila, M. Carras, and S. Nicoletti,
“Low loss SiGe graded index waveguides for mid-IR applications,” Optics Express, vol. 22,
no. 1, pp. 508–518, Jan. 2014.

[85] P. Barritault, M. Brun, P. Labeye, J.-M. Hartmann, F. Boulila, M. Carras, and S. Nicoletti,
“Design, fabrication and characterization of an AWG at 4.5 um,” Optics Express, vol. 23,
no. 20, pp. 26 168–26 181, Oct. 2015.

[86] J. M. Ramirez, V. Vakarin, C. Gilles, J. Frigerio, A. Ballabio, P. Chaisakul, X. L. Roux,
C. Alonso-Ramos, G. Maisons, L. Vivien, M. Carras, G. Isella, and D. Marris-Morini, “Low-
loss Ge-rich Si0.2Ge0.8 waveguides for mid-infrared photonics,” Optics Letters, vol. 42, no. 1,
pp. 105–108, Jan. 2017.

[87] J. M. Ramirez, Q. Liu, V. Vakarin, J. Frigerio, A. Ballabio, X. L. Roux, D. Bouville,
L. Vivien, G. Isella, and D. Marris-Morini, “Graded SiGe waveguides with broadband low-
loss propagation in the mid infrared,” Optics Express, vol. 26, no. 2, pp. 870–877, Jan.
2018.

[88] J. M. Ramirez, V. Vakarin, J. Frigerio, P. Chaisakul, D. Chrastina, X. L. Roux, A. Ballabio,
L. Vivien, G. Isella, and D. Marris-Morini, “Ge-rich graded-index Si1-xGex waveguides with
broadband tight mode confinement and flat anomalous dispersion for nonlinear mid-infrared
photonics,” Optics Express, vol. 25, no. 6, pp. 6561–6567, Mar. 2017.

[89] V. Vakarin, J. M. Ramírez, J. Frigerio, Q. Liu, A. Ballabio, X. Le Roux, C. Alonso-Ramos,
G. Isella, P. Cheben, W. N. Ye, L. Vivien, and D. Marris-Morini, “Wideband Ge-Rich SiGe
Polarization-Insensitive Waveguides for Mid-Infrared Free-Space Communications,” Applied
Sciences, vol. 8, no. 7, p. 1154, Jul. 2018.

[90] M. Sinobad, C. Monat, B. Luther-davies, P. Ma, S. Madden, D. J. Moss, A. Mitchell,
D. Allioux, R. Orobtchouk, S. Boutami, J.-M. Hartmann, J.-M. Fedeli, and C. Grillet,
“Mid-infrared octave spanning supercontinuum generation to 8.5 um in silicon-germanium
waveguides,” Optica, vol. 5, no. 4, pp. 360–366, Apr. 2018.

[91] J. Kang, M. Takenaka, and S. Takagi, “Novel Ge waveguide platform on Ge-on-insulator
wafer for mid-infrared photonic integrated circuits,” Optics Express, vol. 24, no. 11, pp.
11 855–11 864, May 2016.



70 BIBLIOGRAPHY

[92] T.-H. Xiao, Z. Zhao, W. Zhou, C.-Y. Chang, S. Y. Set, M. Takenaka, H. K. Tsang, Z. Cheng,
and K. Goda, “Mid-infrared high-Q germanium microring resonator,” Optics Letters, vol. 43,
no. 12, pp. 2885–2888, Jun. 2018.

[93] T.-H. Xiao, Z. Zhao, W. Zhou, M. Takenaka, H. K. Tsang, Z. Cheng, and K. Goda, “Mid-
infrared germanium photonic crystal cavity,” Optics Letters, vol. 42, no. 15, pp. 2882–2885,
Aug. 2017.

[94] J. Kang, Z. Cheng, W. Zhou, T.-H. Xiao, K.-L. Gopalakrisna, M. Takenaka, H. K. Tsang,
and K. Goda, “Focusing subwavelength grating coupler for mid-infrared suspended mem-
brane germanium waveguides,” Optics Letters, vol. 42, no. 11, pp. 2094–2097, Jun. 2017.

[95] W. Li, P. Anantha, S. Bao, K. H. Lee, X. Guo, T. Hu, L. Zhang, H. Wang, R. Soref, and
C. S. Tan, “Germanium-on-silicon nitride waveguides for mid-infrared integrated photonics,”
Applied Physics Letters, vol. 109, no. 24, p. 241101, Dec. 2016.

[96] N. Hô, M. C. Phillips, H. Qiao, P. J. Allen, K. Krishnaswami, B. J. Riley, T. L. Myers, and
N. C. Anheier, “Single-mode low-loss chalcogenide glass waveguides for the mid-infrared,”
Optics Letters, vol. 31, no. 12, pp. 1860–1862, Jun. 2006.

[97] C. Tsay, E. Mujagić, C. K. Madsen, C. F. Gmachl, and C. B. Arnold, “Mid-infrared char-
acterization of solution-processed As2S3 chalcogenide glass waveguides,” Optics Express,
vol. 18, no. 15, pp. 15 523–15 530, Jul. 2010.

[98] P. Ma, D.-Y. Choi, Y. Yu, X. Gai, Z. Yang, S. Debbarma, S. Madden, and B. Luther-Davies,
“Low-loss chalcogenide waveguides for chemical sensing in the mid-infrared,” Optics Express,
vol. 21, no. 24, pp. 29 927–29 937, Dec. 2013.

[99] H. Lin, L. Li, Y. Zou, S. Danto, J. D. Musgraves, K. Richardson, S. Kozacik, M. Murakowski,
D. Prather, P. T. Lin, V. Singh, A. Agarwal, L. C. Kimerling, and J. Hu, “Demonstration of
high-Q mid-infrared chalcogenide glass-on-silicon resonators,” Optics Letters, vol. 38, no. 9,
pp. 1470–1472, May 2013.

[100] A. Gutierrez-Arroyo, E. Baudet, L. Bodiou, J. Lemaitre, I. Hardy, F. Faijan, B. Bureau,
V. Nazabal, and J. Charrier, “Optical characterization at 7.7 Mm of an integrated plat-
form based on chalcogenide waveguides for sensing applications in the mid-infrared,” Optics
Express, vol. 24, no. 20, pp. 23 109–23 117, Oct. 2016.

[101] V. Mittal, N. P. Sessions, J. S. Wilkinson, and G. S. Murugan, “Optical quality ZnSe films
and low loss waveguides on Si substrates for mid-infrared applications,” Optical Materials
Express, vol. 7, no. 3, pp. 712–725, Mar. 2017.

[102] M. Vlk, H. D. Yallew, V. Mittal, G. S. Murugan, and J. Jágerská, “Trace Gas Spectroscopy
with Mid-Infrared Nanophotonic Waveguides,” in Conference on Lasers and Electro-Optics
(2019), Paper STh1F.1. Optical Society of America, May 2019, p. STh1F.1.

[103] P. Ma, D.-Y. Choi, Y. Yu, Z. Yang, K. Vu, T. Nguyen, A. Mitchell, B. Luther-Davies, and
S. Madden, “High Q factor chalcogenide ring resonators for cavity-enhanced MIR spectro-
scopic sensing,” Optics Express, vol. 23, no. 15, pp. 19 969–19 979, Jul. 2015.

[104] D. Kita, H. Lin, J. Li, Z. Han, P. Su, T. Gu, A. Agarwal, A. Yadav, K. Richardson, and
J. Hu, “Suspended chalcogenide microcavities for ultra-sensitive chemical detection,” in
2016 IEEE SENSORS, Oct. 2016, pp. 1–3.

[105] P. Xu, Z. Yu, X. Shen, and S. Dai, “High quality factor and high sensitivity chalcogenide
1D photonic crystal microbridge cavity for mid-infrared sensing,” Optics Communications,
vol. 382, pp. 361–365, Jan. 2017.



BIBLIOGRAPHY 71

[106] T. Jin, J. Zhou, H.-Y. G. Lin, and P. T. Lin, “Mid-Infrared Chalcogenide Waveguides for
Real-Time and Nondestructive Volatile Organic Compound Detection,” Analytical Chem-
istry, vol. 91, no. 1, pp. 817–822, Jan. 2019.

[107] A. Gutierrez-Arroyo, L. Bodiou, J. Lemaitre, E. Baudet, M. Baillieul, I. Hardy, C. Caillaud,
F. Colas, K. Boukerma, E. Rinnert, K. Michel, B. Bureau, V. Nazabal, and J. Charrier,
“Development of integrated platform based on chalcogenides for sensing applications in the
mid-infrared,” in Integrated Optics: Devices, Materials, and Technologies XXII, vol. 10535.
International Society for Optics and Photonics, Mar. 2018, p. 1053513.

[108] Z. Han, P. Lin, V. Singh, L. Kimerling, J. Hu, K. Richardson, A. Agarwal, and D. T. H. Tan,
“On-chip mid-infrared gas detection using chalcogenide glass waveguide,” Applied Physics
Letters, vol. 108, no. 14, p. 141106, Apr. 2016.

[109] M. Pi, C. Zheng, R. Bi, H. Zhao, L. Liang, Y. Zhang, Y. Wang, and F. K. Tittel, “Design
of a mid-infrared suspended chalcogenide/silica-on-silicon slot-waveguide spectroscopic gas
sensor with enhanced light-gas interaction effect,” Sensors and Actuators B: Chemical, vol.
297, p. 126732, Oct. 2019.

[110] P. Su, Z. Han, D. Kita, P. Becla, H. Lin, S. Deckoff-Jones, K. Richardson, L. C. Kimerling,
J. Hu, and A. Agarwal, “Monolithic on-chip mid-IR methane gas sensor with waveguide-
integrated detector,” Applied Physics Letters, vol. 114, no. 5, p. 051103, Feb. 2019.

[111] X. Gai, D.-Y. Choi, S. Madden, Z. Yang, R. Wang, and B. Luther-Davies, “Supercontinuum
generation in the mid-infrared from a dispersion-engineered As2S3 glass rib waveguide,”
Optics Letters, vol. 37, no. 18, pp. 3870–3872, Sep. 2012.

[112] Y. Yu, X. Gai, P. Ma, D.-Y. Choi, Z. Yang, R. Wang, S. Debbarma, S. J. Madden, and
B. Luther-Davies, “A broadband, quasi-continuous, mid-infrared supercontinuum generated
in a chalcogenide glass waveguide,” Laser & Photonics Reviews, vol. 8, no. 5, pp. 792–798,
2014.

[113] Y. Yu, X. Gai, P. Ma, K. Vu, Z. Yang, R. Wang, D.-Y. Choi, S. Madden, and B. Luther-
Davies, “Experimental demonstration of linearly polarized 2-10 um supercontinuum gener-
ation in a chalcogenide rib waveguide,” Optics Letters, vol. 41, no. 5, pp. 958–961, Mar.
2016.

[114] H. Lin, Y. Song, Y. Huang, D. Kita, S. Deckoff-Jones, K. Wang, L. Li, J. Li, H. Zheng,
Z. Luo, H. Wang, S. Novak, A. Yadav, C.-C. Huang, R.-J. Shiue, D. Englund, T. Gu,
D. Hewak, K. Richardson, J. Kong, and J. Hu, “Chalcogenide glass-on-graphene photonics,”
Nature Photonics, vol. 11, no. 12, p. 798, Dec. 2017.

[115] J. Charrier, M.-L. Brandily, H. Lhermite, K. Michel, B. Bureau, F. Verger, and V. Nazabal,
“Evanescent wave optical micro-sensor based on chalcogenide glass,” Sensors and Actuators
B: Chemical, vol. 173, pp. 468–476, Oct. 2012.

[116] J. Wilkinson, “Characterization and optimization of solution-derived chalcogenide glass thin
films,” All Theses, May 2012.

[117] A. Ródenas, G. Martin, B. Arezki, N. Psaila, G. Jose, A. Jha, L. Labadie, P. Kern, A. Kar,
and R. Thomson, “Three-dimensional mid-infrared photonic circuits in chalcogenide glass,”
Optics Letters, vol. 37, no. 3, pp. 392–394, Feb. 2012.

[118] A. Arriola, S. Mukherjee, D. Choudhury, L. Labadie, and R. R. Thomson, “Ultrafast laser
inscription of mid-IR directional couplers for stellar interferometry,” Optics Letters, vol. 39,
no. 16, pp. 4820–4822, Aug. 2014.



72 BIBLIOGRAPHY

[119] H. L. Butcher, D. G. MacLachlan, D. Lee, R. R. Thomson, and D. Weidmann, “Demonstra-
tion and characterization of ultrafast laser-inscribed mid-infrared waveguides in chalcogenide
glass IG2,” Optics Express, vol. 26, no. 8, pp. 10 930–10 943, Apr. 2018.

[120] P. Masselin, E. Bychkov, and D. L. Coq, “Ultrafast Laser Inscription of High Performance
Mid-Infrared Waveguides in Chalcogenide Glass,” IEEE Photonics Technology Letters, pp.
1–1, 2018.

[121] M. Kang, T. Malendevych, G. Yin, I. B. Murray, M. C. Richardson, J. Hu, I. Mingareev,
and K. A. Richardson, “Scalable laser-written Ge-As-Pb-Se chalcogenide glass-ceramic films
and the realization of infrared gradient refractive index elements,” in Advanced Optics for
Imaging Applications: UV through LWIR IV, vol. 10998. International Society for Optics
and Photonics, May 2019, p. 109980E.

[122] S. Khan, J. Chiles, J. Ma, and S. Fathpour, “Silicon-on-nitride waveguides for mid- and
near-infrared integrated photonics,” Applied Physics Letters, vol. 102, no. 12, p. 121104,
Mar. 2013.

[123] T. Jin, H.-Y. G. Lin, T. Tiwald, and P. T. Lin, “Flexible Mid-infrared Photonic Circuits for
Real-time and Label-Free Hydroxyl Compound Detection,” Scientific Reports, vol. 9, no. 1,
p. 4153, Mar. 2019.

[124] P. T. Lin, H. Jung, L. C. Kimerling, A. Agarwal, and H. X. Tang, “Low-loss aluminium
nitride thin film for mid-infrared microphotonics,” Laser & Photonics Reviews, vol. 8, no. 2,
pp. L23–L28, 2014.

[125] T. Jin, H.-Y. G. Lin, and P. T. Lin, “Monolithically Integrated Si-on-AlN Mid-infrared
Photonic Chips for Real-Time and Label-Free Chemical Sensing,” ACS Applied Materials
& Interfaces, vol. 9, Nov. 2017.

[126] X. Wang, M. Karlsson, P. Forsberg, M. Sieger, F. Nikolajeff, L. Österlund, and B. Mizaikoff,
“Diamonds Are a Spectroscopist’s Best Friend: Thin-Film Diamond Mid-Infrared Waveg-
uides for Advanced Chemical Sensors/Biosensors,” Analytical Chemistry, vol. 86, no. 16,
pp. 8136–8141, Aug. 2014.

[127] M. Malmström, M. Karlsson, P. Forsberg, Y. Cai, F. Nikolajeff, and F. Laurell, “Waveguides
in polycrystalline diamond for mid-IR sensing,” Optical Materials Express, vol. 6, no. 4, p.
1286, Apr. 2016.

[128] J. Haas, E. V. Catalán, P. Piron, F. Nikolajeff, L. Österlund, M. Karlsson, and B. Mizaikoff,
“Polycrystalline Diamond Thin-Film Waveguides for Mid-Infrared Evanescent Field Sen-
sors,” ACS Omega, vol. 3, no. 6, pp. 6190–6198, Jun. 2018.

[129] T. Lewi and A. Katzir, “Silver halide single-mode strip waveguides for the mid-infrared,”
Optics Letters, vol. 37, no. 13, pp. 2733–2735, Jul. 2012.

[130] Y. Chen, H. Lin, J. Hu, and M. Li, “Heterogeneously Integrated Silicon Photonics for the
Mid-Infrared and Spectroscopic Sensing,” ACS Nano, vol. 8, no. 7, pp. 6955–6961, Jul. 2014.

[131] C. Charlton, M. Giovannini, J. Faist, and B. Mizaikoff, “Fabrication and Characterization of
Molecular Beam Epitaxy Grown Thin-Film GaAs Waveguides for Mid-Infrared Evanescent
Field Chemical Sensing,” Analytical Chemistry, vol. 78, no. 12, pp. 4224–4227, Jun. 2006.

[132] M. Sieger and B. Mizaikoff, “Optimizing the design of GaAs/AlGaAs thin-film waveguides
for integrated mid-infrared sensors,” Photonics Research, vol. 4, no. 3, pp. 106–110, Jun.
2016.



BIBLIOGRAPHY 73

[133] M. Nikodem and G. Wysocki, “Molecular dispersion spectroscopy – new capabilities in laser
chemical sensing,” Annals of the New York Academy of Sciences, vol. 1260, no. 1, pp.
101–111, Jul. 2012.

[134] L. A. Sterczewski, J. Westberg, and G. Wysocki, “Molecular dispersion spectroscopy based
on Fabry–Perot quantum cascade lasers,” Optics Letters, vol. 42, no. 2, pp. 243–246, Jan.
2017.

[135] K. Krzempek, K. M. Abramski, and M. Nikodem, “All-fiber mid-infrared difference fre-
quency generation source and its application to molecular dispersion spectroscopy,” Laser
Physics Letters, vol. 14, no. 9, p. 095702, Aug. 2017.

[136] M. Nikodem, G. Plant, D. Sonnenfroh, and G. Wysocki, “Open-path sensor for atmospheric
methane based on chirped laser dispersion spectroscopy,” Applied Physics B, vol. 119, no. 1,
pp. 3–9, Apr. 2015.

[137] P. Jaworski, “Molecular dispersion spectroscopy in a CO2-filled all-fiber gas cells based on
a hollow-core photonic crystal fiber,” Optical Engineering, vol. 58, no. 2, p. 026112, Feb.
2019.

[138] J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho, “Quantum
Cascade Laser,” Science, vol. 264, no. 5158, pp. 553–556, Apr. 1994.

[139] C.-H. Lin, R. Q. Yang, D. Zhang, S. J. Murry, S. S. Pei, A. A. Allerman, and S. R. Kurtz,
“Type-II interband quantum cascade laser at 3.8 um,” Electronics Letters, vol. 33, no. 7,
pp. 598–599, Mar. 1997.

[140] Y. Yao, A. J. Hoffman, and C. F. Gmachl, “Mid-infrared quantum cascade lasers,” Nature
Photonics, vol. 6, no. 7, pp. 432–439, Jul. 2012.

[141] I. Vurgaftman, R. Weih, M. Kamp, J. R. Meyer, C. L. Canedy, C. S. Kim, M. Kim, W. W.
Bewley, C. D. Merritt, J. Abell, and S. Höfling, “Interband cascade lasers,” Journal of
Physics D: Applied Physics, vol. 48, no. 12, p. 123001, Mar. 2015.

[142] S. Latkowski, A. Hänsel, P. J. van Veldhoven, D. D’Agostino, H. Rabbani-Haghighi, B. Doc-
ter, N. Bhattacharya, P. J. A. Thijs, H. P. M. M. Ambrosius, M. K. Smit, K. A. Williams,
and E. a. J. M. Bente, “Monolithically integrated widely tunable laser source operating at
2 um,” Optica, vol. 3, no. 12, pp. 1412–1417, Dec. 2016.

[143] A. Spott, J. Peters, M. L. Davenport, E. J. Stanton, C. D. Merritt, W. W. Bewley, I. Vur-
gaftman, C. S. Kim, J. R. Meyer, J. Kirch, L. J. Mawst, D. Botez, and J. E. Bowers,
“Quantum cascade laser on silicon,” Optica, vol. 3, no. 5, pp. 545–551, May 2016.

[144] D. G. Cahill, “Thermal conductivity measurement from 30 to 750 K: The 3ω method,”
Review of Scientific Instruments, vol. 61, no. 2, pp. 802–808, Feb. 1990.

[145] C. Dames and G. Chen, “1ω, 2ω, and 3ω methods for measurements of thermal properties,”
Review of Scientific Instruments, vol. 76, no. 12, p. 124902, Dec. 2005.

[146] C. Dames, “Measuring the thermal conductivity of thin films: 3 omega and related elec-
trothermal methods,” Annual Review of Heat Transfer, vol. 16, no. 1, pp. 7–49, 2013.

[147] L. Lu, W. Yi, and D. Zhang, “A 3 omega method for specific heat and thermal conductivity
measurements,” Review of Scientific Instruments, vol. 72, no. 7, pp. 2996–3003, Jul. 2001.

[148] T. Borca-Tasciuc, A. R. Kumar, and G. Chen, “Data reduction in 3ω method for thin-film
thermal conductivity determination,” Review of Scientific Instruments, vol. 72, no. 4, pp.
2139–2147, Apr. 2001.



74 BIBLIOGRAPHY

[149] J. Alvarez-Quintana and J. Rodríguez-Viejo, “Extension of the 3ω method to measure the
thermal conductivity of thin films without a reference sample,” Sensors and Actuators A:
Physical, vol. 142, no. 1, pp. 232–236, Mar. 2008.

[150] M. L. Bauer, C. M. Bauer, M. C. Fish, R. E. Matthews, G. T. Garner, A. W. Litchenberger,
and P. M. Norris, “Thin-film aerogel thermal conductivity measurements via 3ω,” Journal
of Non-Crystalline Solids, vol. 357, no. 15, pp. 2960–2965, Jul. 2011.

[151] X. J. Hu, A. A. Padilla, J. Xu, T. S. Fisher, and K. E. Goodson, “3-Omega Measurements
of Vertically Oriented Carbon Nanotubes on Silicon,” Journal of Heat Transfer, vol. 128,
no. 11, pp. 1109–1113, Nov. 2005.

[152] T.-Y. Choi, D. Poulikakos, J. Tharian, and U. Sennhauser, “Measurement of the Thermal
Conductivity of Individual Carbon Nanotubes by the Four-Point Three-ω Method,” Nano
Letters, vol. 6, no. 8, pp. 1589–1593, Aug. 2006.

[153] J.-J. Greffet, R. Carminati, K. Joulain, J.-P. Mulet, S. Mainguy, and Y. Chen, “Coherent
emission of light by thermal sources,” Nature, vol. 416, no. 6876, pp. 61–64, Mar. 2002.

[154] A. C. Jones, B. T. O’Callahan, H. U. Yang, and M. B. Raschke, “The thermal near-field:
Coherence, spectroscopy, heat-transfer, and optical forces,” Progress in Surface Science,
vol. 88, no. 4, pp. 349–392, Dec. 2013.

[155] V. Podolskiy, A. Sarychev, and V. Shalaev, “Plasmon modes and negative refraction in
metal nanowire composites,” Optics Express, vol. 11, no. 7, p. 735, Apr. 2003.

[156] P. Mühlschlegel, H.-J. Eisler, O. J. F. Martin, B. Hecht, and D. W. Pohl, “Resonant Optical
Antennas,” Science, vol. 308, no. 5728, pp. 1607–1609, Jun. 2005.

[157] Y.-Y. Au, H. S. Skulason, S. Ingvarsson, L. J. Klein, and H. F. Hamann, “Thermal radiation
spectra of individual subwavelength microheaters,” Physical Review B, vol. 78, no. 8, Aug.
2008.

[158] L. J. Klein, H. F. Hamann, Y. Y. Au, and S. Ingvarsson, “Coherence properties of infrared
thermal emission from heated metallic nanowires,” Applied Physics Letters, vol. 92, no. 21,
pp. 213 102+, 2008.

[159] O. Elíasson, G. Vasile, and S. Ingvarsson, “Grain growth in Pt microheaters subjected to
high current density under constant power,” Journal of Physics D: Applied Physics, 2018.

[160] A. Maki, R. Stair, and R. Johnston, “Apparatus for the measurement of the normal spectral
emissivity in the infrared,” Journal of Research of the National Bureau of Standards, Section
C: Engineering and Instrumentation, vol. 64C, no. 2, p. 99, Apr. 1960.

[161] E. M. Savitskii, Physical Metallurgy of Refractory Metals and Alloys. Springer US, 1970.

[162] L. N. Aksyutov, “Temperature dependence of the optical constants of tungsten and gold,”
Journal of Applied Spectroscopy, vol. 26, no. 5, pp. 656–660, May 1977.

[163] A. Gassenq, F. Gencarelli, J. V. Campenhout, Y. Shimura, R. Loo, G. Narcy, B. Vincent,
and G. Roelkens, “GeSn/Ge heterostructure short-wave infrared photodetectors on silicon,”
Optics Express, vol. 20, no. 25, pp. 27 297–27 303, Dec. 2012.

[164] H. Cong, C. Xue, J. Zheng, F. Yang, K. Yu, Z. Liu, X. Zhang, B. Cheng, and Q. Wang,
“Silicon Based GeSn p-i-n Photodetector for SWIR Detection,” IEEE Photonics Journal,
vol. 8, no. 5, pp. 1–6, Oct. 2016.



BIBLIOGRAPHY 75

[165] W. Du, S. Ghetmiri, S. Al-Kabi, A. Mosleh, T. Pham, Y. Zhou, H. Tran, G. Sun, R. Soref,
J. Margetis, J. Tolle, B. Li, M. Mortazavi, H. Naseem, and S.-Q. Yu, “Silicon-based GeSn
photodetector and light emitter towards mid-Infrared applications,” in Silicon Photonics
XII, vol. 10108. International Society for Optics and Photonics, Feb. 2017, p. 1010813.

[166] J. Wang, J. Hu, P. Becla, A. M. Agarwal, and L. C. Kimerling, “Resonant-cavity-enhanced
mid-infrared photodetector on a silicon platform,” Optics Express, vol. 18, no. 12, pp.
12 890–12 896, Jun. 2010.

[167] J. Wang, T. Zens, J. Hu, P. Becla, L. C. Kimerling, and A. M. Agarwal, “Monolithically inte-
grated, resonant-cavity-enhanced dual-band mid-infrared photodetector on silicon,” Applied
Physics Letters, vol. 100, no. 21, p. 211106, May 2012.

[168] J. Wu, Q. Jiang, S. Chen, M. Tang, Y. I. Mazur, Y. Maidaniuk, M. Benamara, M. P.
Semtsiv, W. T. Masselink, K. A. Sablon, G. J. Salamo, and H. Liu, “Monolithically Inte-
grated InAs/GaAs Quantum Dot Mid-Infrared Photodetectors on Silicon Substrates,” ACS
Photonics, vol. 3, no. 5, pp. 749–753, May 2016.

[169] S. Höfling, A. Pfenning, R. Weih, A. Ratajczak, F. Hartmann, G. Knebl, M. Kamp, and
L. Worschech, “Innovative mid-infrared detector concepts,” in Infrared Remote Sensing and
Instrumentation XXIV, vol. 9973. International Society for Optics and Photonics, Sep.
2016, p. 997306.

[170] M. Muneeb, A. Vasiliev, A. Ruocco, A. Malik, H. Chen, M. Nedeljkovic, J. S. Penades,
L. Cerutti, J. B. Rodriguez, G. Z. Mashanovich, M. K. Smit, E. Tourni, and G. Roelkens,
“III-V-on-silicon integrated micro - spectrometer for the 3 um wavelength range,” Optics
Express, vol. 24, no. 9, pp. 9465–9472, May 2016.

[171] A. Delga, L. Doyennette, V. Berger, M. Carras, V. Trinité, and A. Nedelcu, “Performances
of quantum cascade detectors,” Infrared Physics & Technology, vol. 59, pp. 100–107, Jul.
2013.

[172] R. Fain, R. Fain, S. A. Miller, S. A. Miller, M. Yu, A. G. Griffith, J. Cardenas, M. Lipson,
and M. Lipson, “CMOS-compatible Mid-Infrared Silicon Detector,” in Conference on Lasers
and Electro-Optics (2017), Paper STu1N.4. Optical Society of America, May 2017, p.
STu1N.4.

[173] R. R. Grote, B. Souhan, N. Ophir, J. B. Driscoll, K. Bergman, H. Bahkru, W. M. J. Green,
and R. M. Osgood, “Extrinsic photodiodes for integrated mid-infrared silicon photonics,”
Optica, vol. 1, no. 4, pp. 264–267, Oct. 2014.

[174] K. Gallacher, A. Ballabio, R. W. Millar, J. Frigerio, A. Bashir, I. MacLaren, G. Isella,
M. Ortolani, and D. J. Paul, “Mid-infrared intersubband absorption from p-Ge quantum
wells grown on Si substrates,” Applied Physics Letters, vol. 108, no. 9, p. 091114, Feb. 2016.

[175] K. Gallacher, R. W. Millar, V. Giliberti, E. Calandrini, L. Baldassarre, J. Frigerio, A. Bal-
labio, E. Sakat, G. Pellegrini, G. Isella, M. Ortolani, P. Biagioni, and D. J. Paul, “Mid-
infrared n-Ge on Si plasmonic based microbolometer sensors,” in 2017 IEEE 14th Interna-
tional Conference on Group IV Photonics (GFP), Aug. 2017, pp. 3–4.

[176] K. Gallacher, A. Sorgi, V. Giliberti, J. Frigerio, G. Isella, P. Biagioni, D. J. Paul, M. Or-
tolani, and L. Baldassarre, “Integrated germanium-on-silicon waveguides for mid-infrared
photonic sensing chips,” in 2017 42nd International Conference on Infrared, Millimeter,
and Terahertz Waves (IRMMW-THz), Aug. 2017, pp. 1–2.

[177] E. Lhuillier, S. Keuleyan, P. Zolotavin, and P. Guyot-Sionnest, “Mid-Infrared HgTe/As2S3
Field Effect Transistors and Photodetectors,” Advanced Materials, vol. 25, no. 1, pp. 137–
141, 2013.



76 BIBLIOGRAPHY

[178] J. J. Ackert, D. J. Thomson, L. Shen, A. C. Peacock, P. E. Jessop, G. T. Reed, G. Z.
Mashanovich, and A. P. Knights, “High-speed detection at two micrometres with monolithic
silicon photodiodes,” Nature Photonics, vol. 9, no. 6, pp. 393–396, Jun. 2015.

[179] B. Souhan, C. P. Chen, M. Lu, A. Stein, H. Bakhru, R. R. Grote, K. Bergman, W. M. J.
Green, and R. M. Osgood, “Ar+-Implanted Si-Waveguide Photodiodes for Mid-Infrared
Detection,” Photonics, vol. 3, no. 3, p. 46, Jul. 2016.

[180] B. Souhan, R. R. Grote, C. P. Chen, H.-C. Huang, J. B. Driscoll, M. Lu, A. Stein, H. Bakhru,
K. Bergman, W. M. J. Green, and R. M. Osgood, “Si+-implanted Si-wire waveguide pho-
todetectors for the mid-infrared,” Optics Express, vol. 22, no. 22, pp. 27 415–27 424, Nov.
2014.

[181] Z. Han, V. Singh, D. Kita, C. Monmeyran, P. Becla, P. Su, J. Li, X. Huang, L. C. Kimerling,
J. Hu, K. Richardson, D. T. H. Tan, and A. Agarwal, “On-chip chalcogenide glass waveguide-
integrated mid-infrared PbTe detectors,” Applied Physics Letters, vol. 109, no. 7, p. 071111,
Aug. 2016.

[182] P. Renoux, S. Jónsson, L. J. Klein, H. F. Hamann, and S. Ingvarsson, “Sub-wavelength
bolometers: Uncooled platinum wires as infrared sensors,” Optics Express, vol. 19, no. 9,
pp. 8721–8727, Apr. 2011.

[183] W. Dai, Q. Yang, F. Gu, and L. Tong, “ZnO subwavelength wires for fast-response mid-
infrared detection,” Optics Express, vol. 17, no. 24, pp. 21 808–21 812, Nov. 2009.

[184] J. B. Herzog, M. W. Knight, and D. Natelson, “Thermoplasmonics: Quantifying Plasmonic
Heating in Single Nanowires,” Nano Letters, vol. 14, no. 2, pp. 499–503, Feb. 2014.

[185] C. Xiong, Y. Martin, E. J. Zhang, J. S. Orcutt, M. Glodde, L. Schares, T. Barwicz, C. C.
Teng, G. Wysocki, and W. M. J. Green, “Silicon photonic integrated circuit for on-chip
spectroscopic gas sensing,” in SPIE Proceedings - Silicon Photonic XIV, vol. 10923. San
Francisco, USA: International Society for Optics and Photonics, 2019, pp. 10 923–15.



Paper Reprints

77


