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Résumeé et contenu de la thése

Le gaspillage alimentaire est un probléeme économique et social qui prend de plus en plus
d'ampleur, notamment avec la production massive des aliments emballés. En Europe, 90 milliards
de Kilos de nourriture sont jetés chaque année. Une grande partie de ces pertes est due a
I'élimination d'aliments emballés dont la date de péremption est dépassée mais qui sont parfois
encore parfaitement consommables. C'est également le cas pendant la production, ou des paquets
d'échantillons alimentaires sont prélevés aléatoirement et ouverts quotidiennement pour mesurer
I'intégrité des produits. La détérioration de produits alimentaires hautement périssables tels que le
poisson frais est généralement due & une activité microbienne qui entraine la production de
composés organiques volatiles (COV). Ces composés pourraient étre utilisés comme indicateurs
de déterioration et donc pour la surveillance de la qualité de produits alimentaires emballés.

Le but de cette thése est de proposer une technique qui permet de suivre I’évolution de ces COV
dans les paquets alimentaires sans les détruire afin de pouvoir déterminer 1’état de fraicheur de
I’aliment emballés. Ces COVs se présentent sous forme des molécules de gaz comme le sulfate
d’Hydrogeéne (H2S), méthanol (CH30OH), éthanol (C2HsOH), ammoniac (NHzs) ... La plupart de
ces gaz sont des molécules polaires qui présentent des raies d’absorption intenses aux fréquences
THz. Cela fait de la spectroscopie THz un outil intéressant pour la détection de ces molécules de
gaz et donc le contrdle de qualité des aliments emballés. En plus, les paquets alimentaires sont
constitués de matériaux transparents aux ondes THz tels que le polystyrene, polyéthylene,
polypropyléne, ce qui permet aux faisceaux THz d’interagir avec les molécules de gaz sans détruire

I’emballage alimentaire.

Par conséquent et grace a tous les avantages des ondes THz mentionnés précédemment, nous
proposons le design et la conception d’un capteur de gaz photoacoustique aux fréquences THz. La
spectroscopie photoacoustique est une technique qui permet de transformer 1’énergie du faisceau
de lumiere absorbé par les molécules en une onde acoustique qui peut étre simplement détectée
avec un microphone. L’avantage de cette technique par rapport aux autres méthode de
spectroscopie est qu’elle se base sur un systéme de détection mécanique simple, sensible, pas cher
et, surtout, qui ne nécessite pas une correction de la ligne de base (baseline). Dans les années
précédentes, plusieurs capteurs de gaz photoacoustique ont été proposés. La haute sensibilité d un

capteur de gaz est toujours nécessaire surtout pour des applications comme le contrdle de qualité
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des aliments qui nécessite la détection de faibles concentrations de 1’ordre de 100°s de ppb. La
sensibilité des capteurs existants dépend fortement de la puissance de la source THz, de la longueur
d’interaction entre le faisceau THz et les molécules ainsi que de la sensibilité du microphone utilisé
pour la détection de I’onde acoustique. Dans ce travail, le design proposé intégre trois résonateurs :
mécanique, acoustique et photonique. Le résonateur photonique est formé par une cavité crystal
photonique intégré dans un guide HR-Si aux fréquences THz. Cette cavité permet d’exalter
localement la puissance THz et d’augmenter la longueur effective d’interaction lumiére-molécule.
L’un des trous cylindriques de la cavité crystal photonique se comporte comme un résonateur
acoustique. Finalement ce résonateur est recouvert par une membrane en Poly-Si qui agit comme
un microphone et un résonateur mécanique. Ces résonateurs acousto-mécaniques permettent
d’amplifier I'amplitude des ondes acoustiques générées par les molécules apres l'interaction avec

la lumiére THz et ainsi d'augmenter la sensibilité du capteur.

Le premier chapitre introduit de maniére détaillée le sujet de la these. Il debute par la présentation
des ondes THz et leur application dans le controle de qualité alimentaires. Ensuite, une
comparaison entre la spectroscopie d’absorption et la spectroscopie photoacoustique est présentée.
Cela est suivi d’un développement analytique et d’une interprétation de la théorie photoacoustique.
Une comparaison entre les différents capteurs a gaz photoacoustique est aussi effectuée. Enfin, ce
chapitre se conclut par une présentation de I’état de I’art des guides d’ondes et cavités cristaux
photoniques aux fréquences THz. Ces derniers constituent une partie principale du capteur et sont

étudiées en détail dans ce travail.

Dans le chapitre 2, le concept du capteur a gaz proposé est illustré en présentant les détails du
fonctionnement de ses trois différentes parties. La partie principale de ce chapitre se concentre sur
les travaux numériques effectués pour optimiser le design du guide d’onde et de la cavité THz.
D’abord, nous présentons une analyse numérique du comportement modal d’un guide d’onde en
Silicium haute résistivité. Les différentes pertes liées a la propagation dans le guide d’onde choisi
sont ensuite étudiées. La deuxiéeme partie de ce chapitre présente les différentes analyses
numériques utilisées pour optimiser le design de la cavité crystal photonique. Cette cavité est
optimisée pour confiner la lumiére THz aux fréquences d’absorption de la molécule H2S (610 et

650 GHz) qui est considérée comme un indicateur important de la dégradation alimentaire.
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Le chapitre 3 explique briévement le processus technologique utilisé pour la fabrication des
composants THz et du capteur de gaz. Ensuite nous introduisons les différentes méthodes
expérimentales et techniques de mesure utilisées pour la caractérisation des guides d’ondes, cavités

THz et les membranes en Poly-Si qui constituent le résonateur mécanique du capteur de gaz.

Le chapitre 4 présente les résultats des mesures expérimentales afin de caracteriser le
fonctionnement correct des différentes parties du capteur. Au début nous présentons les mesures
effectuées pour extraire les pertes de propagation dans le guide HR-Si. Les pertes d’insertion liées
au couplage du faisceau THz de la source dans le guide HR-Si sont ensuite discutées. Une
interprétation expérimentale du comportement modal du guide d’onde est également présentée.
Nous présentons aussi dans cette partie les mesures des bandgap et des fréquences de résonance
des cavités cristaux photoniques proposées dans le chapitre 2.

La deuxieme partie de ce chapitre illustre les mesures de résonances mecaniques de la membrane
PolySi utilisee comme microphone résonnant pour la détection des ondes acoustiques dans le

capteur a gaz.

Le chapitre 5 est le dernier chapitre de cette thése. Il présente les mesures d’une détection
photoacoustique du gaz H»S. Ces mesures ont été effectuées avec une simple membrane Poly-Si
(donc sans couplage aux autres éléments résonnants du nouveau concept : la cavité crystal
photonique et le résonateur acoustique). Ceci est dii a la complexité de I’assemblage des différentes
parties du capteur qui n’est pas encore finalisé. Avant I’illustration de ces résultats nous présentons
la chambre a gaz utilisé pour effectuer ces mesures. Cette chambre a gaz a été spécialement congue

pour permettre la transition guidée des faisceaux THz dans un milieu a pression contrélé et étanche.

Une derniére partie de ce manuscrit reprend en conclusion les résultats principaux de cette

recherche doctorale et présente plusieurs pistes de recherche intéressantes pour la suite de ce projet.
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Summary and thesis content

Food waste is an economic and social problem that is becoming more and more important,
especially with the massive production of packaged food. In Europe, 90 million tons of food are
thrown away every year. A large part of this loss is due to the disposal of packaged food that has
passed its expiration date but is sometimes still perfectly consumable. This is also the case during
production, where packages of food samples are randomly taken and opened daily to measure
product integrity. Spoilage of highly perishable food products such as fresh fish is usually due to
microbial activity that results in the production of volatile organic compounds (VOCs). These
compounds can be used as indicators of spoilage and therefore for monitoring the quality of
packaged food products.

This thesis proposes a technique to monitor the evolution of these VOCs in food packages without
destroying them in order to be able to determine the freshness state of the packaged food. These
VOCs are represented by gas molecules such as hydrogen sulfate (H.S), methanol (CHsOH),
ethanol (C2HsOH), ammonia (NHs) ... Most of these gases are polar molecules that possess intense
absorption lines at THz frequencies. This makes THz spectroscopy an interesting tool for the
detection of these gas molecules and thus the quality control of packaged foods. Moreover, food
packages are made of materials transparent to THz waves such as polystyrene, polyethylene,
polypropylene, which allows THz beams to interact with the molecules without destroying the

food package.

Therefore, and due to all the advantages of THz waves mentioned above, we propose the design
and conception of a photoacoustic gas sensor at THz frequencies. Photoacoustic spectroscopy is a
technique that transforms the energy of the light beam absorbed by the molecules into an acoustic
wave which can be simply detected with a microphone. The advantage of this technique over other
spectroscopy methods is that it is based on a simple, sensitive, low cost and most importantly a
zero background measurement system. In previous years several photoacoustic gas sensors have
been proposed. The high sensitivity of a gas sensor is always necessary especially for applications
like food quality control which requires the detection of low concentrations in the order of 100's
of ppb. The sensitivity of existing sensors depends strongly on the power of the THz source, the
interaction length between the THz beam and gas molecules, and the sensitivity of the microphone

used for the detection of the acoustical wave. In this work, the proposed design integrates three
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resonators: mechanical, acoustic, and photonic. The photonic resonator is represented by a
photonic crystal cavity integrated on a suspended HR-Si guide at THz frequencies. This cavity
allows to locally enhance the THz power and increase the effective length of light-molecule
interaction. One of the cylindrical holes of the photonic crystal cavity behaves like an acoustic
resonator (acoustic pipe). Finally, this resonator is covered by a Poly-Si membrane which acts as
a microphone and a mechanical resonator. These acousto-mechanical resonators allow amplifying
the amplitude of the acoustic waves generated by the molecules after the interaction with the THz

light and thus increase the sensitivity of the sensor.

Chapter 1 is a detailed introduction to the main topic and the different subjects addressed in this
thesis. It begins with the presentation of the THz waves and their application for food quality
control. Then, a comparison between the absorption spectroscopy and photoacoustic spectroscopy
is illustrated. This is followed by an analytical development and interpretation of the photoacoustic
theory. A review of the different available photoacoustic gas sensors is also presented. Finally, this
chapter is concluded by the presentation of the state of art on the waveguides and photonic crystal
cavities at THz frequencies. The latter constitutes a main part of the sensor and is studied in detail

in this work.

In chapter 2, the concept of the proposed gas sensor is illustrated by presenting the operational
mechanism of its three different parts. This chapter focuses on the numerical calculation performed
to optimize the design of the THz waveguide and photonic crystal cavity. First, we present a
numerical modal analysis of a high resistivity silicon waveguide. The different loss mechanisms
of the proposed waveguide design are numerically calculated. The second part of this chapter
presents the different numerical calculations performed to properly design a high Q photonic
crystal cavity. This cavity is optimized to confine THz light at the absorption frequencies of the

H>S molecule (610 and 650 GHz) which is considered an important indicator of food spoilage.

Chapter 3 briefly explains the technological process used in the fabrication of the THz components
and gas sensor. Then we introduce the different experimental methods and measurement
techniques used for the characterization of the THz waveguides and cavities and the Poly-Si

membranes which constitute the mechanical resonator of the gas sensor.
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Chapter 4 presents the results of the experimental measurements related to the characterization of
the different parts of the sensor. It starts out by presenting the measurements performed to extract
the propagation losses in the HR-Si guide. The insertion losses related to the coupling of the THz
energy from the source into the HR-Si waveguide are then discussed. An experimental
interpretation of the waveguide’s modal behavior is also presented. This part includes also the
characterization of the bandgap and the resonances of the photonic crystal cavities proposed in
chapter 2.

The second part of this chapter concentrates on the mechanical resonance measurements of the
PolySi membrane used as a resonant microphone for the detection of the acoustic waves in the gas

Sensor.

Chapter 5 is the last chapter of this thesis. It presents for the first time photoacoustic detection of
low concentrations H.S gas molecule in trace amounts at THz frequencies. These measurements
are performed with a Poly-Si membrane in the absence of the photonic crystal cavity and the
acoustic resonator. This is due to the complexity of the assembly of the different parts of the sensor
which is not yet finalized. Before illustrating the results, we present the gas chamber used to
perform these measurements. This gas chamber is specially designed to allow the transition of

guided THz waves inside a pressure controlled and sealed medium.

A last part of this manuscript summarizes the most important results of this doctoral research and

sketches several interesting directions for future work.

ELIAS AKIKI 14



ELIAS AKIKI

15



Table of contents

ACKNOWIBAGEMENT ...ttt 6
Résumé et contenu de 1a thESE ........ooviiiiiiie e 8
Summary and thesSiS CONTENT .........eiiiiiiiieiee e 12
LiSt OF @DDIEVIATIONS ... 20
LSE OF FIGUIES ..ottt ettt ettt et nnne s 24
LISt OF TADIES ... 30

Chapter I: Introduction

[.1.  Introduction on Terahertz (THZ) WaVES: .........oouiiiiiiiiieiie e 33
72 N o 2% o] g (Yo o R STR 34
1.3, THZ abSOrption SPECITOSCOPY .....veeueieiieiiie it itee ettt ettt ettt 36
[.3.1. Molecular @bSOrPLION .......coviiiiieec et 36
[.4.  TH2z phOtOACOUSEIC SPECIIOSCOPY ....vvieutreiriieitiietie et e sttt e siee et e st sbee bbb e b neee s 39
[.4.1. Molecular relaxation and heat production .............ccocveiiiiieniieii e 41
1.4.2. Local heat production into acoustic wave generation .............cccceeviveerineesieeesiineeenn, 44
1.4.3. Acoustical signal amplitude and PA SENSItIVILY .........ccovveiiiiiiiie e 45
1.4.4. Cylindrical acoustiCal reSONALOLS ..........eceiuieeiiieesiie et eaee e 47
1.4.5. Pressure wave detection: microphones, cantilevers, and quartz tuning forks ............. 49
.5, THZ COMPONENTS. . .eiiiiiieiiiiiiitee ettt e e e e e bbbt e e e e e s s n b bbb e e e e e e eenans 54
1.5, 1. THZ WaVEQUIAES .....cciiieeiiie ettt et e et e et e e snta e e nnnee e 55
1.5.1.1 Metallic THZ WaVEQUIE.........eciiiie ettt 55
1.5.1.1 DieleCtric THZ WaVEQUITE ........ccvveiiiiee et tte e aee e 56
1.5.2. PROLONIC CPYSLAl......coiiiieiiie et e e e aee e 58
1.5.2.1 PhotonicC Crystal THZ CAVILIES ........cccvieiiiee e 60
[.6.  Conclusion of thiS CRAPLEN ........c.ueiiiiee e 61
L7, RETEIENCES ... ittt ettt bbb nree s 62

Chapter I1: Design of low loss suspended Silicon waveguide and high Q photonic crystal
cavity for use as a photoacoustic gas sensor

[1.1.  Triple resonator photoaCOUSLIC gaS SENSOK ........civieeiiiieeeciie e et 69
1.2, WaVegUIAE ESIGN ....eeeiiiie ettt et e e e e st e e e st e e s aeeeeaeas 73
[1.2.1 MOAal @NAIYSIS .....eiiieeiiieie ettt e e s sbraa e e 74

ELIAS AKIKI 16



11.2.2 ANCOTIS @Nd DENAS TOSSES .. ..ottt 81

[1.2.2.1 ANCROTS TOSSES ...ttt 82
[1.2.2.2.90° DENG 10SS ...ttt 84
[1.2.3 Coupling and INSErtioN I0SSES ........cooiviiiieiiieee e 87
[1.3. 2 PhotoniC Crystal CaVItY GBSIGN ........coviiiieiiieiiie et 92
11.3.1 Solid/photonic crystal approach and photonic band gap...........cccceevviiiieniieiienene, 92
[1.3.2 Photonic band gap deSIgN.........coiuiiiiiiiieiieeiie et 95
11.3.2 Photonic crystal cavity: Quality factor and modal volume ...............ccoooeiiiiinnnee, 98
11.3.3 Photonic crystal cavity design using FEM ... 101
11.3.3 Photonic crystal cavity design and quality factor calculation using FDTD .............. 104
[1.4. Conclusion OF thiS CRAPTET .......ccuiiiiiiii e 107
1.5, RETEIENCES ...ttt ettt ettt et 108

Chapter I11: Experimental setups and methods

111, FADIICALION PrOCESS ...ccuviiiiiieiietete ettt ettt et 111
11.2. THz electromagnetic CharaCterization ............cccveiieiiieiiie i 115
[11.2.1. S parameters extraction using Vector Network Analyzer (VNA) .......cccccovvveiiinnnn. 115
[11.2.2. THz Time-Domain Spectroscopy (THZ-TDS) ......cccovvveiiiie e 117
[11.2.3. Setups used for THz transmission measurements and mode imaging using AMC
VDI SOUICE ...ttt et e et e e e e e e e e e s e e e s e e e e s s 118
11.3. Mechanical CharaCterization ..............ccveiuiiiie i 121
[11.3.1. Laser Doppler Vibrometer (LDV) ......ccoouiiiiiiieiiee st 121
I11.3.2. Modulated blue laser for membrane’s mechanical modes optical excitation ......... 122
111.3.3. Focused lon Beam (FIB) and Scanning Electron Beam (SEM)..........ccccccccvvevnnenn. 124
1.4 Conclusion of thiS ChAPLEN ..........eoiie s 126
1.5, RETEIENCES ...t et 127

Chapter IV: Experimental characterization results

IV.1. Waveguide propagation 0SS ..........cciuireiiireiiiiee i iie e e et e e e saea e 129
IV.1.1 Cut-back method for total propagation losses extraction ..............ccccceeveeviineeinnnn. 129
IV.1.2 Anchors, bends, and material 10SS ...........cccooviiiiiiiii i 136
IV.1.4 Insertion losses: Metallic waveguide/Si taper transition ..............cccccovvveevineecinnnn, 138

IV.2. Waveguide multimodal analysis (TDS mMeasurements)..........ccccccvveeviveeeiivreeiiieeesiineenn, 142

V.3, PhOtONIC CRYSLaIS. .. ... 146

ELIAS AKIKI 17



1V.3.1 Bragg reflectors and Dandgaps ..........coveereeiiieiiieiie e 146

1V.3.2 High-Quality factor CAVITIES .........coiuiiiiieiie it 148
[V.3.3 High transmittance CAVITIES ...........ueiiiiiiiiieeiiie ettt 154
[V.3.4 650 GHZ CAVITIES .....veiiiiiiieeie ettt 155
IV.4. Pt layer deposition on Poly-Si membranes ...........ccccooiiiiiiiiiieniiene e 159
IV.5. Poly-Si membrane resonance frequency at atmoSpheric Pressure ..........cccevcveereenneene 162
IV.6. Poly-Si membrane resonance frequency at IoW PresSsUres..........cccooveeieerveenieeeneesinenns 166
IV.7.  Conclusion Of thiS CRAPLET .......c.eoiiiiiiiei e 172
[V.8.  RETEIENCES ... .ttt ettt ettt 172

Chapter V: HzS photoacoustic detection with a poly-Si membrane

V.1 GaS CEIUBSIGN ...ttt 177
V.1.1  Sealed THZz guided tranSition ...........cccoiviiriieiiieiie e 179

V.2, EXPErimENtal SELUD ....oouviiiiiiieeiie ettt 183
V.3, Poly-Si membrane dyNAmICS ........cccueiiiriiieiie ettt 186
V.4. Detection of pure H>S with two different THz alignments...........ccoooviiiiiiiiieinnene, 188
V.5. The H2S absorption spectrum in the range 620-690 GHZ .............ccccevvveecive e, 195
V.6, DEeCION HIMIT.....ooiiiiiiiiii et 198
V.7.  SNR of three different THZ alignments..........c.cccoiiviiiiiieiiie e 202
V.8.  Conclusion of this CRAPLET .........ccuviiiiiie e eaee e 203
V.0, RETBIENCES ...ttt ettt ettt ettt 204
CoNCIUSION AN PEISPECTIVES ......vveeeiieeeciieeeeitee e ste e e tee e et e et e e e stae e e e e e s e e e snbaeesneeeanes 206

LiSt OF PUDIICALIONS ......eeiiiie e 212

ELIAS AKIKI 18



ELIAS AKIKI

19



List of abbreviations

THz
EM
PhC
HR-Si
PA
VOC
uv
CWwW
THz-TDS
PAS
FWHM
CEPAS
MEMS
NNEA
MDL
QEPAS
QTF
TF

Si
Poly-Si
LDV
MWG
DRIE
SB
SOG
mmw
IR

1D

2D

Terahertz

Electromagnetic

Photonic Crystal

High Resistivity Silicon

PhotoAcoustic

Volatile Organic Compounds

Ultraviolet

Continuous Wave

THz - Time Domain Spectroscopy
Photoacoustic Spectroscopy

Full Width Half Maximum

Cantilever Enhanced Photoacoustic Spectroscopy
Microelectromechanical Systems
Normalized Noise Equivalent Absorption
Minimum Detection Limit

Quartz Enhanced Photoacoustic Spectroscopy
Quartz Tuning Forks

Tuning Forks

Silicon

Polycrystalline Silicon

Laser Doppler Vibrometer

Metallic Waveguide

Deep Reactive lon Etching

Supporting Beams

Silicon-On-Glass

millimeter Wave

Infrared

One-Dimensional

Two-Dimensional

ELIAS AKIKI

20



3D
SNR

ppm
sol
AMC
FDE
TE
FDTD
VNA
VDI
NA
PML
TIR
DM
AM
MSB
FT
PEC
HRFZ
SEM
FIB
PCA
DC
EOM
PT
HVA
SM
NEMS
RF
TTL

Three-Dimensional

Signal to Noise Ratio

Quality Factor

part per million

Silicon On Insulator
Amplifier Multiplier Chain
Finite Difference Eigensolver
Transverse Electric
Finite-Difference Time-Domain
Vector Network Analyzer
Virgina Diode Incorporated
Numerical Aperture

Perfectly Matched Layer
Total Internal Reflection
Dielectric Mode

Air Mode

Mini Stop Band

Fourier Transform

Perfect Electric Conductor
High Resistivity Float-Zone
Scanning Electron Microscope
Focused lon Beam
Photoconductive Antenna
Direct Current

Electro-Optic Modulator
Photothermal

High Voltage Amplifier
Single Mode
Nanoelectromechanical System
Radio Frequency

Transistor-Transistor-Logic

ELIAS AKIKI

21



LPF
OAP
CvD
PVD
MBE
GIS
TPX
VNAX
PE

PP
EFL
Pt

Cr

Au
BW
H>S

N2
H>O
RMS
CHsCN
CHsOH
QCL
ppt

ppb
PLA

MIR

Low-Pass Filter
Operational Amplifier
Chemical VVapor Deposition
Physical Vapor Deposition
Molecular Beam Epitaxy
Gas Injection System
Polymethylpentene

Vector Network Analyzer Extender
Polyethylene
Polypropylene

Effective Focal Length
Platinum

Chromium

Gold

Bandwidth

Hydrogen Sulfide
Nitrogen

Water

Root Mean Square

Methyl cyanide

Methanol

Quantum Cascade Laser
Part per trillion

Part per billion

Polylactic acid

Mid Infrared

Tungsten

ELIAS AKIKI

22



ELIAS AKIKI

23



List of Figures

Figure 1.1.1 Electromagnetic waves SPECIrUM [1] ........cooiiiiiiiiiiieiiee e 33
Figure 1.2.1 Food waste per capita before and after consumer level [25]..........cccocoeiiiiinnnnenn, 35
Figure 1.3.1 Atomic and molecular transitions represented on the electromagnetic wave
SPECLIUIM [12] .otttk b ettt h bt et bt et e bt e et e e e beeann e nbee s 36
Figure 1.3.2 A schematic of the THz absorption SPECIIOSCOPY ......vvevvvreririerieeiiiesiie e 37
Figure 1.4.1 Illustration of Bell’s discovery: the photophone ...........ccccoooiviiiiiiiicic e, 40
Figure 1.4.2 A schematic of the THz photoacoustiC SPECIIOSCOPY ......veervveerireiiieiiieniieeriee e, 41
Figure 1.4.3 One open end cylinder cell with radius Roand length L. The red lines represent the
pressure wave of the fundamental longitudinal MOde............ccoooiiiiiiiiiiii 49
Figure 1.4.4 Experimental setup of the first QEPAS by [69] .......ccovviiiiiiiiiiiiie, 52
Figure 1.4.5 Sensor design based on triple reSONators..........c.vciviiiieiiieiie e 54
Figure 1.5.1 (a) Micromachined metallic WR-1.5 waveguide [78], (b) schematic of the VDI
WR-1.5 WAVEGUITR [77] oottt ettt 56

Figure 1.5.2 Schematics of the different available designs of HR-Si waveguides. (a) silicon on
glass waveguide [87], (b) silicon suspended waveguide [89], (c) Photonic crystal line defect

waveguide [90], (d) Fully suspended Photonic crystal line defect waveguide [91] ..................... 57
Figure 1.5.3 1D,2D, and 3D photonic crystal Structures [96]...........ccoceiviinieiiiiiiicieeee s, 59
Figure 11.1.1 Sensor design based on triple reSONatorS..........cocvieiiiieiiiiee e 69
Figure 11.2.1 (a) Schematic of the suspended waveguide inset: transversal cross section of the

waveguide. b) Taper dimensions. ¢) supporting anchors dimensions............ccccveevrveeviieesinneenn 74
Figure 11.2.2 FDE Lumerical mode solver sSimulation DOX ...........ccccvvviveiiiie i 76
Figure 11.2.3 First modes normalized propagation phase constant function of waveguide width

for several particular thiCKNESSES .........ii i 77

Figure 11.2.4 Normalized propagation phase constant dispersion diagram for the waveguide
structure 150(W) x 50(T) um on the left and the 210(W) x 90(T) pm structure on the right....... 78
Figure 11.2.5 Cross section distribution of electric field components for the first modes of
several waveguide dimensions at 650 GHz with Ex real component for Exmn modes and Ey real

ONE TOr EYIMIIMOUES ..ottt a et e et e e et e e et e e e anae e e e e e e anteeeantes 79
Figure 11.2.6 Group velocity of the first 7 modes propagating in the 210x90 um cross-section

LV LY Z=T U o [ PSSR URRPPP 81
Figure 11.2.7 FDTD simulation region of a waveguide with anchors.............c.cccccovveeiiiiciinnen, 83
Figure 11.2.8 Schematic of anchors suspending the waveguide with 20um thick on the left and

10 UM ON ThE FIGNT ... et e et e e et e e e sra e e e sae e e ateeeareeeas 83
Figure 11.2.9 Simulated losses per anchor pair for different anchors size ............ccccccevviieinnnn, 84

Figure 11.2.10 Index profile of bent waveguide on the right and straight waveguide on the left.85
Figure 11.2.11 Simulated bend loss with FDE method for several bending radii at 4 particular

L{CT0 [V T Tod T PSPPSR 86
Figure 11.2.12 FDTD simulation region of a 90° bend waveguide with a 3 mm radius on the
right and a 500 M one ONthe Ieft..........oeiiii i 86

Figure 11.2.13 Simulated bend loss using FDTD method for 3 and 0.5 mm bending radius....... 87

ELIAS AKIKI 24



Figure 11.2.14 Normalized propagation constant function of taper width variation at 650 GHz .89
Figure 11.2.15 FDTD simulation region of the insertion loss calculation (top left). 3D drawing of
insertion loss simulation (bottom left). Schematics of the tapers with 2 different lengths: 3 and 4
MM (FIGINE) ettt ettt et e e Rt ettt e bt e nbe e e nbe e nn e 90
Figure 11.2.16 Simulated insertion losses for different positions of taper inside. Sz1 parameter
(transmittance) on the left, and S11 parameter (Reflectance) on the right MWG with the red
dashed horizontal line indicating the 10 dB leVel ... 91
Figure 11.2.17 Simulated insertion losses for the different misaligned positions of taper at 1 mm
inside MWG. S,; parameter (transmittance) on the left, and S11 parameter (Reflectance) on the

L1 TP PP PP PP TP PR 91
Figure 11.2.18 Electric field transition from MWG to the dielectric waveguide taper at 3
different frequencies 500, 625, and 750 GHZ..........ccceeiiiieiiiee e 92
Figure 11.3.1 2D illustration of a) a dielectric waveguide b) a photonic crystal with period “a”
S USSP 94
Figure 11.3.2 Dispersion band diagram of a) a ridge waveguide b) a photonic crystal with period
R S 11 SO SPUR SR PPRURRS 95
Figure 11.3.3 Comsol simulation region on the left. A unit-cell of the periodic structure on the

L £ PP TRUPP TR PPRPP 96

Figure 11.3.4 The eigenfrequencies of the air (red line) and dielectric (black line) modes at the
Brillouin zone edge as a function of the lattice constant variation for three different hole radii
R=27 um (top left) R=28 um (top right) and R=29 um (bottom). The black line represents the

bandgap CENLIal TrEQUENCY ........vie ettt e e et e e s e e steeeanaee s 97
Figure 11.3.5 Simulated electric field magnitude of an air mode (bottom) and a dielectric mode
(0] o) SRR SPRRR 97

Figure 11.3.6. a) Simplified model of a cavity consisting of a dielectric material with thickness T
and length L. b, ¢) The electric field profile inside a cavity with a very short length (2.51) and its
spatial FT spectra. The leaky region is indicated as a blue area. d, e) The electric field profile
with a gentle envelope function (Gaussian curve) and its spatial FT spectrum [26].................. 100
Figure 11.3.7 Photonic crystal dispersion diagram for a unit cell structure with a width W=210
pm, thickness T=90 um, etching hole radius R=28 um and lattice constant: a=106.54 um (on the
left) and a=120.64 M (0N the FIGNL) .....oooiiieeiee e 102
Figure 11.3.8 Photonic crystal dispersion diagram for a unit cell structure with a width W=150
pum, thickness T=90 um, etching hole radius R=29 pm and lattice constant: a=131.87 um (on the

left) and a=116.65 M (0N the FIGNL) ......ccoiiiie e 103
Figure 11.3.9 The field decay recorded by the high Q analyzer of Lumerical FDTD (the full

recorded signal in green, and the cut source signal in bIUE) ............cccveviiiiiiii i, 105
Figure 11.3.10 Electric field magnitude of the cavity fundamental mode at 650 GHz for the

structure with W= 150um (top) and W= 210um (DOttOM) ........ccovuiieiiireiiiee e 107
Figure 111.1.1 Waveguide and PhC fabrication process Steps .........ccccvvvveiiireiiieeeiiieesieee e, 113
Figure 111.1.2 Different structures mounted on plastic holders...........ccccovvveiiiic i, 113
Figure 111.1.3 SEM photos of the waveguide's tapers and anchor beams...............cccccceevveennen. 114
Figure 111.1.4 SEM photos of the PhC cavities with and without Poly-Si membrane .............. 114

ELIAS AKIKI 25


file:///C:/Users/User/Desktop/manuscrit%20final/THESE_2.0_final.docx%23_Toc70766911
file:///C:/Users/User/Desktop/manuscrit%20final/THESE_2.0_final.docx%23_Toc70766911

Figure 111.2.1 2 ports S parameters model (left) and its scalar equivalent for an optical

transmMisSION SYStEM (FIGNT).......eiiiiiii e 115
Figure 111.2.2 S parameters measurements experimental SEtUD .........ccccoovvriieriieenieiiieniieninens 116
Figure 111.2.3 Experimental scheme of @ THZ-TDS .........ccooiiiiiiiiii e 117
Figure 111.2.4 TDS experimental measurement setups used for the beam alignment, and for the
MEASUIEIMENTS ...ttt ettt e e e e e e st e e e e e e e e e st bbbttt e e e e e e s e ne b bbb e et e e e e e e s aannbbbbreeeaeeeesnans 118
Figure 111.2.5 (a) A plot of the VDI AMC source THz output power as a function of its emission
frequency. (b) Photograph of the VDI AMC SOUICE.........ccouieiiiiiieiiiesiee e 119
Figure 111.2.6 S21 measurements experimental setup using AMC source and pyroelectric
0[] (=T ot (o TSRS 120
Figure 111.3.1 LDV OPtICAl SELUD .....ciuviiiieiiie ittt 122
Figure 111.3.2 Schematic of the PT excitation and LDV detection SEtUp ............cccevvverneeninen, 124
Figure 111.3.3 Photograph of the PT excitation and LDV detection Setup..........cccccevvverinieninen, 124
Figure 111.3.4 FIB/SEM photo at IEMN cleanroom on the left and schematic representing the
position of the FIB,SEM and GIS inside the vacuum chamber on the right [18].............c..c...... 125
Figure 1V.1.1 Photos of waveguides with different lengths on the left, and schematic
representing the waveguide on a plastic holder on the right ............ccccooi i, 130
Figure 1V.1.2 Measured S parameters of the waveguides with different lengths. On the top the
magnitude of Sz1 in dB and the S11 one on the bottom ..........cooovi i, 131

Figure 1V.1.3 Time signal calculated from the experimental frequency spectrum inverse Fourier
transformation of each waveguide on the left (a) and linear variation of the time delay with

propagation length increasing on the right (B)........ccoveiiii i 133
Figure 1V.1.4 Total propagation losses for structures with different lengths................ccc........ 134
Figure IV.1.5 Linear fit of the total propagation loss at two particular frequencies 600 GHz on
the left and 700 GHZ 0N the FIght..........coviriie e 135
Figure 1V.1.6 Extracted propagation loss in the suspended waveguide structure..................... 135
Figure IV.1.7 Measured S parameters of structures with 8 and 16 pairs of anchor .................. 136
Figure 1V.1.8 Measured loss per pair of anchor............cccccvveiiii e 137
Figure 1V.1.9 Measured loss after the extraction of anchor 10SS..........cccccccoveiiie i, 138
Figure 1V.1.10 Schematic representing the different tapered ends.............cccceevvveeviiecviieeenen. 138
Figure I1V.1.11 S parameters measurements for structure with horn and inverted tapers at
different coupling positions. On the left the magnitude of Sz1 and the Si11 on the right ............. 139
Figure 1V.1.12 Mode imaging experimental SEtUP .........cccvvieiiieeiiie e 140
Figure 1V.1.13 Camera detection at the butt-coupling position, with blocking the radiative field
(on the bottom) and without (0N the tOP) .....eeeiviee i 141
Figure 1V.1.14 THz camera detection at several coupling positions...........c..ccccceeviveeviineennnen. 142
Figure 1V.2.1 Measured THz reference pulse on the left and its FFT on the right. The inset on
the left: Enlargement of THZ reference pulSe..........coovviiiiec i 143
Figure 1V.2.2 Measured THz pulse transmitted through the waveguide on the left and its FFT on
LTI Ao o PP OPRROUSRPPP 144
Figure 1V.2.3 Simulated group index modal dispersion of the first 4 Ex modes....................... 145
Figure 1V.2.4 Comparison between the THz TDS reference pulse, THz TDS pulse transmitted
through the waveguide, and IFFT of the S,; parameter measured with VNA ...........cccveeviine. 146

ELIAS AKIKI 26



Figure 1V.3.1 On the bottom the S parameters measurements representing the photonic band
gaps of two Bragg reflectors with 60 holes of radius R=29um and a lattice constant a=120.65 pm
on the left and a=106.56 pm on the right. On the top the simulated modal dispersion representing
the band gaps at the Brillouin zone edges of these reflectors..........cccocovvevvie i 147
Figure 1V.3.2 A photograph of a PhC cavity on top of a 90° bended waveguide on the left and a
straight waveguide on the right. At the center microscopic (SEM and optical) images of the PhC

Figure 1V.3.3 S1 and S11 measurements representing the bandgaps and resonance frequencies of
two bent structure PhC cavities with the same lattice constant and radius R=28um (design 1) on
the left and R=29um (design 2) on the right ..........cocvoiiiiii e 149
Figure 1V.3.4 S;1 measurements representing the resonance frequencies of two bent structure
PhC cavities with same lattice constant variation and radius R=28um (design 1) on the left and
R29=pm (design 2) 0N the FIgNT........couiii s 150
Figure 1V.3.5 SEM photo showing the measured diameter of one hole of the PhC cavity design
With R=29m (deSign NUMDET 2) .......eiiiiiiiieiie ettt 151
Figure 1V.3.6 Plot representing the dependence of the Si absorption coefficient on the material
resistivity extracted from [L11]-[16].......coomiriiiiiie i 152
Figure 1V.3.7 S;1 measurement using the fine calibration representing the resonance frequency
of the straight waveguide cavity with R=29um on the left. S parameters representing the bandgap

of the same cavity using the large band calibration .............cccccooiiiiiii 153
Figure 1V.3.8 Resonance frequencies at fr = 634.1 and 633.63 GHz, for cavities with N=21
(dashed lines) and 17 (solid lines) hole respectively .........ccovvvive e 154
Figure 1V.3.9 AMC source power on the left and noise floor on the right detected with a

O 0 L= Lo ot (g oo [ (<o (o SRR 155
Figure 1V.3.10 Detected signal of the 650 GHz PhC cavity using the synchronized detection
with the AMC source and pyroelectric deteCtor ........ccvveiieiiiiie e 156
Figure 1V.3.11 S parameters of the 650 GHz PhC cavity with the full band calibration on the left
and the finer calibration on the Fight...........ccove i 156

Figure 1V.3.12 Photos of the measured structure on the left and their Sz1 plot on the right......157
Figure 1V.4.1 SEM images of Poly-Si membranes of 29um radii size with three coated Pt layer

OF QITTEIENT SIZES....eeeie ettt et e et nb e beeenees 160
Figure 1V.4.2 SEM images representing the reference coated layer and a schematic representing
the measurements of their thicknesses with the profilometer..............cccooviie i, 161
Figure 1V.4.3 Optical microscopic image representing the measured size of the 50 um Pt
deposition reference layers on the left and the 30 um one onthe right ..........c..ccooiiiiieiin, 162
Figure 1VV.5.1 The measured mechanical resonance frequencies of the membranes with 50pum
metal layers and different thiCKNESSES. ........uviiiiie et 163
Figure 1VV.5.2 The measured mechanical resonance frequencies of the membranes with 70um
metal layers and different thiCKNESSES. ........uviiiviie it 164
Figure 1VV.5.3 The measured mechanical resonance frequencies of the membranes with 30um
metal layers and different thiCKNESSES. ........uviiiviie it 165
Figure 1V.6.1 Experimental setup of the mechanical characterization at low pressures ........... 166

ELIAS AKIKI 27



Figure 1V.6.2 The dependence of the resonant frequency on the pressure for the membrane with

a 70 um metal layer diameter and a thickness 0f 40 NM ........cccooiiiiiiie i 167
Figure 1V.6.3 The dependence of the resonance frequency on the pressure for the membrane
with a 50 pm metal layer diameter and a thickness of 13 NM ..., 168

Figure 1V.6.4 The dependence of the resonance frequency on the pressure for the membrane
with a 30 um metal layer diameter and a thickness of 18 nm on the left. The right side represents
the resonant frequencies at low pressure with a tighter frequency BW ..........ccccoooviiiiiniennnnne, 169
Figure 1V.6.5 The dependence of the resonance frequency on the pressure for the membrane
with a 30 um metal layer diameter and a thickness of 37 nmonthe left...........c.cccooiiiinnen, 170
Figure 1V.6.6 The dependence of the resonance frequency on the actuating laser power for the
membrane with 30pm metal layer diameter and a thickness of:18 nm (a), 37 nm (b) ............... 171
Figure 1V.6.7 On the left: the measured profile of the fundamental mechanical mode for the
membrane with 30 um diameter metal layer and a thickness of 18 nm at a pressure < 1mbar. On
the right: a COMSOL multiphysics simulated fundamental mode of a single poly-Si membrane

WILN N0 MELAL QYT ... 171
Figure V.1.1 Schematic of the gas sensing experimental SEtUP..........cccorvviiiiiiiiiiie e, 178
Figure V.1.2 Schematic of the gas Chamber ..o 178
Figure V.1.3 Photograph of the THz window (on the left) and the electrical cable connector (on

the right) caps clamped on the KF-25 flanges of the gas chamber.............ccccooov v, 179
Figure V.1.4 Schematic of the THz metallic waveguide sealed transition ..............cc.ccoeveninen. 180

Figure V.1.5 Top: The measured propagation losses inside a structure with two WR-1.5-WR-10
tapers and a WR-10 MWG with different lengths in between. Bottom: A schematic of the
measured structures presented in the tOP GraphiC .........ccceovvveiiiie e 180
Figure V.1.6 Top: Measured S parameters of a structure with two WR-1.5-WR-10 tapers and
different types of sealing windows with several thicknesses in between. Bottom: A schematic of

the MEASUIET SITUCTUIE......ciueieiie ettt ettt et 181
Figure V.1.7 (a) Photograph of the sealed guided THz transition connected to the VNAX port.
(b) The measured total loss of the guided transition presented in (a)........c.ccceeviveeviieesieeennnnn. 182

Figure V.2.1 Schematic showing the experimental setup of the PA gas detection with the THz
light guided inside the Si waveguide and confined inside the cavity at the gas molecules
absorption frequency (the original working principle of the designed gas sensor). ................... 183
Figure V.2.2 Schematic showing the experimental setup of the PA gas detection with: (a) The
THz light collimated under the Poly-Si membrane, (b) the THz focused on the membrane......184
Figure V.2.3 Photograph of the gas chamber interior............cccceeiiveiii e, 185
Figure V.2.4 A photograph of the experimental setup on the left hand side. An enlarged photo of
the membrane inside the chamber on the right hand side ..., 186
Figure V.3.1 The measured amplitude of the mechanical resonance of the Poly-Si membrane
driven by the thermal noise at different air pressure levels............cccoveeiieiiiic e, 187
Figure V.4.1 Plot showing the intensities of several H»S absorption peaks (without broadening
effect) in the frequency range 620-690 GHz extracted from the JPL molecular spectroscopy
AAtADASE [L2] ... ereeiiiee ettt et et a e e e e e aaa e e ta e e raa e 189

ELIAS AKIKI 28



Figure V.4.2 The measured mechanical resonance frequency of the membrane in the presence of
500 pbar pure H2S: (a) in absence of THz light (noise level), and (b) in the presence of THz

Gt (SIGNATTEVEL) ... et e e anees 190
Figure V.4.3 The measured noise (a-c-e) and PA signal (b-d-f) at different pressures of pure H,S

Figure V.4.4 Comparison between the resonant and off-resonance PA signal for the detection of
100 HBAr OF PUIE H2S ...ttt 193
Figure V.4.5 The measured mechanical resonance with the THz beam focused on the membrane
in presence of: (a) 500 pbar of air (noise level), and (b) 500 pbar of pure H2S (signal level)....194
Figure V.5.1 The strong absorption peaks of pure H»S between 620 and 690 GHz at a pressure
(0] 100U Lo S PP U PP PP 196
Figure V.5.2 The strong absorption peaks of 2% diluted H>S between 620 and 690 GHz at a
total pressure 0f 100 MDAN .........c.uiiiiiie e e e e e e e s e e s e e e snneee s 197
Figure V.5.3 The measured (black line) and simulated (using Spectraplot [16]) (red line) spectral
lines of 2% diluted H>S at a pressure 0f 200 MDA ..........ccooiiiiiieiiicie e 198
Figure V.6.1 The measured photoacoustic signal and the Lorentzian fit of the 650.37 GHz H>S
spectral line at different concentrations down to 100 ppm and a fixed pressure of 10 mbar-......199
Figure V.6.2 Left: Plot of the PA SNR versus the H>S gas concentration at a pressure of 10
mbar. Right: A zoom on the low SNR levels of the plot on the left. The black horizontal dashed
line indicate the SNR=1 level, the blue dot corresponds to the MDL of the used gas sensing

V] (11 1 OO P P PP RPPPPPP 200
Figure V.7.1 Measured PA signal of 1% H.S gas concentration at a pressure of 10 mbar for
three different THZ alignmeNtS........ccuvioiiiieiie e e e e e enee e 203

ELIAS AKIKI 29



List of tables

Table 1.4.1 Some of the Values Of amm..........c.coovivi i 49
Table 1.4.2 Table summarizing the performances of different THz PAS gas sensors................. 53
Table 1.5.1 A comparative table showing the performances of several THz waveguides ........... 58
Table 1.5.2 A comparative table showing the different quality factors obtained for some of the
available THZ PNC CAVILIES ....ccuviiiiiiieiiiie ettt e et e e annes 61
Table 11.1.1 Some of the BMN VAIUES ..........ooiiiiie e 72
Table 11.3.1 Table representing the quality factors and resonance frequencies obtained by the
FDTD simulations for different PhC cavitieS deSigns ..........cccooeeiiieiiiiiieiie e 106
Table 11.3.2 Table representing the quality factors and resonance frequencies obtained by the
FDTD simulations for the cavities designs with 650 GHz resonant frequency ...........ccc.cceeuee. 106
Table 1V.1.1 Table representing the length, number of bends, and pair of anchor for the different
MEASUIEA SEFUCKUIE .....vveee et e ettt et e e s a e s e e et e e et e e et e e e sne e e e nseeeeentaeesnteeeanseeeannes 133

Table 1V.3.1 Table summarizing the simulated and experimental results of the PhC cavities with
hole radius 28 and 29um on top of bended waveguide (BW) and straight waveguide (SW). The

absorption and extinction coefficients are the ones extracted from the calculations.................. 153
Table 1V.4.1 Table representing the estimated thicknesses of the different deposited Pt layers 161
Table V.5.1 Table representing the different measured absorption lines frequencies compared to
the one extracted from the JPL molecular spectroscopy database............cccceevvveeiiieeiiieeiiinnnn 196

ELIAS AKIKI 30



ELIAS AKIKI

31



Chapter I:

Introduction

CONTENTS
I.1.  Introduction on Terahertz (THZ) WAVES: .........cocureeiieeeiieeesiieeesieeesiee e seeeesnaeeeseee e 33
1.2, THZTOI FOOQ ..ottt 34
1.3, THZ abSOrption SPECIIOSCOPY ... .vvieiiereiiiieeiieeeitteeestteeesteeesteaestaaeesteeessnseeesneeeesnneeeannes 36
[.3.1. Molecular aDSOIPLION........coiiie et 36
1.4, THZz photOaCOUSLIC SPECIIOSCOPY ...ciuvvreitrieeiieeeitieeestee e st e e st e e st e e et e e e sraeeesnbeeeaneeeennes 39
1.4.1. Molecular relaxation and heat producCtion .............cccccveeiiiieiiie e 41
1.4.2. Local heat production into acoustic wave generation ............ccceevvvveerveeesineesiveeesnnns 44
1.4.3. Acoustical signal amplitude and PA SENSILIVILY.........cccevviieiiireiiine e 45
1.4.4. Cylindrical aCOUSLICAl FESONALOIS ........eeiivvieeciiie e 47
1.4.5. Pressure wave detection: microphones, cantilevers, and quartz tuning forks ............. 49
1.5, THZ COMPONENTS ..ooiiiiiiiiiii ittt e et e e e e e s st b b e e e e e e e e s s annbaees 54
1.5, 1. THZ WaVEQUIAES.......eeeiiiie ettt ettt e e e e nnaa e et e e e nes 55
[.5.1.1 Metallic THZ WaVEQUIE .......ccviieiiiee ittt 55
[.5.1.1 Dielectric THZ WaVEQUITE .........oeeiiieeiiie ettt 56
1.5.2. PROLONIC CPYSLaAl.......vvieiieee et 58
1.5.2.1 Photonic crystal THZ CaVILIES ........ccueeiiiieiiiie s 60
1.6.  Conclusion of this CRAPLEN ...........coiiiie i 61
L7, RETEIBNCES. ... ettt ettt nree s 62
ELIAS AKIKI 32



.1. INTRODUCTION ON TERAHERTZ (THZ) WAVES:

From the electronics to the photonics world, a range of electromagnetic (EM) waves are classified
in an electromagnetic spectrum. This spectrum shown in figure 1.1.1 starts with the long
wavelength and low frequency EM waves where the electronics dominate and ends by very short
wavelength and extremely high frequency in the photonics world. These waves can be represented
by a wavelength (mm, pm, nm), mainly in the photonic world (infrared (IR), visible), a
wavenumber (cm™) for spectroscopy, a frequency (Hz) for electronic telecommunication world,
and sometimes by an energy (eV or Joules). The 0.1-10 THz (3000-30 um) frequency band of this
spectrum, lying between micro-and millimetric- waves (< 0.1THz) in electronics and infrared (>

10THz) in photonics is called today THz region or THz gap.

Electronics Photonics
& >
- L4
10 GHz 100 GHz 1 THz 10 ThHz 100 THz 1 PHz 10 PHz 100 PHz
' | A ' [ |
|
Micro-wave  Millimeter wave Terahertz wave Infrared l bIS uw X-ray
30 mm 3mm 300 pm 30 pm Jum 300 nmm 30 nm 3Inm
< lo
1] =
“ }l m J' - :
x b o
'
lntwamon
Orientation Plasma Inter-molecular Intra-molecular Electronic X-ray
mfmal relaxation oscillation vibration vibration transition diffraction
Mobile Phone uaum Soelts com- ‘ Optical com-  Photovoltaic Roentgen
mumcations generation

Figure 1.1.1 Electromagnetic waves spectrum [1]

The discovery of those waves started at the end of 19" century, and it was called obscure radiation
in the study published by Nicholas[2]. It took 80 years more for the term Terahertz to appear in
the first scientific publications[3]-[6]. Referring to this region as a "gap™ in the spectrum finds its
origin in the limited scientific discoveries in this frequency range and the initial difficulty to
produce efficient passive and active components operating at these frequencies.

Owing to the unique properties of THz waves and their multiple applications in several fields,
researchers have over the past decades put tremendous efforts to fill this “gap”. The non-ionizing

property due to the low energy (0.41-41.5 meV) of THz waves and their capability of penetrating
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different types of materials including some opaque ones in the visible range, make them helpful
for medicine, biosensors, and imaging [7]-[10]. The presence of several molecules with vibrational
and rotational transitions in this frequency region allows THz waves to act as a unique
spectroscopic tool [11]-[15]. Besides the mentioned ones a large variety of other applications
exists, where THz waves fulfill a crucial role: food examination and quality control [16]-[19],
communication [20], [21], astronomy [22]-[24]...

For many of these applications, the availability of efficient passive and active THz components
(sensors, sources, detectors, waveguides, resonators, ...), is essential. As such this PhD research
has as an ultimate goal to add another important element to the rich THz toolbox: an ultra-low loss
integrated platform for spectroscopic applications. In this work we present, a low loss suspended
high resistivity Silicon (HR-Si) waveguide and a high Q photonic crystal (PhC) resonator. The
presented components are useful for any application in the THz domain but are specifically
designed here to operate as an integrated photoacoustic (PA) gas sensor for food spoilage
examination and quality control. As discussed earlier, many molecules and components present
vibrational and rotational transitions at the THz energy level. THz sources and detectors are
necessary for such sensing applications. High sensitivity with a sufficient dynamic range,
therefore, requires a source providing sufficient power on the one hand and a sufficiently sensitive
detection mechanism on the other hand. This work concentrates on the detection mechanism. We
propose a gas sensor that uses the photoacoustic technique combined with a triple resonator design

to enhance the signal using only 100’s of uW of THz source power.

|.2.THZ FOR FOOD

Food waste is a major societal problem today, especially with the large production of packaged
food. Food packaging is a way to conserve and transport food for the consumer. But after that and
until now, there is no way to check the freshness of the food in real time and without destroying
the packaging. As a result, for safety reasons and due to limited information on the biochemical
degradation mechanisms of packaged food, huge quantities of packaged food are disposed of. The
histogram of figure 1.2.1, published by the food and agriculture organization of the united nations,
shows that food waste per capita in Europe is estimated at 280 Kg/year. Furthermore, almost 40%

of this waste happens at retail and consumer levels which means after packaging [25].
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Figure 1.2.1 Food waste per capita before and after consumer level [25]

The food spoilage process is related to a microbiological activity. A large number of different
volatile organic compounds (VOCs) are emitted by the packaged food during its storage period.
The concentration evolution of some molecules is responsible for color and odor change and
finally for food spoilage. Several studies on food safety and VOCs analysis for packaged
vegetables and fish, present different molecules as food spoilage indicators such as hydrogen
sulfide (H2S), ethyl acetate (CsHsO>), ethanol (CoHsOH), ammonia (NH3) ... [26]-[31]. The
production of H.S by other food types such as beef meat [32]-[34] and cheddar cheese [35] was
also reported. Many of these molecules can be detected by THz spectroscopic techniques due to
their high absorption peaks in this frequency region. The detection of H,S inside a salmon food
package has been reported by F.Hindle et al. [36] in the framework of this project, using THz
absorption spectroscopy.

The advantage of THz waves is limited not only to its ability to detect these compounds but it also
possible to do that without destroying the package. The plastics that make up the food package,
like polystyrene, polyethylene, polypropylene ... are transparent for THz waves unlike other
regions such as the visible.

As previously mentioned, several studies have shown the existence and evolution of H,S
concentrations inside different types of food packages. It has also been proven that this gas can
be used as a food spoilage indicator. Since this polar molecule presents several strong rotational
absorption peaks in the THz spectrum, we propose within the framework of the Interreg Terafood
project a THz gas sensor dedicated to the detection of low concentrations of H,S for food quality

control. This sensor is based on the THz photoacoustic spectroscopic technique. Before describing
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the working of this sensor we will first introduce the difference between the THz absorption and
photoacoustic spectroscopies.

|.3.THZ ABSORPTION SPECTROSCOPY

Absorption spectroscopy is an old well-known technique, that studies the interaction between
electromagnetic waves and matter. This interaction allows discovering the optical, electronic, and
chemical properties of a material, such as refractive index, conductivity, and energy levels. While
microwave, infrared, UV, and visible spectroscopy are commercially used for a long time, THz
spectroscopy is only starting to emerge as a result of recent improvements in the availability of
power sources and better detection techniques. The THz low energy (0.41-41.5 meV) is able to
probe the rotational energy levels of polar molecules or low energy vibrational levels of flexible
molecules (figure 1.3.1). These molecular excitations are represented by a specific resonance
frequency which is unique to each molecule and called its “fingerprint”. This technique is used to
measure the transmitted signal intensity of a broadband or a tunable monochromatic source
through a test sample.

Wavelength (m)
10° 107! 102 102 104 10°° 10 107

l 1 lll 1 lll 1 lll 1 lll 1 lll 1 lll 1 lll J

@ 300 K
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Figure 1.3.1 Atomic and molecular transitions represented on the electromagnetic wave spectrum [12]

1.3.1. Molecular absorption

The attenuated signal intensity is considered to be related to the absorbance by the molecules or

atoms contained in a test sample according to the Lambert-Beer law:

1) = [ye~ @@L (1.3.1)
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where I(v) (sz) represents the transmitted signal intensity, I, (C':Z—z) the source emitted signal
intensity, a(v) (cm™1) the molecule’s or sample’s absorbance, L (cm) the sample length and v
the resonance frequency defined by:

v = Z7E (1.3.2)
h

2
h=6.626 x 10734 mTKg corresponds to Planck’s constant and E; — E; is the energy difference

between the upper and lower state related to the absorbed photon energy at a frequency v. Figure
1.3.2 shows a schematic of the THz absorption spectroscopy. The THz signal traveling through a
gas cell of a length L is attenuated due to the molecular absorption and then detected by a sensitive
THz detector.

lo

Figure 1.3.2 A schematic of the THz absorption spectroscopy

For low absorption approximation equation 1.1.1 gives:

[W)r = Le @t = 1()r = [,(1 — a@)L) (1.33)
1Al
“”:zz' (1.3.4)

The absorbance a(v) is also represented as a function of gas density N (TT();) and molecules

2
absorption cross section o (v) (%)

a(v) = No(v) (1.3.5)
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Using equations 1.3.4 and 1.3.5, equation 1.3.6 gives the relationship between the gas density N

and the measured or transmitted signal intensity:

_ 1A (1.3.6)
N= o)L I,

N

and thus the gas concentration given by C = where Neotar = NL%P0 and N, = 2.479 x

total

10%° mol. cm™3. atm™?! the Loschmidt number can be obtained from equation 1.3.6. Therefore,
the minimum detectable concentration and the sensitivity of the spectroscopic technique is related
to molecules absorption cross section o (v;), molecules-electromagnetic waves interaction length

L , source power, and detector sensitivity.

The frequency-integrated molecule absorption cross section ¢(v) defined as

+oo 1.3.7
¢(v) =j o(v)dv ( )

is also expressed by the product between the linestrength S and the lineshape function ¢ (P, T) at

certain pressure P and temperature T

c@) =S o(P,T) (1.3.8)

. cm N; N; - .
The linestrength S (ﬁ) dependson P; = W] P, = v the probability of density of states for E; and
E; energy levels respectively, following the Boltzmann distribution and Einstein absorption

L. 8 3 2
coefficient B;; = —— pi? (Cm

- 2 - - .
o Wi ]—S) with u5; the electric dipolar momentum:

N; _hvji (1.3.10)
S = hv]lB]lN 1—e KT
..B.. Ej E; 0.
o _ By (e_K_§ B e_ﬁ) (1.3.11)
Qr
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hvj; E

j
where N; = Nje «7 and N; = Qie_ﬁ, with Q the total partition function. The linestrength S of
T

certain molecules can be found in the HITRAN database[37].

Not only sensitivity is important in gas absorption spectroscopy, but selectivity and resolution are
also desired as many molecules with very close absorption lines at low temperature exists. Self or
natural, Doppler, and collisional broadening are the three processes that could affect the absorption
lineshape @ (P, T). High resolution spectroscopic techniques are needed to allow discriminating
closely spaced lines. Several THz spectroscopies have been reported such as Time domain THz
spectroscopy (THz-TDS) [38]-[42], continuous wave (CW) THz spectroscopy [43]-[52], THz
comb spectroscopy [53]-[56]. Although fast and covering a broad spectral range, THz-TDS suffers
from its poor spectral resolution limited by the mechanical delay stage precision. In contrast, CW
and frequency comb THz spectroscopy benefit from narrow linewidth sources, such as QCL [43]-
[46], photomixing [47]-[50], and multiplied microwave sources [51], [52], but these sources have
limited bandwidth and low power at room temperature. To increase the sensitivity of such
techniques, large gas cells allowing to increase the light-molecules interaction length and high

sensitivity detectors often needing cryogenic cooling are highly required.

On the other hand, another spectroscopic technique called photoacoustic spectroscopy (PAS)
allows to detect gas molecules’ concentrations with high sensitivity, fast response and low cost

will be presented in the next section

|.4. THZ PHOTOACOQUSTIC SPECTROSCOPY

Before being used in spectroscopic techniques, the photoacoustic (PA) effect was discovered in
1880 by Bell when he demonstrates the first optical telecommunication system the photophone
[57]. The schematic of Bell’s photophone experiment is illustrated in figure 1.4.1. He uses a thin
glass metalized disk to reflect the sunlight toward a selenium cell connected to a telephone
receiver. The thin disk would bend and vibrate under the effect of the speaker’s sound wave. The
sunlight reflected on the disk surface is then modulated in response to the vibrations of the disk. A
telephone receiver allows finally to hear the voice from the modulated light collected by the

selenium cell.
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Figure 1.4.1 lllustration of Bell’s discovery: the photophone

It took almost 90 more years for this discovery to find its true potential as a spectroscopic tool.
Thanks to the demonstration of laser sources in 1960 [58], that photoacoustic was applied for the
detection of water vapor and CO2 gas molecules in 1968 [59].

As described previously in section 1.3 an atomic or molecular system is excited, by going from the
ground (E;) to a higher energy state (E;) following the interaction with an electromagnetic wave
of hvj; photon energy. This excitation phenomenon is followed by two principal relaxation
processes, radiative and non-radiative relaxation. The radiative relaxation is related to stimulated
or spontaneous emission, while the non-radiative one is mainly manifesting itself as heat
generation caused by molecular collisions. THz energy corresponds to the excitation of rotational
and vibrational energy levels. At these energy levels, the non-radiative relaxation process is
dominant. When the light interacting with molecules is modulated, a pressure acoustic wave is
generated resulting from the periodic heat dissipation of the relaxation process. Therefore, in
contrast to the direct absorption spectroscopy, which measures the intensity of light absorbed by
the excited molecules, this technique with zero background measures the pressure wave created
by the molecules' response. In absorption spectroscopy, the attenuation of the transmitted light
isn’t only limited by the molecular absorbance, but it is also the result of the experimental setup
absorption and reflection losses, such as the one caused by the cell windows. In addition to this, a
direct measurement of the transmitted light is sometimes accompanied by the detection of black
body radiations. Therefore, to eliminate all these undesired effects a background correction is
necessary, by measuring the transmitted signal in absence of gas molecules. However, the
detection of the acoustical signal in the PAS technique is only attributed to the molecular

absorption resulting in a zero background measurement.
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The THz photoacoustic spectroscopy is illustrated in figure 1.4.2. A modulated THz light is
absorbed by the gas molecules, followed by a nonradiative relaxation process leading to the
generation of periodic heat waves. The produced heat is then detected as an acoustic wave using a

microphone.
- ©)
@ j):)
D0
| Modulated | © o Microphone
THz source )
=)
2
97 I

Acoustical
wave
detection

THz Modulated

Molecules

excitation

radiation

Figure 1.4.2 A schematic of the THz photoacoustic spectroscopy
1.4.1. Molecular relaxation and heat production

Similarly to the absorption spectroscopy, the excitation process of a molecule with density N is
presented by two-level states E; and E; with densities N; = N — N; and N; respectively after the

absorption of photon energy hvj;. The excitation process is followed by the relaxation process and

the density exchange of the excited state j is expressed by the following equation:

dN, 1
== (N—Nj)al/)—l\lj(m,b+;) (1.4.1)

with ¢ the molecular cross section, ¥ ( ) function representing the incident photon flux and

T (s) the relaxation lifetime. The first part of this equation corresponds to the excitation process
however the second one represents the radiative (spontaneous and stimulated emission) and non-
radiative relaxation process. Considering a low incident light power, the stimulated emission can
be neglected due to the low population density in the excited state (N; < N). Equation 1.4.1

become:
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dN; 1
—J_ —N.= (1.4.2)
dt Ny =N T

The inverse relaxation lifetime G) is expressed by the sum of radiative (i) and non-

Tr

. . 1 . . .
radlatlve(T—) inverse lifetime
nr

111 (14.3)

T T Tpr

At THz frequencies the non-radiative process is dominant and this is due to the very short non-
radiative lifetime (z,,, ® 10712s) compared to the radiative one (z,. = 107°s) [60]. Therefore the
relaxation lifetime t is considered to be limited by t,,,- and T = t,,,- . For a sinusoidal modulated

incident EM wave, the photon flux function can be written as follows:

= o(1 +et) (1.4.4)

where 1), correspond to the non-modulated part, and et is time dependent with w = 2 f the
angular modulation frequency of the EM wave source. Since the photoacoustic response is
governed by the modulation signal, it suffices to consider the time dependent part of the equation
(1.4.2):

dN; . 1
Esz/)Oe“"t—Nj; (|45)

Searching for a solution of type,

N; = Njpe'* (1.4.6)

for the differential equation (1.4.5) type (y’ + ay = f(t)) gives:

Noy,T
" Yo

o= V1+ (wr)?

=i (1.4.7)

with
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¢ = tan™" (Tw) (1.4.8)

The final solution of the excited state population is then:

N, = _NoWT w0 (1.4.9)

V1+ (w1)?

The heat generation caused by the periodic relaxation process is then proportional to the population

density of the excited state N;, and the probability of transition % . This relation is expressed by:

H_N]-hv
T

(1.4.10)

with hv the thermal energy, where v corresponds to the absorption frequency or also light source
frequency. The final expression of heat is given by the combination of equation 1.4.9 and 1.4.10

H = Hye'@=%) (1.4.11)
where H, = \/% represents the heat amplitude and I, = y,hv the light source intensity.

For low modulation frequency wt « 1, the approximation of heat amplitude is then:
HO :NO'IO (|412)

Hy = a(v)l, (1.4.13)

The generated heat energy is directly proportional to the absorbance a( v) and the light source
intensity I,. This linearity is only valid for slow modulation frequencies (w7 « 1) and low light
intensity to prevent optical saturation. At these conditions, the generated heat is then proportional
to molecule concentration. Therefore, the lowest detected concentration using this technique

depends on the sensitivity of the thermal wave detection
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1.4.2. Local heat production into acoustic wave generation

The relation between generated heat and acoustic pressure wave was presented by Morse and
Ingrad in 1968 [61] using thermodynamics and fluid mechanics laws. This model is described by
the momentum (Navier Stokes in absence of viscosity losses) (1.4.14), and mass conservation
equations (1.4.15), thermodynamic equation of state for density change (1.4.16) and entropy change
(1.4.17), and the equation of heat flow continuity (1.4.18)

%’ = —pl—OVp(r, t) (1.4.14)
aagrt, 2 + poV.vi =0 (1.4.15)
9 9
5(r,t) = (a—l‘j) p(r,6) + (a—f,) o) = ypies (p(r, ) — ab(r,0))  (14.16)
8 8 , _
o,(r,t) = (6—2>T0 p(r,t) + (a—i)Po o(r,t) = %(9&, t) — yy—lp(r, t)> (1.4.17)
T aa“ts ~ KV20 (1.4.18)

In the previous equations, v correspond to the fluid (gas) velocity, while v; represent it longitudinal
part that contributes to the pressure variation. p,, P, and T, correspond respectively to the medium
initial mass density, pressure, and temperature at equilibrium. However, their variations are
defined by & for mass density, p for pressure, and 6 for temperature. Similarly o, is for the

entropy variation. The thermal physical coefficients k., k7, 8, and K describe respectively, the

adiabatic and isothermal compressibility, thermal expansion, and conductivity. With a = Kﬁthe
T

rate of increase of pressure with the temperature at constant volume. And finally y = E—” the

v

specific heat at constant pressure and volume ratio.

To solve this complex model another approximation is used by considering a small variation of

temperature T, pressure P, mass density p and entropy S of the system and written by:

P(r,t) = Py + p(r,t)

p(T, t) = Po + 5(7', t)
T(r,t) =Ty + 6(r,t)

(1.4.19)
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S(T' t) = SO + O-S(r) t)

Without going into further detail in the calculation presented in [61], by eliminating the
temperature T, mass density p, gas velocity v and entropy S dependency from the previous
equations, the relation between pressure wave and generated heat is expressed by the following

linear wave equation:

%p(r,t) __r-1 OH(r,t) (1.4.20)
at? c? at

with ¢, = 343 m/s speed of the sound in the air and H (r, t) the heat source presented in equation
(1.4.11).

Vip(r,t) — i
) CSZ

1.4.3. Acoustical signal amplitude and PA sensitivity

The acoustical signal of the PAS technique is determined by the solution of equation 1.4.20. This

inhomogeneous wave equation is solved by taking its Fourier transformation

< vz 4+ (:—22> p(r,w) =iw (yc_z 1) H(r, ) (1.4.21)

N N

where

p(r,t) = fp(r, w) e"@t de

(1.4.22)
H(r,t) = f H(r,w) e"@t du
and searching for a solution of the type
p(r, @) = Z Ai(w)p;(r) (1.4.23)
j

corresponding to the sum of p;(r) modes solution of the homogenous equation with amplitude

Aj(w). The solution of the homogenous equation

<V2 N ‘:_:2> p, () = 0 (1.4.24)
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depends on the acoustic cell geometry and boundary conditions that will be discussed in the next
section with a particular solution of the cylindrical acoustic resonator. Inserting (1.4.23) in
(1.4.21) with the use of equation (1.4.24) and the normalization condition (1.4.25):

fp:‘p] = Vcaij (|425)

gives the mode amplitude:

iwy—1 [piHdV
Aj(w)=_ﬁy /7] (1.4.26)

TR ()

wj
For a modulation angular frequency w equivalent to the mode resonance frequency w;, the
resonant mode amplitude A; goes to oo, this has no physical sense because of the absence of loss

which is not considered here. To include losses, the term Q; is added to the equation (1.4.26)

giving:
ivy—1  [piHdAV
Aj(a)) =—-— ] > . (|427)
wi Ve 1_(2) _w
wj)  wjl;

Q; is a dimensionless factor called quality factor and represents the losses of a physical resonator.

Accumulated energy

It is defined by Q; = 2 representing the energy losses of a wave after a round

Energy lost per cycle

trip inside a cavity. It could be also written as Q; = I—"f, where f, corresponds to the resonance

frequency and Af to its full width half maximum (FWHM).

Using equations (1.4.13) and (1.4.27), a representation of the acoustical signal amplitude A;(w) as

a function of light intensity I, and the molecules’ absorption a(v) can be written using the

following expression:

A(w) = — iwagv)y -1 [pjlpav (1.4.28)

2 .
wi ¥ 1_(2) i
wj)  wjQ;

The light intensity I, and power P, are related by a function g(r) representing the spatial

distribution of the light beam (i.e. Gaussian distribution, optical cavity mode ...)
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Iy = Pog(r) (1.4.29)

Considering the case of perfect resonance w = wj, the final expression for the acoustical signal

amplitude at the resonant frequency is expressed by:

PyQ:(y —1L1
Aj(wj) = «@) Ogjl(/z/ ) pr}‘ g(r)dv (1.4.30)

Where L represents the cell length, and the integration % f p; g(r) dV defines the overlap between

acoustical and optical modes.

Finally, the expression (1.4.30), shows the dependence of the acoustical signal on molecules
absorbance a(v), light (EM wave) power P,, acoustic cell geometry: volume V., length L and

quality factor Q;, acoustic resonance frequency (light modulation frequency) w; and finally, the

. . 1 *
light and acoustic modes overlap 9 = prj g(r)dv.

Therefore, to increase the sensitivity of PAS techniques, a resonant cell such as a Helmholtz
resonator, cavity resonator, or cylindrical resonator with high quality factor is necessary. The next

section describes one of the most used resonant cells in PAS: the cylindrical one.

1.4.4. Cylindrical acoustical resonators

In resonant PAS, the gas cell is not limited by the container role, but it also serves as an acoustic
resonator to enhance the acoustic signal and increase the sensitivity. The most commonly used
shape cells are cylindrical ones with open or closed ends. Taking one particular case of a gas cell
(namely a cylindrical open end cell), the homogenous wave equation (1.4.24) can be solved by
applying the boundary conditions for this case. Using the cylindrical coordinates equation (1.4.24)

becomes:

(1.4.31)

r or

10 0 N 1 0?2 N 02
"or r2dp?  0z?

>pj(r, 0, z,0) +kip;(r,0,z,w) =0

ELIAS AKIKI 47



With k; =% the eigenvalues of the eigenfunctions p;(r, ¢,z w). Separating the variables

pj(r,9,z) = R(r)B(p)Z(z), and finding solution for R(r), ®(¢) and Z(z), gives the general

solution of equation (1.4.31):

pj(r, 9,2z, w) = cos(my) sin(k,z) [, (k1) (1.4.32)

Withm = k,r, k = /k% + k3 + kZ and J,,, the Bessel function of m" order. At the cell walls and

closed ends, the normal fluid velocity vanishes resulting in a boundary condition with no pressure
variation Vp,,.;; = 0, while at open boundaries, the pressure vanishes and satisfies the condition

p = 0. Thus the final solution with these boundary conditions is the following:

p;j(r,9,z,w) = cos(me) sin (l;r—f)]m (a;_;lr) (1.4.33)
and
fimn == j (%)2 + (ZV;Z)Z (1.4.34)

With f;,,.,, the resonance frequency of the different acoustical modes. [, m, and n are the indexes
of the longitudinal, azimuthal, and radial modes respectively. R, corresponds to the cylinder radius

and L to its length. The first values of a,,, that corresponds to the n solution of the equation

CZ—’: =0 atr =R, are represented in table 1.4.1. The fundamental resonance frequency of

longitudinal, azimuthal, and radial mode corresponds respectively to fio00 = :—i, foro = 0;11225 =

%  foor = 25 = &SRCS. Therefore, the longitudinal resonance frequency is defined by the

2TR 21
length of the cylinder, while the azimuthal and radial ones are adjusted by its radius. Figure 1.4.3

shows the propagation of a longitudinal pressure wave mode inside a one open end cylinder. The

pressure is maximal at the close end and vanishes at the open side. However, for a both open sides
cylinder, the pressure wave with a resonant frequency fio0 = Lzﬁ vanishes at the two sides edges
and achieves its maximum at the cell center. Similarly, for a two closed ends cylinder with f; o =
Lzﬁ, the wave has maxima and minima at the ends and vanishes in the cell center. Differently, the

radial and azimuthal modes behave independently from the cell ends.
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Table 1.4.1 Some of the values of «,,,

While longitudinal and radial modes are highly investigated in PAS for acoustic signal
amplification, the azimuthal modes are less used due to their lower quality factor and off axis

excitation.

Closed end

dp_

dZ_O A

\<V

Open end p=0

Figure 1.4.3 One open end cylinder cell with radius Roand length L. The red lines represent the pressure wave of the

fundamental longitudinal mode

Such type of cell is well known and has been highly used with different modes and several
detections and excitation mechanisms. Adjusted designs by adding buffers to the cell’s ends, or by

using a parallel cylinder to reduce the acoustic impedance and noise are also investigated.

1.4.5. Pressure wave detection: microphones, cantilevers, and
quartz tuning forks

The previous sections describe the generation and enhancement of pressure waves in PAS. The

next and final regarding the detection of sound wave detection is presented here. PAS usually uses
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microphones for the detection of sound waves. Therefore, the sensitivity of this technique is also

related to the microphones’ responsivity.

In classical PAS condenser microphones are usually used. Such microphones are formed by two
electrodes with distance d and surface A to form a capacitance. One of these electrodes is a
vibrating metalized membrane, the membrane displacement of this membrane varies the

capacitance C:

eA
3d?
Where ¢ correspond to the permittivity of the medium between electrodes, p, AC and w,, pressure,

p < AC = W, (1.4.35)

capacitance variation, and membrane displacement. The pressure variation is proportional to the
capacitance variation, which increases by increasing the distance d between electrodes and their
surface A. However, the most sensitive commercial microphones with optimized d and A are

limited by a damping factor called breathing effect due to the presence of the second electrode.

In an attempt to increase the microphone sensitivity some techniques, such as cantilever enhanced
photoacoustic spectroscopy (CEPAS) [62]-[66], propose the use of optical methods for
microphone displacement detection. In these techniques, the condenser microphone is replaced by
microelectromechanical systems (MEMS) such as a thin membrane or a microcantilever. The
second electrode used in a condenser microphone to form the capacitance is not necessary here as
the mechanical displacement is optically and not electrically detected. Similarly, to a condenser
microphone, when a pressure wave hits the MEMS, it starts to vibrate. The displacement of the
vibrating object is detected by a laser beam focused on its back, and using an interferometer to
detect an optical path difference and phase mismatch giving information about the object

displacement. The amplitude A of a vibrating cantilever is expressed by:

A= Fo (1.4.36)

m\/(wg —w?)? + (0:71—'6))2

where F, correspond to the external force produced by the pressure wave, f a damping constant,

w the light modulation angular frequency, m and w, = 2rf, are respectively the cantilever’s

mass and angular resonance frequency. The sensitivity of these detection techniques is then limited
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by the cantilever’s resonance frequency and the sensitivity of the optical system used for the

detection.

At THz frequencies, the demonstrations of CEPAS have been little studied. The detection of
methyl cyanide (CH3CN) absorption lines between 300 and 500 GHz was achieved by [67] and
[68] with a normalized noise equivalent absorption (NNEA) of 1.39 x 10° and 4.28x 10™° cm?* W
HzY/2 respectively. These NNEA values correspond to a minimum detection limit (MDL) of 100
and 80 ppm. The NNEA and MDL are two factors used to describe the sensitivity of a gas sensor.
NNEA is expressed by:

NNEA = apinPoVt (1.4.37)

where a,,;,correspond to the minimal detectable absorption coefficient, Pothe THz power and t
the integration time. While the MDL represents the minimal detected concentration for a unity
signal to noise ratio (SNR).

In 2002, the quartz enhanced photoacoustic spectroscopy (QEPAS) was proposed by Kosterev et
al. [69] as another approach for the detection of weak photoacoustic signals. For the QEPAS shown
in figure 1.4.4, the resonant acoustic cell and sensitive microphones are replaced by the use of high
Q resonant transducer tuning fork. Quartz tuning forks (QTF) are being employed for a long time
already in watches since the late 1960s. Their shape is well known and formed by two prongs
connected at one end, that oscillate together. An approximate solution of the fundamental resonant

angular frequency w = 2rf of a tuning fork is defined by:

1.76a |E (1.4.38)
w=——|—
Iz |p

Its working frequency is determined by the prong length [, thickness a, quartz Young modulus E,
and its mass density p. The traditional QTF has a prong length [ = 3.2 mm , thickness a =
0.33 mm and a gap of 0.3mm in between the prongs, where a laser beam is focused and excites
the molecules that allow generating the heat causing the tuning fork (TF) motion. The high Q
factor of such an oscillator (in the order of 103 at atmospheric pressure which is at least 10 times
higher than a traditional acoustic resonant cell), allows to store and enhance the acoustic signal

which is finally transformed into an electrical signal due to the piezoelectric properties of quartz.
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To prevent high noise, the laser beam has to be well focused between the prong without touching
them. Several techniques have been proposed to achieve this: tapered optical fibers, off axis
excitation... However, when working at THz frequencies the gap in between the prongs is in the
order of the beam wavelength (1 THz =~ 0.3 mm). Therefore, for the use in THz PAS, an adjusted
larger design of QTF (I = 17.7mm , a = 1.3mm, and a gap of 0.8mm) with a resonant frequency
of f = 4.246 kHz and a Q = 9330 was proposed by Borri et al.[70].

WWOMMQMM ;

Reference
ia f
2
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) =@ ©
generator amplifier 000

Figure 1.4.4 Experimental setup of the first QEPAS by [69]

After this first successful demonstration, the THz QEPAS has observed rapid growth. In the past
few years, several THz QEPAS with high sensitivity was reported. An MDL of 7 ppm for the
detection of methanol (CH3OH) was presented by [71]. The detection of 13 ppm and a record of
360 ppb of H>S was demonstrated in [72] and [73] respectively. However, most of these
demonstrations rely on the use of THz QCL (Quantum cascade laser) which requires cryogenic
cooling. Due to the very high Q factors of the TF these sensors require a long integration time. In
addition to the slow acquisition and the low working temperatures, these sensors suffer from the
small light molecules interaction lengths due to the small distance between the TF prongs. To
increase the interaction length, some work in the MIR have proposed to combine a QEPAS or

CEPAS with optical cavities [74]-[76]. However, such demonstration in the THz is still missing.

The photoacoustic spectroscopy has shown several interests in IR as in THz region for the
detection of gas molecules, due to its high sensitivity and zero background measurements. Several
versions have been proposed and discussed in this chapter such as PAS, resonant PAS, CEPAS,

and QEPAS. A performance comparison between several THz sensors based on different PA
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techniques is illustrated in table 1.4.2. Each of these techniques has a minimal detected signal
defined by several parameters, such as cell geometry, resonators quality factors, optical power,

interaction length, microphones sensitivity...

PAS technique CEPAS [67] CEPAS [68] | QEPAS [71] | QEPAS[72]  QEPAS [73]

THz source & AMC VDI AMC VDI QCL QCL QCL
power (mw) 0.6-1.4 mwW 25 pW 40 pW 0.24 mW 150 mwW
Detected gas CHsCN CH3CN CH3OH H>S H>S

THz emission

312 GHz 400 GHz 3.93 THz 2.91 THz 2.87 THz
frequency

Integration time 0.5s 0.5s 4s 30s 10s

Pressure 170 pbar 200 pbar 13 mbar 26 mbar 80 mbar
NNEA 1.39 x 10° 4.28x 1010 2x 10710 4.4% 1010 3.1x 10
MDL 100 ppm 80 ppm 7 ppm 13 ppm 360 ppb

Table 1.4.2 Table summarizing the performances of different THz PAS gas sensors

In this work, we will present a new integrated gas sensor based on the photoacoustic spectroscopy,
and combine three different resonators to enhance the detected signal and to increase the
sensitivity. The gas sensor shown in figure 1.4.5 is integrated on a low-loss THz HR-Si guiding
platform. A THz Photonic crystal (PhC) cavity is created by making circular etched holes in the
core of a Si suspended waveguide. This cavity uses to confine a THz light inside an etched air hole
at the absorption frequency of the target gas with high Q factors. The effective interaction length
between the THz light and the gas present inside the cavity hole will increase by a factor
proportional to the cavity Q factor. The same hole of the THz cavity behaves as an acoustical
cylinder (similar to the one presented in 1.4.4). The acoustical signal is then enhanced inside this
acoustical resonator. The bottom of the cylinder is covered by a Poly-Si membrane representing a
MEMS microphone. The latter corresponds to the third resonator that enhances the detected
mechanical signal. A laser Doppler vibrometer (LDV) is finally used to optically read out the
displacement of the Poly-Si mechanical resonator. More details on the sensor design will be

presented in chapter II.
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In the next sections, we will introduce and present the state of the art of THz waveguides and PhC
cavities. These THz components represent the main electromagnetic parts of the designed gas

Sensor.
High Q THz
cavity
HR-Si
waveguide
and PhC
A‘%Fl Enhanced polar gas molecules-
Acoustical electromagnetic waves
resonator interaction
&
readout
THz modulated Mechanical J
guided waves resonator
Enhanced
J acoustical signal
Enhanced
mechanical signal
Figure 1.4.5 Sensor design based on triple resonators

In addition to spectroscopy, THz waves are investigated in many more applications such as
communication, medicine, imaging, astronomy... For the use in such applications, THz
components such as sources, detectors, waveguides, cavities, modulators are necessary. In this
work, we are not concentrating on the detection side, since the designed sensor is based on the PA
technique that uses to convert the THz signal into mechanical energy. The sensitive detection of
the THz signal is thus replaced by optical detection of a mechanical displacement. Powerful
sources aren’t either the subject of this work due to the original idea of the triple resonators sensor
design that allows detecting low signals without the necessity of high THz power. One of the main
reasons behind the signal enhancement is the presence of a high Q PhC cavity that strongly
confines the THz light and increases its interaction with gas molecules. However, all of this
depends crucially on the availability of a low loss THz platform in order to be able to work at low
power. This low loss platform is represented by a HR-Si suspended waveguide. The design of the

low loss Si suspended waveguide and the high Q PhC crystal cavity are presented in chapter I1.
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In this section, we discuss the different types and performances of the existing waveguide at the
THz frequencies. Then, a brief introduction to the historical discovery of the PhC is presented.
Finally, the state of the art of available THz PhC cavities is reported.

I.5.1. THz waveguides

In integrated circuits, low-loss waveguides are essential to transmit the EM waves between all
passive and active components. They are also necessary to ensure the transition from off- to on-
chip. The available THz waveguide can be classified into two different categories: Metallic and

dielectric waveguides.

I.5.1.1 Metallic THz waveguide

Metallic waveguides (MWG) are well known in the microwave and millimeter wave bands. The
same design of hollow metallic waveguides is scaled with smaller dimensions to work in the THz
frequency band. The main disadvantage of these waveguides is their high ohmic loss, due to the

finite conductivity of their metallic walls. The ohmic loss originates from the small skin depth of

’ 2 (1.5.1)
05 = wp(w)o

where w = 27tf is the wave angular frequency, u(w) the permeability, and o metal conductivity.

metal at high frequencies defined by:

The cut-off frequency of a rectangular metallic waveguide is related to its cross section dimensions

via the relation below:

o= (2 + 3

where ¢ = 3 x 108 m/s corresponds to the speed of light, a, and b the horizontal and vertical

2 (1.5.2)

dimensions of the guiding channel, and m, n the modes index. For a single-mode operation at high
frequencies, waveguides with very small dimensions are necessary. Because of their small
dimensions, the fabrication of these waveguides requires a complex process and complicated
assembly. Despite the fabrication complexity, these types of waveguides are fabricated and

commercially used for frequencies up to 3 THz [77]. Figure 1.5.1(b) shows a schematic of the VDI
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WR-1.5 MWG covering the 500-750 GHz frequency range. The reported propagation losses of
this WR-1.5 waveguide vary between 0.73 and 1.05 dB/cm. The bulky size of these commercial
waveguides, prevent their use in integrated circuits. A miniaturized MWG was proposed by [78],
[79] thanks to the Deep Reactive lon Etching (DRIE) technique. The waveguide channel is etched
inside a Si wafer using the DRIE technique, then a metal layer is added by sputter coating. A
photograph and a schematic of the micromachined WR-1.5 MWG are presented in figure 1.5.1 (a).
The propagation loss measured by [78] and [79] corresponds respectively to 1.5 and 4 dB/cm at
570 and 380 GHz. These micromachined designs still suffer from high ohmic losses despite the
use of thin reflective metal layers.

TopSi_,
wafer

Bottom
Siwafer

WR1.5 WG
(190x380pum)

(a)

Figure 1.5.1 (a) Micromachined metallic WR-1.5 waveguide [78], (b) schematic of the VDI WR-1.5 waveguide
[77]

I.5.1.1 Dielectric THz waveguide

As opposed to metallic waveguides, dielectric ones do not depend on metallic reflectivity, but
rather on the total internal reflection between two dielectric materials with different refractive
indices n = \/ugeg . Dielectric waveguides were first used in the optical domain, then extended
for the first time to mmW in 1958 [80]. The investigations of dielectric waveguides in the mmW
region continue in the 1970s and 1980s [81]-[83], until the 1990s when the THz region was
reached for the first time [84]. The main advantage of dielectric waveguide over metallic ones is
obviously the absence of conduction losses. The propagation losses in such structures are governed
by material absorption loss and radiative loss. For high modal confinement and low loss
propagation THz waveguide, materials with large refractive index contrast and low losses are
necessary to form the core and cladding of the waveguide. At THz frequencies, the available

material systems that combine high index, transparency, and planar processing are limited. In
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recent years the use of HR-Si for THz applications has attracted considerable interest, due to its
very low absorption coefficient and large non-dispersive refractive index [85], [86]. The Silicon-
on-glass waveguides shown in figure 1.5.2 (a), presented by Ranjkesh et al. [87], use the refractive
index contrast between Si and glass which are bonded together in order to create the guiding
channel for mm-waves. The extracted propagation loss of this design was found to be 0.63, 0.28,
and 0.53 dB/cm, for 55-65, 90-110, and 140-170 GHz bands. At frequencies beyond 400 GHz, the
absorption of the glass substrate material increases dramatically [86], [88] and it becomes useless
for guiding purposes. To avoid material losses, [89] proposes a layout where the glass is locally
etched and the guiding layer is suspended by Silicon supporting beams (SB). A schematic of this
suspended Si waveguide on a glass substrate is presented in figure 1.5.2(b). An average loss of
0.54 dB/cm over 440-550 GHz frequency band is reported for this suspended waveguide. The
process is laborious and the large number of SB increases the scattering losses due to roughness at
the SB edges, adding to that a bonding of HR-Si/Glass followed by glass etching steps is still

required.

Other types of dielectric waveguides known as line defect PhC or slab waveguides were also
reported. The guiding principle of a line defect PhC waveguide is quite similar to the previously
presented ridge waveguide. However, instead of only using the refractive index contrast between
two different materials such as air/HR-Si or glass/HR-Si, it also uses the bandgap properties of a
PhC for guiding purposes. Periodic holes are etched in the HR-Si on both sides of the guiding
channel to create a cladding with an effective index lower than the refractive index of the HR-Si
representing the core of the waveguide. The PhC and PhC cavities will be the main topics of the
discussion in the following section. Figure 1.5.2 (c) shows the schematic of a line defect PhC

waveguide design proposed by [90].

(a) (b) (c)

Figure 1.5.2 Schematics of the different available designs of HR-Si waveguides. (a) silicon on glass waveguide [87], (b)
silicon suspended waveguide [89], (c) Photonic crystal line defect waveguide [90], (d) Fully suspended Photonic
crystal line defect waveguide [91]
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Very large propagation losses of 4 dB/cm are measured in this work at the 540-630 GHz frequency
range. These high losses are mainly the result of the large number of etched holes that greatly
increase the scattering losses. In addition to the very high losses, the fabrication of this waveguide
requires several technological steps: etching the glass, etching the HR-Si, and bonding the two
parts. Another fully suspended line defect PhC waveguide design (see figure 1.5.2 (d)) with fewer
technological steps and lower propagation losses was presented in [91]. The disadvantage of this
design is that the very low measured propagation losses of 0.1 dB/cm cover a very short frequency
band region 326-331 GHz.

We presented in this section some of the several waveguides reported in the past few years at THz
frequencies. Table 1.5.1, summarizes and compares the performances of the existing THz
waveguides discussed in this section. While the MWG suffers from high ohmic losses and bulky

size, the HR-Si dielectric waveguides remain the best solution for an integrated compact guiding

channel with low propagation losses.

: : Propagation loss Frequenc Propagation loss
ULEMEUTE CIEE (avefage) (dB/cm) (gHz) ’ (ave?age) (dB/o)
VDI WR-1.5 [92] 0.73-1.05 (min-max) 500-750 0.042-0.0438
Micromachined WR-1.5 [78] 1.5 500-750 0.072
Micromachined (band pass filter) [79] 4 325-440 0.28
Silicon-on-glass (SOG) [87] 0.53 140-170 0.1
Suspended SOG [89] 0.54 440-550 0.0346
Line defect PhC [90] 4 540-630 0.208
Suspended Line defect PhC [91] 0.1 326-331 0.009

Table 1.5.1 A comparative table showing the performances of several THz waveguides

In this thesis work, we present the design, fabrication, and characterization of a fully suspended
HR-Si waveguide with low propagation losses. The demonstrated THz low loss HR-Si platform is
then used to create high Q photonic crystal cavities and finally develop an integrated THz gas

Sensor.

I.5.2. Photonic crystal

Photonic crystals are periodic structures, designed in a way to control the propagation of
electromagnetic waves similar to a solid-state crystal that naturally control the electronic waves

propagation. In 1987 Eli Yablonovitch was the first to make the approach between solid crystal
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and 3D periodic refractive index structure and defined the photonic band gap inside a photonic
crystal [93]. Since that day “photonic crystal” has become the attributed name for 1D,2D, and 3D
periodic structures. However, 100 years before in 1887, the idea of a band gap in a 1D periodic
structure was derived by Lord Rayleigh [94]. The photonic “band gap” originates from the periodic
variation, on the wavelength scale, of the refractive index in a structure. The electromagnetic
waves propagating through these structures scatter at the interfaces of the periodic materials. A
region of forbidden frequency, called the band gap, is therefore the result of constructive and
destructive interference between these waves. The complete photonic band gap has been
demonstrated experimentally in 3D PC structures for mmW [95]. The term “complete” refers to
the ability to control the propagation of light in the three spatial dimensions. At higher frequencies
in the THz, IR, and visible domain the fabrication of such structure becomes more complicated
due to the necessity for micro- and nanometric resolution 3D fabrication techniques. Meanwhile,
2D and 1D PCs geometries have been extensively studied and used in several applications. 2D
structures called also slab photonic crystals can be created by etching air holes inside a dielectric
membrane, or by the growth of periodically separated dielectric rods (see figure 1.5.3).

1D 2D 3D

I||I+|‘I|

Multilayer stack 1D PhC

gl © o o 0 0 0 o

1D-Wire PhC 2D-Slab PhC

Figure 1.5.3 1D,2D, and 3D photonic crystal structures [96]

While the simplest case of 1D PhC consists of a multilayer stack deposition and has been used to
form Bragg reflectors. Another type of 1D PhC is formed by creating a periodic etched hole inside
the core of a ridge waveguide. Figure 1.5.3 shows the different geometries of 1D, 2D, and 3D PhCs
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(this figure was taken from [96] and modified). The interest in using photonic crystals to control
electromagnetic waves is not limited to the perfect periodic structure. Creating defects inside such
structures has shown several interests to form cavities with high Q factors where the light is
trapped, or to form guiding channels such as the one presented earlier in the dielectric waveguide
section (Figure 1.5.2 (c) and (d)). In this work are interested in designing high Q cavities to confine
the THz light and increase the interaction with the gas molecules. Therefore in the next part, we
discuss the different designs of PhC cavities proposed in the THz region.

1.5.2.1 Photonic crystal THz cavities

One of the greatest advantages of a PhC is its ability to behave like an optical cavity and traps
photon at a precise energy for very long times. A PhC cavity is the result of a point defect
introduced into the geometry of a perfect periodic PhC. The defect can be created in several ways
as removing a hole from the periodic structure, shifting the position of the holes, changing the
filling material of the holes... By breaking the periodicity of the structure, a resonant cavity mode
appears inside the photonic bandgap. Such characteristics make the PhC useful for many
applications: lasing, light-matter strong coupling, sensing ... In this work we are interested in
designing a PhC cavity on top of a HR-Si waveguide to confine the THz energy at the absorption
peak of a gas molecule for very long time. This allows to increase the light-molecule effective
length interaction and thus increase the sensitivity of the designed gas sensor. The trapped photon

lifetime 7, is described by the cavity quality factor expressed by:

Q= woTyp (15.3)

with w, = 21 f, the angular frequency of the resonant trapped mode. For a long photon lifetime,
it is then necessary to design cavities with a high Q factor. 2D slab (etched membrane) and 1D
wire (etched waveguide) photonic crystal cavities are highly studied in the visible, near, and mid-
infrared [97]-[109]. Because of the fabrication simplicity at the millimetric wavelength scale, 2D
and 3D PhC cavities were reported in the 10-110 GHz frequency range [110]-[114]. At THz
frequencies, high Q PhC cavities are less explored and this is due to the limited availability of low
loss material in this frequency range. 2D metal-coated dielectric slab photonic crystal cavities were
reported in [115], [116]. These structures suffer from high metal ohmic losses and present low

quality factors less than 140. Thanks to the low loss of high resistivity silicon several 2D slab PhC
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cavities with highest quality factors up to Q=10800 were presented in [117]-[120]. Aside from
[121], 1D wire photonic crystal cavities were very little investigated in the THz region. In [121] a
Q of 11900 was measured for a resonant defect mode at a frequency of 100 GHz. A review of
some available THz photonic crystal cavities and their performances is presented in table 1.5.2.

In this work, we present a 1D-wire PhC cavity with ultra-high Q factors for a resonant defect mode
trapped in an air hole of the PhC. The frequency of the confined mode is adjusted to overlap with
an absorption peak of a gas molecule. Therefore, the interaction between the gas molecules and
the THz light is enhanced to finally increase the sensitivity of the proposed gas sensor.

PhC cavity design Q Frequency (GHz)

Au coated Si 2D PhC [116] 20 914
Au coated Su-8 2D PhC [115] 133 1460
HR-Si 2D PhC [120] 1000 1000
HR-Si 2D PhC [117] 5800 100
HR-Si 2D PhC [119] 9000 100
HR-Si 2D PhC [118] 10800 318
HR-Si 1D wire PhC [121] 11900 100

Table 1.5.2 A comparative table showing the different quality factors obtained for some of the available THz PhC
cavities

|.6.CONCLUSION OF THIS CHAPTER

In this chapter, we have introduced the THz waves and their unique properties that make them
very useful for several applications. Food quality control is one of these many applications where
the THz can contribute to resolving a societal problem by reducing food and money waste. For
that purpose, we proposed a THz gas sensor based on the photoacoustic spectroscopy technique to
monitor food spoilage. A comparison between two principals spectroscopic techniques: absorption
and photoacoustic spectroscopy was illustrated. A detailed theoretical analysis of the PA theory
was also developed. A review of the available PA gas sensors and their performances at the THz
frequencies was reported. To improve the sensitivity of the PA detection, we proposed a sensor’s
design with triple resonators for the enhancement of the signal. This design is fabricated on a low-

loss THz HR-Si waveguide where a high Q THz PhC cavity has been created. Therefore, in the
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second part of this chapter, we presented the state of the art of available THz waveguides. Finally,
we briefly introduced the PhC crystals and discussed the existing THz PhC cavities.
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Chapter 11:

Design of low loss suspended Silicon
waveguide and high Q photonic crystal
cavity for use as a photoacoustic THz gas
sensor
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I1.1. TRIPLE RESONATOR PHOTOACQUSTIC GAS SENSOR

In sensing applications, and especially in food quality control the detection of volatile organic
compounds (VOC’s) and gas molecules at very low concentrations is very important for safety
reasons. We presented in chapter I some of the VOC’s that can be considered as food spoilage
indicators. Tens ppm of H.S gas molecule is observed inside several packages of spoiled food. The
sub-ppm detection of H.S concentrations is, therefore, necessary to ensure the consumption safety
of a packaged food. For that purpose, we propose in this work the design of a photoacoustic gas
sensor intended for the detection of H.S inside food packaging. The design concept is represented
in figure 11.1.1. It is based on the implementation of three resonators in order to achieve a triple
enhancement of the signal and thus to increase its sensitivity for the detection of very low

concentrations in the sub-ppm range. The proposed sensor design is composed of three main parts:

1. THz HR-Si suspended waveguide and PhC cavity
2. Cylindrical acoustical resonator

3. Poly-Si thin membrane mechanical resonator.

High Q THz
cavity

HR-Si
waveguide
and PhC

-
Acoustical
resonator
LoV AN
-
THz modulated { Mechanical
guided waves resonator

Enhanced polar gas molecules-
electromagnetic waves
interaction

Enhanced
acoustical signal
Enhanced

mechanical signal

Figure 11.1.1 Sensor design based on triple resonators

In this chapter, we present the numerical and theoretical calculation of the THz electromagnetic

part of this sensor (waveguide and photonic crystal cavities). But first, we will briefly describe its
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three different parts, and resolve analytically the acousto-mechanical system. More details and

numerical calculations on the acousto-mechanics can be found in our collaborators’ work [1].

1- THz wavequide and resonator: THz waves used for the excitation of molecules are

guided inside a low loss HR-Si waveguide, where they are trapped in a high Q-factor cavity formed
by a defect air hole of a photonic crystal. The resonant profile of the THz cavity is adjusted to
overlap the absorption frequency of the targeted gas molecules (H2S) present in the air hole. The
THz light-molecules interaction length inside the cavity is increased by a factor proportional to the
quality factor Q. For the photoacoustic phenomenon to occur, the THz light is modulated resulting
in the generation of heat by the molecular non-radiative relaxation. The released heat energy
propagates in the form of acoustic pressure waves. From equation 1.4.30, the amplitude of the
pressure wave is proportional to the light-molecules interaction length. Therefore, inside the THz
cavity, the amplitude of the acoustic signal increases proportionally to the cavity quality factor Q.
In this chapter, we will discuss the design and adjustments of several THz waveguides and cavities.

2- Cylindrical acoustic resonator: The THz cavity is formed by creating a defect inside a

1D photonic crystal. This PhC is built on a suspended HR-Si waveguide by introducing cylindrical
etched holes inside its core. This cylindrical shape of the THz cavity is also used here as an
acoustical cylindrical cavity. On the bottom of the cylinder, a Poly-Silicon membrane is deposited
that will serve as a mechanical resonator to detect a pressure wave. The behavior of this membrane
will be discussed next.

The cylinder is considered as a one open-end acoustical resonator. One end is open to the air where

the gas freely moves and the other end is closed by the membrane. From equation 1.4.34 for an

2 2
open-end cylinder, the acoustic resonant frequency is expressed by finn = CZ—S \/ (i) + (%) .
0

2
The fundamental longitudinal mode is defined by the cylinder height L, where f;q0 = % (i) =

z—z. The waveguide thickness, which defines the cavity height, is chosento be T = L = 90 um in

order to maintain single mode behavior for the THz cavity and to achieve a reasonable acoustical
resonance frequency f190 = 953 kHz. The approximations used leading to equation 1.4.34 don’t
take into consideration the air inertia outside the cylinder, where the pressure does not really vanish
at the open end. For that an “end correction” [2] has to be considered increasing the cylinder’s

effective length:
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Lesp=L+28 (11.1.1)

with § a correction factor of the order of the cylinder radius R. Using these corrections the
resonance frequency of the acoustical cylinder becomes f;,, = 710 kHz. Modulating the THz
light at the acoustic resonance frequency allows the enhancement of the acoustic wave by a factor

Q.. corresponding to the acoustical quality factor. Q,. is the result of three dominant energy

Lcg

dissipations[1], [3]: firstly, sound power radiation at the open end represented by Q; = oyl

secondly the viscous drag at the sidewalls with Q, = /p ’If, and finally thermal boundary effects

originate from the fact that the surrounding solid has a much higher heat conductivity than the

2
fluidand hasa Q5 = /‘)fc%’m (%) L represents the cylinder height, R its radius, fthe resonant
p~ Ly

frequency and cs the speed of sound. ng, p, k, ¢, and c, are respectively the air (or gas) dynamic
viscosity, density, thermal conductivity, specific heat capacity at a constant volume, and specific

heat capacity at constant pressure.

1

o Troirgi s 5.2 and the acoustical
1 2 3

Thus the final acoustical resonator quality factor is Q,. =

signal amplitude presented in equation 1.4.30 is then enhanced by a factor Q; = Q.

3- Mechanical membrane resonator: Membranes are usually used as microphones for the

detection of pressure waves. In the proposed design the Poly-Silicon membrane covering the
closed end of the acoustical resonator is used for pressure wave detection, but it is also used as a
mechanical resonator to realize a third enhancement of the detected signal.

The wave equation for the displacement w(r, ¢, t) of a circular membrane evolution over a time t

is represented by[4]:

1 0%w
_ 11.1.2
Viw = pTe ( )

with ¢ = \F where o (k—“‘i) corresponds to the areal mass density and T(ﬁ) the tension force of a
o m m

stretched string. Using polar coordinates, the equation I1.1.13 becomes:

2 2
16(6W> 1 0w 1 0°w (11.1.3)

ror\"ar) T72 97 ~ 2 ar?
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Considering w = R(r)®(¢)e "t and searching for solutions for R(r) and @( ) separately, the
final solution for the displacement function is then presented by:

wr

w(r, @, t) = cos(me — a) |, ( c )cos(wt -0) (1.1.4)

With J,,, the Bessel function of m order. The allowed mode resonance frequencies are found by

applying the following boundary conditions to equation 11.1.4

w(r, @) =w(r, @)+ 2n (11.1.5)

The membrane borders are fixed leading to have zero amplitude at the edges (11.1.6). The resonant

frequencies of the vibrating membrane are given by:

_ Cc
~ 2mR,

fmn Bmn (11.1.7)

2.405 | 5.520 8.654
3.832 | 7.016 | 10.173 | 13.3237
5.136 | 8.417 | 11.620 | 13.170
6.380 | 9.761 | 13.015 | 16.223

Table 11.1.1 Some of the Bmn values

with B,,,,, represent the n'" root of the m™ order Bessel function, where m and n describe the

resonant mode number. The first values of £,,,, are represented in table I1.1.1.

The membrane resonance frequency depends then on the material mass density p = % internal

stress tension i = % and radius R,. The radius of the membrane is related to the hole size of the

PhC cavity. To keep a compromise between lowering the impedance mismatch in the THz cavity

(this will be discussed in section 11.3) and decreasing the mechanical resonance frequency of the
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membrane (for a low modulation in the PA application), the radius size is optimized to be on the
order of 28 um. Since the membrane covers the THz guiding channel and to avoid the Poly-Si THz
losses, the membrane has to be very thin. Therefore, for a radius Ro=28 um and a thickness h=100

nm the membrane’s mechanical resonance is adapted to the acoustical one by adjusting its internal
stress to oi = 6.2 MPa (T =62 X% 1072 %) The analytical resolution of this problem is based on

several approximations by neglecting the effect of the membrane’s boundaries and without
considering nonlinear effects. To take those into account, numerical methods are necessary.
However, these calculations are not discussed here.

11.2. WAVEGUIDE DESIGN

The designed THz waveguide is based on index guiding between two materials with high refractive
index contrast. HR-Si is a perfect candidate for the core material of the waveguide due to its large,
and frequency independent (nondispersive) refractive index (nsi= 3.42) at Terahertz (THz)
frequencies [5], [6]. High resistivity float zone (HRFZ) silicon is moreover quasi-lossless at THz
frequencies. While such core material is ideally loss-less, cladding materials with a sufficiently
lower refractive index than Si such as silica, borosilicate, crystal quartz, or other glasses have
important absorption losses that moreover increase dramatically at frequencies beyond 500 GHz
[6], [7]. Thus the proposed design shown in figure 11.2.1 (a), is composed of a HRFZ Silicon

channel surrounded by air. The high refractive index contrast between Si and air defined as A =

2_.2
%: 45% [8], allows to strongly confine modes with respect to the guiding channel
1

dimensions. However, in reality the waveguide cannot be floating in air, and it needs anchors to
suspend its core (see figure 11.2.1 (c)). The fabrication technology allowing to create such
suspended structures (and which will be discussed later in chapter Ill) uses DRIE etching
techniques to etch high resistivity silicon on insulator wafer (SOI). In this chapter the modal
analysis and waveguide dimensions are discussed. Subsequently, the anchors used to suspend these
structures are also adjusted in order to minimize their impact on the propagation losses. The
fabrication of a compact and long waveguide is also necessary. To achieve this, bent waveguides
are required. Numerical simulations studying radiation losses in 90° bend are therefore also

considered. It is not only important to have a low loss waveguide but also to be able to feed it with
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minimal insertion loss. For that purpose, we propose the design of an inverted taper (presented in
figure 11.2.1 (b)) allowing a highly efficient transition from a metallic waveguide to the designed
Siwaveguide. The metallic waveguide (MWG) represents the output of the VDI AMC (Amplifier
multiplier chain) THz electronic source (presented in chapter I11) used to feed the gas senor. It is
also the output of the VNA (Vector network analyzer) frequency extenders used for the

waveguides and cavities characterization.

(®) ©

Figure 11.2.1 (&) Schematic of the suspended waveguide inset: transversal cross section of the waveguide. b) Taper
dimensions. c) supporting anchors dimensions

I1.2.1 Modal analysis

The analysis of modal propagation inside a waveguide is described by the solution of the wave

equations for electric E and magnetic H field vectors:

2
2 & 0°Exy zt) _ (1.2.1)
VZE(x,y,z,t) + =z 5¢2 =0
2
2 & 0°Hxy 2t) _ (11.2.2)
VZH(x,y,z,t) + =z 3¢z =0
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which are derived from Maxwell’s equations [9] represented by

V.E=L (11.2.3)
€o
V.B=0 (11.2.4)
JB
VXE=—— (1.2.5)
at
aD
=j+— 11.2.6
VXH=j+ T ( )

where D = ¢E and B = uyH are respectively the electric displacement and magnetic flux density,
with € = ¢,&, and u the respective permittivity and permeability of an isotropic non-magnetic

medium. j corresponds to the electric current density, p the volumic electric charge density
1

and c = the speed of light in vacuum. The electric and magnetic field of a wave propagating
vE€oko
in Z direction is represented by
E(x,y,z,t) = E(x,y)e ©t=F?) (11.2.7)
H(x,y,z,t) = H(x,y)e!(@t=F?) (11.2.8)

with w the angular frequency, g = @ the propagation constant proportional to the modal

effective index n.rr. At interfaces between two media and in absence of surface current and

surface charge densities, E and H must fulfill the following boundary conditions:

nx (Ey —Ey)=0

(11.2.9)
nx (Hy —Hy)=0 (11.2.10)
n.(Hy, —Hy,) =0 (11.2.11)

n. (&,E1p — 63E5,) =0 (11.2.12)

These conditions mean that the tangential components of E and H are continuous, however only
the normal component of H is continuous while the normal component of E is discontinuous. By
applying the previous boundary conditions and using equations 11.2.1, 11.2.2, 11.2.7, 11.2.8 an

analytical solution of the mode propagation can be found. To do that several analytical methods
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such as Marcatili’s method [10] and effective index method[11], have been proposed using some
approximations. The development of many numerical calculation methods makes the resolution of
these types of problems simpler and moreover avoids the need for approximations. The modal
analysis simulations of this design are solved using the commercial Lumerical mode solver
software [12] based on the finite difference method. The finite difference method approximates
the exact refractive index profile by making a cross sectional spatial discretization (mesh) of the
guiding structure. The derivative forms of Maxwell’s equations are then replaced by their finite
difference representation. The simulation region is defined by a box with Perfectly Matched Layer
(PML) or metallic boundaries, where the electric and magnetic field are supposed to vanish. In a
Finite Difference Eigensolver (FDE), two main factors have to be taken into consideration in order
to reduce the calculations error: first the mesh size has to be small enough and secondly the

simulation box region should be large enough for the fields to vanish at the simulation edges.

[~ Simulation box’

Figure 11.2.2 FDE Lumerical mode solver simulation box

The waveguide formed by High resistivity Silicon core and an air clad, is represented by a
rectangular shape of HR-Si material (n = 3.4174), with a width (W) in the X direction, thickness
(T) in Y direction, and length (L) in the propagation direction Z, surrounded by an air box (figure

11.2.2). The HR-Si is considered as a lossless and non-dispersive material by applying a constant

real value for its refractive index (nsi =3.4174, ksi=0). Modes with an effective index n.sf = kﬁ
0

lying between n.qq = ngir = 1and ngppe = ng; = 3.4174 (ng; < nepp < ng;) are guided and
propagate along the Si guiding channel. These modes are separated into quasi TE-mode denoted
by E*™ where the dominant component of the electric field E is oriented along the X-axis (long
side which is the waveguide width in our case) and quasi TM-mode denoted by EJ*™ with its

dominant component oriented along the Y-axis (short side or thickness here). m and n, are the
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mode indices representing the number of maxima and minima in the X direction for m and Y
direction for n. The modal behavior is adjusted by the geometrical dimensions of the silicon

channel. Starting from an analytical solution, for an infinite width waveguide the maximal

thickness allowing single mode guiding is given by T = — b ~76 um (at 650GHz). For a
finite width waveguide, the modal propagation constants are obtained numerically for different
waveguide widths and thicknesses using a numerical sweep. The waveguide’s width is chosen to
be larger than its thickness W > T, for ET*" to be favored. Starting from large dimensions W= 500
pmand T= 150 um, to support the largest number of modes at the frequency of interest (650 GHz),
and looping the width and the thickness, the modal propagation constants are calculated for several
thicknesses and plotted as a function of the waveguide width in figure 11.2.3.

T= 50
25 pm

2.0+

nesf (Bkg)
neff (B/kg)

100 200 300 400 500

Width (pm)
T=120pm
s .
% 2.01 - ..rJ _.-;."
c ’ 1 K
[ Elﬂ _____ gl
154 g2 g2
i-:; , - Eg*.,.... ES‘ e ..;' - E? ...... Eg'
1.0 i \ T 1.0 r T r
100 200 300 400 500 120 200 300 400 500
Width (pm) Width (pm)

Figure 11.2.3 First modes normalized propagation phase constant function of waveguide width for several particular
thicknesses

The simulation region (1.5 mm x 1.5 mm) is at least three times larger than the largest geometrical

feature and the wavelength, guaranteeing a sufficiently decreased field strength at the
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mathematical boundaries. To reduce the simulation time, boundaries are chosen to be metallic
instead of PML, however, the result is still converging. The mesh size is also adjusted to 5um in
all directions, in order to reduce the simulation time while maintaining the accuracy of the
calculations. As represented in figure 11.2.3 by the orange dashed vertical line, a width (W) of 150
pm and a thickness (T) of 50 um represents the dimensions of a single mode waveguide. At such
dimensions however the modal confinement in the silicon layer is rather poor (58%) (see figure
[1.2.5) and the guided mode is highly dispersive. As mentioned earlier the thickness of the
waveguide define also the height of the acoustical resonator of the gas sensor. To reduce the
acoustic resonant frequency and thus the modulation frequency for the PAS application a long
acoustic resonator is required. Therefore, a thicker waveguide is necessary. However, the
disadvantage of a very thick waveguide (i.e. 120um) is that higher order vertical modes appear
(i.e. EX% which is not represented in figure 11.2.3) that are not immune to excitation even under
symmetric injection (figure 11.2.5). Our choice finally falls on a design with a width (W) and
thickness (T) of 210x90 um. With such dimensions, the waveguide allows sufficiently strong
confinement of the fundamental mode E1! inside the core (89%) (figure 11.2.5), while the
propagation of the second symmetric mode E3* remains prevented (figure 11.2.3). This choice is
not only limited by the modal behavior of the waveguide and the confinement factor, but is also
related to the THz photonic crystal cavity, and acoustic resonator geometry of the designed sensor.
The propagation phase constant dispersion diagrams of these two waveguides are represented in
figure 11.2.4.

25 . 3.5
e E;l e —E;‘ _____ E2L.—. Eil
o 2.0 : —_

f? Single mode - < 25/
= ’ 3 e T
S " = et e

c c 20- ‘,/' < -
J 15 / A
10 T T L— _‘d'l-‘-f.;—-l" 10 _ '.’IIIJ _ T | — ;'—'-"'-f'l'l
500 550 600 650 700 750 500 550 600 650 700 750
Frequency (GHz) Frequency (GHz)

Figure 11.2.4 Normalized propagation phase constant dispersion diagram for the waveguide structure 150(W) x
50(T) pum on the left and the 210(W) x 90(T) um structure on the right
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The 150x50 pm has a single mode behavior over the entire frequency band 500-650 GHz.
However, the 210x90 um design is a multimode waveguide in this region, but with respect to the
polarization (Quasi TE polarization E;*™) and the modal symmetry, it can operate in the single

mode regime.
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Figure 11.2.5 Cross section distribution of electric field components for the first modes of several waveguide
dimensions at 650 GHz with Ex real component for £** modes and Ey real one for Ej**modes

Figure 11.2.5, represents components of the electric field distribution of EY*" and Ej*" modes at

650 GHz for different waveguide sizes. E, represent the dominant component of the electric field
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for EY*™* modes while the EJ*" ones are represented by the dominant component E,. The low
confinement factor of the fundamental EX* mode for the 50 um thick waveguide is represented by
the large part of the evanescent field in the air, which is not the case for the 90 um one where the
field is highly oscillating inside the Silicon.

Besides its low loss and single mode behavior, the modal dispersion of a waveguide is another
important characteristic, governing the expansion and spreading of time pulses. Dispersion is the
result of the frequency dependence of the propagation constant (). This dependence is described

by the group index:

Lo _ 08 (11.2.13)
9y, ow

Where v, represents the group velocity, that defines the speed at which the energy is propagating

and ¢ = 3 x 108m/s the vacuum speed of light. Several phenomena are at the origin of the

dispersion in a waveguide [9]:

e Material refractive index change (material dispersion)
e Waveguide geometry and propagating wave frequency (wavelength) (waveguide
dispersion)

e Multimode dispersion (Intermodal dispersion)

The main advantage of this design is the use of HR-Si as a guiding channel which, besides being
low loss material, is also non-dispersive at these THz working frequencies [13], [14]. Therefore,
the material dispersion does not contribute here. However, it is clear from figure 11.2.4, how the
propagation constant is rapidly changing with frequency for the 150x50 pum structure while for the
210x90 um this variation is less important. Modal dispersion is obviously stronger for geometries
with lower confinement with important contributions from evanescent fields. Therefore, the
210x90 um structure presents an additional advantage over the 150x50 um one as it is less
dispersive. This dispersion phenomenon is known by the waveguide dispersion which depends
only on the waveguide geometry. The waveguide dispersion is represented by the group velocity
variation. Figure 11.2.6 shows the normalized group velocity of the first 7 modes supported by the
210x90 pum waveguide. The modal group velocity near the cut-off frequency approach to the speed

of light in the air. At higher frequency where the mode becomes highly confined inside the Si, the

ELIAS AKIKI 80



group velocity approach to that of the bulk material (vg/c=0.29). The quasi-constant group velocity
at high frequencies, confirms the absence of material dispersion.
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Figure 11.2.6 Group velocity of the first 7 modes propagating in the 210x90 pum cross-section waveguide

When multiple modes are propagating inside the waveguide an additional dispersion mechanism
called intermodal dispersion contributes to the time pulse chirp. This is due to the propagation of
the several modes at different group velocities. For the frequencies below 650 GHz, and for a
symmetric Ex polarization the waveguide can be considered in the single mode regime, and

therefore the dispersion mechanism will be limited by the waveguide dispersion.

We presented in this part the numerical modal analysis of HR-Si suspended waveguides with
different geometries. The waveguide with the 210x90 um cross section dimensions will be used
in the fabrication of the PhC cavities and finally the PA gas sensor. Therefore, in the following,

we only discuss the numerical simulations related to this waveguide design.

The waveguide is suspended using Si anchor beams as shown in figure 11.2.1. The impact of these
anchor beams on the waveguide propagation losses is simulated and discussed in the next section.

This is followed by a numerical study of the bends radiative losses.

11.2.2 Anchors and bends losses

THz waveguides with very low propagation losses are necessary for many applications. The

propagation losses can be divided into three loss mechanisms: material absorption, scattering and
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radiation losses. While the absorption losses are related to the resistivity of the Si wafer, scattering
and radiation losses are caused by non-perfect guiding. Therefore, the addition of anchor beams
and bends to the guiding structure increase the scattering and radiation losses. To minimize the
impact of the anchor losses, FDTD (Finite-difference time-domain) numerical simulations using
Lumerical were performed for waveguides with different anchor beam sizes. The bend losses were
also calculated for different 90 °“bends radius with Lumerical FDTD and FDE.

11.2.2.1 Anchors losses

As represented in the schematic of figure 11.2.1, in order to fabricate a suspended waveguide,
anchors are needed to connect the waveguide to the Si supporting platforms. Such an addition to
the waveguide produces a modal perturbation and could potentially increase the waveguide
scattering and radiation losses. To minimize the impact of these beams on the waveguide losses,
3D FDTD simulations are conducted on several structures with the same number of beams (4 pairs)
at identical positions, varying only the beam’s size. All structures are simulated using a guided
fundamental E1' mode of a broadband source (500-750 GHz) inside a waveguide of 1.5 cm length,
210 um width, and 90 pm thick. The waveguide material is defined by the real part refractive index
of Silicon ns; = 3.4174, in order to isolate purely the scattering loss. The waveguide edges cross
PML boundaries of the simulation box, to prevent reflections at the finite edges (Figure 11.2.7).
However, to reduce the simulation time and memory, symmetric and anti-symmetric boundary
conditions are used in the X and Y plane respectively. Transmission and reflection monitors are
used to collect the transmitted field after propagating inside the waveguide, and the returned field
caused by reflections. The simulation time is set to 10ns and a mesh size of 5,4,3 um in X, Y, and
Z directions is chosen. The anchor beams’ size shown in figure I1.2.8 is fixed in X and Y to 300
and 90 um respectively, while its sizes change along the propagation direction between each
simulation going from 10 pm thick to 50 um with a 10um step size. To only detect the guided
transmitted power, the modal expansion monitor calculates the overlap integrals between the
detected fields and the modal fields:
P; ([ E; X H},.dS). ([ E;, x H:.dS) 1 (11.2.14)

T=-L=R
P ¢ [E;, < H..dS Re(J Ein % He,.dS)
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where T represent the modal transmitted power, P;, E; and H; the modal power, electric and

magnetic field respectively, while P, E;,, and H;,, corresponds to the monitor input wave.

Reflection monitor Transmission monitor

Anti-symmetric B.C.

Ellmode source

Figure 11.2.7 FDTD simulation region of a waveguide with anchors

Figure 11.2.8 Schematic of anchors suspending the waveguide with 20um thick on the left and 10 um on the right

Since the simulation is a time-domain method, the source is defined by a time pulse and its Fourier
transform in the frequency domain does not have a flat response. Therefore, normalization with
the spectrum has to be applied. For that, a simulation with the same parameters and without anchors

is performed. The extracted loss is then defined by:

T
Cancror(dB) = 1010g (T—O) (11.2.15)

with T, the normalization factor corresponding to the transmitted power for a structure without
anchors. Assuming that each anchor pair contributes the same loss, the loss per anchor pair can be

expressed by the relation:
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Figure 11.2.9 Simulated losses per anchor pair for different anchors size

Figure 11.2.9 represents the simulated losses of anchors per pair. It is clear for all the sizes that the
losses are higher at low frequencies, where the evanescent field is larger and waves scatter more
at the beams’ side edge. Having a very thick anchor beam on the other hand can create high losses
especially at high frequencies where the wave could escape the waveguide and propagate inside
the anchor beam. Therefore, the impact of the anchors decreases with their width. In order to
maintain a compromise between mechanical stability and low scattering loss the dimensions of the

anchors are chosen to be 20x300x90 pum (Figure 11.2.8).

11.2.2.2 90° bend loss

Bends are necessary for integrated compact circuits. However, waveguide modes in bends are
intrinsically only lossless in the limit of infinite radius. In this section radiation losses in bent
waveguides are studied as a function of bend radius. In a bent waveguide, the wavefront at the
outer side of the bend travels faster than its central part. Therefore, at a critical distance reritical, the
phase front reaches the speed of light in the cladding and couples to radiative modes. This loss
mechanism is described in figure 11.2.10 by the representation of the index profile in a bent and
straight waveguide. The horizontal dashed line represents the effective index of the guided mode,

while the critical distance reriticar IS represented by the vertical dashed line, where the mode will
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cross the barrier and couple to radiative modes by tunneling effect. This loss phenomenon is mainly
dependent on the bend radius and modal confinement factor.

n(r) | Neq(r) |

I critical

Ness Net /I
/

A J
v

Radius Radius

Figure 11.2.10 Index profile of bent waveguide on the right and straight waveguide on the left

In the proposed design, the combined HR-Si/air high index contrast and high modal confinement
allow reducing bend losses. However, very short bends would increase the radiative losses as they

are exponentially proportional to the bending radius[15]:

Qpend X e R (||.2.17)

To estimate the bend losses, numerical calculations are performed using both the FDE (Finite
Difference eigenvalue) and the FDTD (Finite Difference Time Domain) method from Lumerical
software. In FDE, the bend loss is deduced from a modal overlap calculation between modes in a
straight and bent waveguide and expressed in dB by:

([ E, xH;.dS).(fESxH;';.dS)) (11.2.18)
([ E, x H;.dS).([ E; x Hz.dS)

where 2 represents the number of the waveguide straight/bend interfaces at the in- and output of

Apena = 2 X 10 X log(Re

the bend. The bracketed term represents the modal overlap. Figure 11.2.11, shows the bend losses
of a 90° bent waveguide for different bending radius at 400, 500, 650, and 750 GHz frequencies.
As expected, losses increase with decreasing radius. At higher frequencies, increasing modal
confinement should lead to lower losses. This seems to be the case up to 500 GHz (red curve in
11.2.11). However, beyond this frequency, contrary to what is expected, bend losses start increasing

again (blue and pink curves in 11.2.11). It is assumed that this is counterintuitive behavior is caused

ELIAS AKIKI 85



by coupling to the second antisymmetric mode before being coupled to radiative modes. To be
more accurate, FDTD simulations were also performed (figure 11.2.12).

Bend loss (dB)

1000 2000 3000 4000
Radius (um)
Figure 11.2.11 Simulated bend loss with FDE method for several bending radii at 4 particular frequencies
The corresponding simulations are time and memory consuming, therefore losses are calculated
for only 0.5 and 3 mm bending radius structures and represented in figure 11.2.13. Simulations
confirm the possibility of having very short bends down to 0.5 mm with acceptable losses. In our

designs, we choose to fabricate structures with 3 mm bend radius, where losses are expected to be
lower than 0.1 dB.

Figure 11.2.12 FDTD simulation region of a 90° bend waveguide with a 3 mm radius on the right and a 500 pm one
on the left
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Figure 11.2.13 Simulated bend loss using FDTD method for 3 and 0.5 mm bending radius

11.2.3 Coupling and Insertion losses

The VDI THz AMC source and the VNA frequency extender used for feeding and characterizing
the designed gas sensor and waveguide are both equipped by a WR-1.5 metallic waveguide at their

outputs. In this part, we study the transition of the THz waves from these WR-1.5 metallic
waveguides to the Si waveguide.

To achieve smooth injection and good transition from MWG ports to the silicon waveguide,

adiabatic tapers are added at the in- and output sides of the suspended waveguide. Wave impedance
is represented by [16]

for an air filled MWG and,

Zs = (11.2.20)
Si ,_Geff
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for Si waveguide with ny = \/?the free space impedance, f. the MWG cutoff frequency which

is f, = 393 GHz for WR-1.5 MWG, f working frequency and €., = nZ, effective permittivity
of the propagating mode inside Si waveguide. To reduce the mismatch between these two
impedances, the Si taper edge should be small enough, for the fundamental mode to still be guided
but weakly confined in the Si with the lowest n.rr. A taper edge section of 65x90 um slightly
confines the fundamental mode with an n.., = 1.03 at 650 GHz and therefore presents the
smallest impedance mismatch with a guided wave inside MWG, before E1* goes to cut-off (see
figure 11.2-14). A larger section leads to stronger Si confinement, resulting in a higher effective
index and therefore deeper reflection dips, especially at higher frequencies. Once the mode at the
taper’s edge is excited, a gentle variation of the taper dimension is necessary to prevent that the
fundamental mode couples to higher order radiative or guided modes, before reaching the Si
waveguide. For that, the taper length L: has to be much longer than the beat length Ly
corresponding to the coupling length between the fundamental mode and the second symmetric

mode.
Loand L are defined by [17]

2T

Ly, = (11.2.21)
Pr— P2
AW

Ly=o—"—>> Ly (11.2.22)

where By = n.rri1ko and B, = nqrrrk, are the propagation constant of the two first symmetric

modes, where k, = i—” is the free space propagation constant. AW = W, — W, =145 um, the
0

width difference between the taper’s edges and 6 the taper’s variation angle. So according to the

adiabaticity criterion, the variation angle 8 has to be smaller than 6,,;,

_ AW(B1-82)

0 K O = po (11.2.23)

In our design, the width of the waveguide is tapered and reduced down to 65 pm over a length of
3000 pum, while its height remains constant (90 um). This slow variation with a very small angle

of 0.048 rad << 6,,,;,,, allows an adiabatic transition of modes and prevents any energy exchange
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with higher order guided or radiative modes. Longer tapers with 4000 um length and a slope angle
of merely 0.036 rad, are also simulated. The 4000 pm taper presents almost the same performance
as the 3000 pm one, which means that the taper is adiabatic enough. Therefore, only the results

of the 3000 um taper are discussed and represented here.

[ =
44 11
22] a
2.0
18-
16-
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12-
14+
0 20 40 60 80 100 120 140
Width (um)

Figure 11.2.14 Normalized propagation constant function of taper width variation at 650 GHz

Nes (BYo)

In a MWG the electric field E of the fundamental TE mode is oriented along the smallest side of

the waveguide, while in the dielectric one E is oriented along the long side for the fundamental Ex
mode. In order to have the best overlap between these two modes the MWG is rotated by 90°, as
it usually has its long side oriented horizontally. The numerical aperture of such a waveguide at
500 GHz is N.A.=sin@ = 0.79 and 0.53 at 750 GHz so strong diffraction occurs at the output of
this MWG especially at lower frequencies (ie 500GHz). Placing the taper outside the MWG,
presents high coupling losses. To estimate the insertion and return losses caused by the transition
of a wave from the MWG to the Si waveguide through the taper, a FDTD simulation has been
done. The simulated structure is composed of two metallic waveguides (WR-1.5) of 191x381 pum
air guiding channel, surrounded by a PEC (perfect electrical conductor) layer to form the metallic
boundaries, and 2 Si (nsi=3.42) tapers in between. The whole structure is surrounded by PML
(perfectly matched layer) boundaries, while symmetric and anti-symmetric boundary conditions
are used to reduce the simulation time and memory (Figure 11.2.15). For several depths of insertion
of the taper inside the MWG (starting at perfect butt-coupling 0Omm), the simulated insertion (S21)

and return (S11) loss are represented in figures 11.2.16 and 11.2.17. In figure 11.2.16 the taper is
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considered to be perfectly centered at the MWG ports, and the effect of its position inside the

MWG along the propagation direction (Z) is presented.

3000 pm

e ] 90 pm
el

65 pm

210pm

4000 pm -
- I 90 um

e
65 pm

Figure 11.2.15 FDTD simulation region of the insertion loss calculation (top left). 3D drawing of insertion loss
simulation (bottom left). Schematics of the tapers with 2 different lengths: 3 and 4 mm (right)

For different positions of taper, the return losses are below -10 dB (below the red dashed line)
except for perfect butt coupling, which confirms the low impedance mismatch. However, the best
coupling and the lowest insertion loss are achieved for the positions where the taper is well inserted
inside the MWG. For positions below 1mm, the taper cross section at the output of MWG does not
exceed 100x90um. For these dimensions, the fundamental mode at low frequencies is slightly
confined with low n.;r = 1.1 at 500 GHz, which increases the insertion loss due to the coupling
with radiative modes. Insertion losses are very low (0.15 dB at 600 GHz), for positions above
1mm. The simulated results of insertion losses show also some oscillations that correspond to a
Fabry-Pérot cavity effect between the two MWG ports with a free spectral range ~5-7 GHz,
corresponding to a cavity effect of about 5-6 mm for a group index of ~4.5. This is precisely twice

the taper length. The low ripple reconfirms the strong coupling. In figure 11.2.18 the magnitude of

E at the transition between the MWG and the taper is represented for three different frequencies
at Imm insertion well centered inside. The large radiative field part at 500 GHz corresponds to the
high insertion losses represented in figure 11.2.16 at low frequencies. Experimentally, it is not easy
to be perfectly aligned, so it is important to study the effect of misalignment. Figure 11.2.17

represents the insertion losses, for a X and Y off axis displacement and rotation. A'Y displacement
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perpendicularly to E direction (X direction) doesn’t show a big effect on the insertion and return

losses, while a misalignment in the direction of E or an angular deviation breaks the modal
symmetry, and some dips appear in Sz1 at certain frequencies where the higher order anti-
symmetric mode is excited, while S1: remains low. In conclusion, the designed taper allows feeding

the Si waveguide, from WR-1.5 MWG ports with very low losses.

0-
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Figure 11.2.16 Simulated insertion losses for different positions of taper inside. Sy1 parameter (transmittance) on the
left, and Si; parameter (Reflectance) on the right MWG with the red dashed horizontal line indicating the 10 dB
level

S,,(dB)

—30um X

—— 20 pym X , . - )
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Figure 11.2.17 Simulated insertion losses for the different misaligned positions of taper at 1 mm inside MWG. Sy
parameter (transmittance) on the left, and Si1; parameter (Reflectance) on the right
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Figure 11.2.18 Electric field transition from MWG to the dielectric waveguide taper at 3 different frequencies 500,
625, and 750 GHz

11.3. PHOTONIC CRYSTAL CAVITY DESIGN

In the previous parts, we presented the design of a suspended low-loss Silicon waveguide. Such a
platform can be used for different applications in the THz integrated systems. In this part, we
mainly focus on the design of photonic crystals and photonic crystal cavities on top of this Si
waveguide. The proposed PhC cavities designs are adjusted to overlap with the absorption peaks

of H2S gas molecules, ultimately serving as a high-Q resonator in the PA gas sensor.

11.3.1 Solid/photonic crystal approach and photonic band gap

Photonic crystals in all their types (1D-2D-3D) are engineered in a way to control the propagation
of electromagnetic waves. In the same way, as the atomic periodicity of a solid crystal controls the
electronic energy states, the periodic permittivity in a photonic crystal determines the permitted

and forbidden photon energy. This approach can be understood from the analogy between

Schrddinger’s equation [18]

h? _
— 5= V() + V() = E () (11.3.1)

Hy(r)=E Y(r)
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and Maxwell’s master equations:

1 w?
&) (v E() =77 EC) (11.3.2)
0 E(r) = (:—ZZE(r)
1 w?
V X VXH(r)|=—H()
<€r(r) > c?
(11.3.3)

OH(r) = (;)—ZZH(r)

Similarly, to the periodic potential variation V(r) in Schrédinger’s equation, periodic variation of

the permittivity &,(r) (refractive index n(r) = /e,.(r) ) creates the photonic band gap. The
permittivity &,.(r) in a photonic crystal is represented by a periodic function which is invariant

under translation operator operator T :
Tsr(r) = & +R) =¢g.() (11.3.4)

In a 1D periodic structure, R represents the lattice constant a. The Bloch-Floquet theorem dictates
that the solution of an equation which is invariant under the translational operator T is a periodic

function multiplied by e, Since H(r) and E(r) are the eigenfunctions of the operator T,
therefore, the solution of equations 11.3.2 and 11.3.3 can be determined by the Bloch-Floquet

theorem as a Bloch wave modes satisfying the equations below:
E () = ey, (r) Ei(r +R) = e*RE,(r) (11.3.5)
H,(r) = ey’ (r) Hy(r + R) = e™RH(r) (11.3.6)

where u, (r) and u'y (r) are periodic functions having the same periodicity as €, and k the wave
vector. The periodicity of u, (r) and u', (r) allows the restriction of the wavevector k to the first

Brillouin zone. For any wavevector k exist a wavevector k in the first Brillouin zone where k =k+G,
with G= 2fthe reciprocal lattice basis vector. Using equations 11.3.5-11.3.2 and 11.3.6-11.3.3, the

modal eigenvalues w(k) can be determined and represented in the first Brillouin zone of the
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dispersion diagram. The first Brillion zone is defined by the primitive cell in the reciprocal space.

In a 1D photonic crystal, it corresponds to the range of k between:

s s
o <k<g (11.3.7)

with a the primitive lattice period that corresponds to the refractive index variation period. The
spatial symmetry in a 1D PhC allows reducing the study of the band structure to the irreducible

Brillouin zone (0 <k< Z) .

Considering the example of a suspended waveguide (represented in a 2D schematic in figure
11.3.1.a), the electromagnetic waves are confined in X and Y directions by index guiding and
propagating in Z direction. In this structure a continuous translational symmetry is imposed by the
constant permittivity along the propagation direction Z. Its dispersion diagram is represented in
figure 11.3.2.a with E*™ and EJ** the guided modes below the light line w >ck. The
representation of the band structure here is shown for the region 0 < k < Z however, for such
structures K is unrestricted and the Brillouin zone is infinite because of the continuous translational

symmetry.
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Figure 11.3.1 2D illustration of a) a dielectric waveguide b) a photonic crystal with period “a” [19]

For a similar structure with periodic permittivity variation in the Z propagation direction (figure
11.3.1.b), the discrete translational symmetry guarantees the conservation of k, and thus the

reconstruction of the light line and guided modes in the finite periodic Brillouin zones. The range
—g < k < 0 is equivalent to the Z <k< 2;” by the translational vector G which is, in turn, the
reverse of the irreducible Brillouin zone at 0 < k < g The dispersion diagram of this structure is

presented in figure 11.3.2.b, where the modes flatten at the edge of the irreducible Brillouin zone

(k = g) and open a photonic Bandgap between two modes. The energy of the upper band mode is

mostly concentrated in the low permittivity region. In the case of a PhC created by etching air
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holes inside a dielectric membrane, the upper mode is called air mode due to the presence of a
large part of its field in the air hole. While the lower one is called a dielectric mode having its large

energy part in the high permittivity region (dielectric).
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Figure 11.3.2 Dispersion band diagram of a) a ridge waveguide b) a photonic crystal with period “a” [19]

After describing the physical and mathematical origin of a band gap we will discuss next the FEM

numerical calculation used to optimize the band gap of the proposed PhC design.

11.3.2 Photonic band gap design

As described in the previous part creating a periodic variation of the material permittivity opens a
bandgap in the modal band structure. This periodicity can be achieved in several ways; in the
proposed design, it is created by etching circular periodic holes inside the core of the HR-Si
waveguide presented earlier. For band gap calculations, we used the frequency domain
eigenfrequency solver from COMSOL multiphysics 5.2a software[20] which is based on a FEM
numerical method. The simulation region contains a one-unit cell of the periodic lattice structure,
surrounded by an air box and closed with PML blocks. The cell having the length of one period

“a” of the photonic crystal wire is limited by Floquet Bloch periodic conditions from both sides in
Z direction with k, = Z . Width (210 um) and thickness (90 um) of the cell are the same as the
ones corresponding to the previously presented suspended waveguide. We defined in our

calculations a real non-dispersive refractive index (nsi=3.4174) for the HR-Silicon and n.i=1 for

the air medium inside the hole and around the cell. Physics-controlled mesh is used here to set the
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mesh size and type. It applies triangular free meshes on the geometry boundaries and free

tetrahedral meshes for the intermediate volume.
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Figure 11.3.3 Comsol simulation region on the left. A unit-cell of the periodic structure on the right

The bandgap frequencies are determined by the photonic crystal lattice constant a (period) and the

air holes’ radius R. The Bragg condition gives the relationship between the period a and the

frequency f with a = , Where ng.rr correspond to the Bloch mode effective index.

fnpefr
Therefore, a Bloch mode with an effective index greater than 1 and less than the effective index of
the unpatterned waveguide mode (1 < ngesrr < nygerr = 2.6 at 600 GHz), corresponds to a
PhC period between 95 and 250 um. To optimize the band gap we made a sweep of the period
from a= 90 to 130 um for three different etching radius R= 27, 28, and 29 um. Figure 11.3.4 plots
the eigenfrequencies of the air (red line) and dielectric (black line) modes at the Brillouin zone
edge as a function of the lattice constant variation for three different hole radii. These two modes
correspond to the splitting of the fundamental EL' mode in the waveguide with constant
permittivity. The fundamental E;;* mode and higher order E, and E,, modes present also bandgaps
at higher frequencies but are not discussed here. The blue line represents the band gap center where
the reflectivity achieves its maximum. It is clear from figure 11.3.4 how the band gap shifts toward
high frequencies by increasing the air hole radius at a constant period (enlarging the low refractive
index region) or decreasing the period at a constant air hole radius (reducing the high refractive

index region). Figure 11.3.5 represents the electric field magnitude of the air mode where the field
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is highly localized in the air region and the one of the dielectric mode where it is more confined in
the Silicon. The representation of figure 11.3.5 corresponds to the band gap edge modes of a PhC
structure with a lattice constant a=106.56 pm and an air hole radius R=28um.

7504 Dielectric mode (DM) 750 Dielectric mode (DM) |
|~ Air mode (AM) | Air mode (AM)
7004 ~_ Bangap center 7004 ™~ Bangap center
'} ]
T I
O 650 O 650+
o) g
S 600+ S 600+
= =
D 550 o 5504
w w
5004 R=27um 50041 R=28um
90 100 110 120 130 90 100 110 120 130
Period a (um) Period a (pm)
750 Dielectric mode (DM)
| Air mode (AM)
T~ | —— Bangap center

Frequency (GHz)

R=29um

90 100 110 120 130
Period a (um)

Figure 11.3.4 The eigenfrequencies of the air (red line) and dielectric (black line) modes at the Brillouin zone edge
as a function of the lattice constant variation for three different hole radii R=27 um (top left) R=28 um (top right)
and R=29 um (bottom). The black line represents the bandgap central frequency

Figure 11.3.5 Simulated electric field magnitude of an air mode (bottom) and a dielectric mode (top)

We discussed in this section numerical calculations representing the bandgap adjustments of a PhC

structure by controlling its geometrical parameters (lattice constant a, hole radius R). The
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parameters corresponding to PhCs with a bandgap in the 600-700 GHz frequency region have been
determined. The H>S molecule considered as a target for the PA gas sensor design has several
strong absorption peaks in this frequency region. More details about the strength and absorption
frequencies of these molecules are given in chapter V. After the optimization of the bandgap at the
frequency region of interest, the design of a high Q resonant cavity at the H»S absorption frequency
will be presented. Before discussing the cavity design we will first introduce two important
characteristics of a cavity: its quality factor and mode volume.

11.3.2 Photonic crystal cavity: Quality factor and modal volume

Previously we discussed the designs of perfect photonic crystals, with infinite periodic lattice that
creates bandgaps in the photonic band diagram. Once the periodicity of such structure is broken,
by removing holes, changing the periodic lattice constant, or even changing the etching radius a
defect mode is then created inside this forbidden bandgap. This mode is trapped and confined in
the defect region of the PhC, as a resonant mode inside a photonic crystal cavity. If the cavity is
ideal and has no losses, the resonant mode would be presented on the frequency spectrum by a
narrow discrete peak at the resonant frequency. However, in reality, this is not the case. The
confined mode can be dissipated in several ways and thus its resonant peak will broaden assuming
a Lorentzian shape. A crucial characteristic of a resonating system is its quality factor which is
inversely proportional to the dissipation and losses of the resonant mode. The quality factor Q [19]
is a dimensionless term representing the ratio of the energy U stored in the cavity over the lost

power P in each cycle:

_woU
Q= - (1.3.8)

with w, = 21 f, corresponds to the angular resonance frequency. It is also expressed sometimes

by:

= Lo 11.3.9
Q = e (11.3.9)
or
_ Wt
Q=" (11.3.10)
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where Aw describe the Lorentzian peak FWHM (full width half maximum) and t the time

t
T

constant of the field decay (e ) inside the cavity. In these types of cavities, loss phenomena are

divided into two main processes: in-plane and out-of-plane losses. The in-plane losses are
governed by mirror strength (reflectivity), material absorption losses, and reflectivity due to the
modal mismatch between Bloch’s and unpatterned structure modes, while out-of-plane losses refer
to the incomplete band gap and coupling to radiative modes (which can also be the result of modal

mismatch). Thus we can treat the losses separately by taking:

1 _ 1 4 1
Q Q@ Qu
with Q,, and @, the waveguide and radiative quality factor related to the in- and out-of-plane

(11.3.11)

losses respectively. Using HR-Si as the only material in the design helps to reduce the material
absorption losses while having a large number of reflective etched holes allows increasing the
mirror strength. However, we have to keep in mind that having a very large number of holes would
decrease highly the modal transmittance and tends also to increase the modal volumes[21]. The
modal volume V corresponds to the geometrical volume occupied by the confined electric field in

the real space and represented by:

_ JeE?av (11.3.12)
max(eE?)

with E the electric field and & the permittivity. In some applications such as lasing, it is important
to have a low mode volume in addition to the high Q to enhance the spontaneous emission
expressed by the Purcell factor which is proportional to Q/V [22]. Therefore, in our design, we
chose to have 25 etched holes (N=25), in order to increase Q,, but also to keep a low V. The
disadvantage of this kind of wire photonic crystal cavities is their incomplete band gap. Contrarily
to 3D photonic crystal cavities with complete bandgap where the trapped mode is confined in the
three spatial directions, here the mode is only confined by TIR in one direction and by Bloch’s
condition in the second. Therefore, the resonant mode can escape the cavity by coupling to
radiative modes in the light cone. This phenomenon occurs when the localized electric field inside
the cavity has a part of its Fourier transform that falls in the light cone. The advantage of having a
fully suspended structure with no material clad is that the light line is pulled up to be far away

from the Brillouin zone edges, and thus a smaller part of the electric field in k-space will achieves
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the light cone [19], [23]. Radiative losses can be reduced more by gently creating the defect in the
structure geometry as explained in[24], [25]. The electric field profile inside the cavity is described

by a sinusoidal wave with an envelope determined by the cavity geometry.
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Figure 11.3.6. a) Simplified model of a cavity consisting of a dielectric material with thickness T and length L. b, c)
The electric field profile inside a cavity with a very short length (2.5)) and its spatial FT spectra. The leaky region is
indicated as a blue area. d, e) The electric field profile with a gentle envelope function (Gaussian curve) and its
spatial FT spectrum [26]

The electric field Fourier transform of two different field cavities, one with a rectangular envelope
and the other with a Gaussian one are represented in figure 11.3.6. It is clear how the function with
Gaussian envelope has a Lorentzian shape in k-space with a small part of its tail falling in the leaky
region of the lightcone, while the one with rectangular envelope and a Sinc function as Fourier
transform obviously leads to substantially stronger leaky wave components. Several mathematical

geometrical ways have been proposed to gently create the defect in order to minimize the radiative
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loss [23], [27], [28]. In our design, the defect mode was created by applying a parabolic variation
of the unit cell period instead of the hole etching radius or waveguide width. Thus the period
variation in the design follows the equation below:

i (11.3.13)
P,=P.+ Py, —F) N=1
T_ 1

with P, and P, are respectively the starting and central lattice constant period of the cavity. While

P; corresponds to the varying period between holes, with i going from 0 to % — 1 for atotal of

N holes with % periods from both sides of the cavity center.

I1.3.3 Photonic crystal cavity design using FEM

The interest in designing a high Q PhC cavity is to confine the THz energy for a long time inside
an air hole at the absorption frequencies of the H2S gas molecule. This THz light trapping for a
long time increases the interaction between the light and H>S molecules and therefore enhances
the PA signal detected by the gas sensor. The HS is considered an important indicator of food
spoilage and it has high absorption peaks at 611.4 and 650.4 GHz. To properly design a PhC cavity
with a highly resonant mode that overlaps with the 611 or 650 GHz absorption peak of H.S, the

cavity parameters must be carefully chosen.

As we mentioned previously in this design the defect mode is created by changing the period
between the etched holes. In the former case, if the spacing between holes is increased a defect
mode is pulled down from the upper band which corresponds to an air mode (see figure 11.3.5).
Contrarily, by decreasing the spacing a dielectric mode will be pulled up. For gas sensing purposes,
we mainly target to confine the mode in the air to favorite the field gas molecules interactions.
Therefore, we increased the period following equation 11.3.13, symmetrically from the cavity on
both sides towards its center. To properly choose the starting and central period, it is important for
a photonic crystal with lattice constant P., to have an upper air mode at the Brillouin zone edge
that overlaps with the frequency of interest of the cavity resonant mode. The central frequency of

a band gap has the highest reflectivity, therefore a resonant mode at the band gap center would
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have a high Qw. It is important then to choose a P, having a central gap frequency similar to the
trapped mode one. Going back to the plots of figure 11.3.4 we can extract the proper starting P,
and central P, periods of cavities with resonant frequencies at 611 and 650 GHz. A PhC with lattice
constant a=106.54 um (P,) and an etched hole radius R=28um presents a band gap with a central
frequency of 611 GHz, while the one with a lattice constant of a=120.64 um (P.) has an air mode
at 611 GHz. It should be noted that this interpretation can be done to treat any other design with
different P,, P, and R and the same target frequency (611 GHz). The dispersion diagrams of these
structures are represented in figure 11.3.7. These diagrams were calculated using a sweep of the k
vector in the COMSOL simulation model presented in section 11.2.3.
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Figure 11.3.7 Photonic crystal dispersion diagram for a unit cell structure with a width W=210 um, thickness T=90
pm, etching hole radius R=28 um and lattice constant: a=106.54 um (on the left) and a=120.64 um (on the right)

However here additional PEC (Perfect Electric Conductor) and PMC (Perfect Magnetic
Conductor) boundaries were added to only consider the symmetric Ex modes. Following the same
methodology, the parameters of the 650 GHz cavity were also determined. We chose then P,=
100.1um and P.=112.6pum with R=29um. As shown in figure 11.3.4 it is also possible to choose

other hole radius and to properly adjust the period in between.
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Several bandgaps are observable in the band diagram plots of figure 11.3.7. Our interest is
concentrated on the bandgap between TEo DM and TEo AM modes created by the splitting of the
fundamental E1*guided mode. The other bandgaps correspond mainly to higher order modes
splitting. As the original waveguide is a multimodal one, additional MSB (Mini Stop Band) is also
present and result from the coupling of the fundamental air mode to higher order modes. Such
MSB can be interesting in several applications such as bandstop filters with low reflections [29],
as the light here is coupled to higher order mode and subsequently to radiative modes instead of
being reflected. In our design, this coupling might be an undesired phenomenon as it can
potentially introduce additional loss mechanisms. However, these spectral features typical of
higher order systems are mostly located at a sufficient frequency spacing removed from the

fundamental gap resonance frequency.
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Figure 11.3.8 Photonic crystal dispersion diagram for a unit cell structure with a width W=150 pm, thickness T=90
pm, etching hole radius R=29 um and lattice constant: a=131.87 pm (on the left) and a=116.65 pum (on the right)

To study this coupling effect a similar cavity design with narrower waveguide width that operates

in the single mode regime is proposed. To keep on the same HR-SOI wafer with an active region

thickness of 90um, the second design proposed here corresponds to a 90um thick and 150 pum
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large waveguide channel. In a similar way to the previous designs, we found the following
parameters for a resonant cavity at 650 GHz: W=150 pum T=90 pum Py= 116.1um, P.= 131.87 um
and R=29um. Figure 11.3.8 represents the dispersion diagram of two PhC with a width of 150um,
hole radius of 29 um and a lattice constant of 116.65um and 131.87 pum respectively. The
dispersion diagrams of this narrower design are free of MSB. Therefore, no more coupling to
higher order mode, however, the light line is closer to the Brillouin zone edge which may increase
radiative losses.

3D FDTD simulations are performed and presented in the next section to understand the behavior
of the different cavities designs presented in this part.

11.3.3 Photonic crystal cavity design and quality factor calculation
using FDTD

The 3D FDTD numerical simulation is a great tool to calculate the resonant frequency and quality factor of
the proposed PhC cavities designs. Lumerical FDTD software is used to run these simulations on a cluster
computer. The structures are built inside a simulation box with PML boundaries. The PML is set to be far
away from the structure in the X, Y direction to prevent the interaction with the field in the cavity, while in
the propagation Z direction the cavity wire crosses the PML boundaries to prevent reflections on the edges.
A high Q analyzer monitor is used at the cavity central hole to measure the time decay of the electric field.
Considering a Q factor in the order of 10% the field inside the resonator may take tens or hundreds of ns to
totally decay. It is impossible then to measure the Q factor from the frequency domain spectrum because
this can take a very long simulation time. Figure 11.3.9, represents the time signal decay of the field inside
a PhC cavity design with a Q of 47000 for a simulation time of 1ns. A much longer time is required for the
field to vanish and thus to be able to calculate the frequency domain spectrum by applying a FT to the
simulated time signal. Therefore, this high Q analyzer monitor extracts the quality factor Q from the

temporal decay of the field using the formula below:

_ _2nfrlogio(e) (11.3.14)
2m

With f5 the resonance frequency and m the slope of the log of the time signal envelope. This

monitor cuts the first part of the measured signal presented by the blue curve of figure 11.3.9 which

normally corresponds to the source field and measures the slope of the rest (green curve) which is

purely describing the cavity mode decay. Dipole electric sources are used to excite the cavity

modes within a frequency range of 0.6-0.7 THz. 3 dipoles are arbitrarily placed in the center of the
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PhC cavity. A guided mode source, reflecting more closely the experimental conditions, could also
be used, however, the calculation error would be higher and a longer simulation time would be
required, as the field will take time to get into the cavity due to the high reflective PhC mirror.

08+

—— combinedSignal
0.6+
signal_cut

logyo([E(D])

0 16010 26010 3e-010 42010 5e-010 6e-010 7e-010 82010 92010 1e-009

Time (s)

Figure 11.3.9 The field decay recorded by the high Q analyzer of Lumerical FDTD (the full recorded signal in
green, and the cut source signal in blue)

A 3D modal volume analysis monitor is employed to calculate the cavity mode volume using
equation 11.3.12. An additional field monitor in the XZ plane is also used to plot the electric field
spatial distribution of the confined cavity mode. The calculations were done considering ideal
structures with no material loss using nsi =3.4174 and n.ir=1 and repeated for structures including
an imaginary part for the Si refractive index with nsij=3.4174 and ksi=3 x 107> at 650 GHz. The

imaginary refractive index was extracted from the measured absorption loss reported in [14] for a

2 )
% . The numerical errors

are governed by the simulation time and mesh size. Therefore, we first run the simulations using

HR-Si wafer of 10kQ resistivity by using the following expression ks;=

a 4um mesh size in X, Y, and Z directions to reduce the simulation time. However, for the final
simulations and to study the convergence of the results, a finer mesh size with 1um in X, Y and Z
was used. The simulation time is always set to 1ns. This time is long enough in order to reduce the
numerical errors. Table 11.3.1 summarizes the cavity FDTD simulation results with the parameters
determined in I1.3.2. As represented in Table I1.3.1, the resonance frequencies don’t correspond to
what is expected from the bandgap simulations in 11.3.2. In the previous PhC simulations, one
lattice constant is considered with infinite periodic conditions. However here the number of

periods is set to 24 (25 holes), which explains the blue shift of the resonance frequencies.
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Design w T Pc R Material

number  (um) (um) Po (Hm) (um)  (um) N loss (ksi)
1 210 | 90 | 106.56 | 120.65 | 28 | 25 0 630 | 4.7 x 10*
1 210 | 90 | 106.56 | 120.65| 28 |25 | 3x10°° 630 2.5 x 10*
2 210 | 90 | 106.56 | 120.65| 29 | 25 0 636 5.7 x 10*
2 210 | 90 | 106.56 | 120.65| 29 |25 | 3x10°° 636 3 x 10*
3 210 | 90 100.1 | 1126 | 29 | 25 0 670 3.7 x 10*
3 210 90 100.1 112.6 29 25 3x107° 670 2.6 X 10*
4 150 | 90 | 116.65 | 131.87 | 29 | 25 0 669 1.4 x 105
4 150 90 | 116.65 | 13187 | 29 25 3x107° 669 4.5 x 10*

Table 11.3.1 Table representing the quality factors and resonance frequencies obtained by the FDTD simulations for
different PhC cavities designs

Using a larger number of holes will give resonance frequencies closer to the expected ones, but
this will increase the modal volume, strongly decrease the transmittance, and will also require a
very long simulation time. Therefore instead of increasing the number of PhC holes, it is more
advisable to shift the bandgap by scaling the periodicities. In our experiments we are using a VDI
AMC source with high power in the 630-670 GHz frequency band, thus we focused on optimizing
the 650 GHz resonance frequency instead of the 610 GHz one (design 3 and 4). To lower the
resonance frequency, the periods between holes should be increased. Therefore, and after several

optimizations, we shifted all the periods by 4.10 um, while keeping the same parabolic variation.

Design W T Po R Material fr

Pc (LM N
number  (um) (um)  (um) pum loss (ksi) | (GHZ2)

210 | 90 | 104.2 | 1167 | 29 |25 0 650 | 4.7 x10* | 0.76
3.1 210 | 90 | 1042 | 1167 | 29 [25[3x10°| 650 | 2.6x10* | 0.76
4.1 150 | 90 | 120.75 | 135.97 | 29 |25 0 650 | 1.6x 105 | 043
4.1 150 | 90 | 12075 | 13597 | 29 |25[3x 105 | 650 | 47x10* | 043

Table 11.3.2 Table representing the quality factors and resonance frequencies obtained by the FDTD simulations for
the cavities designs with 650 GHz resonant frequency

The results of the 650 GHz resonant cavities are summarized in table 11.3.2. Higher order modes
also exist at higher frequencies with a lower Q factor. However, here we concentrate on the study

of the fundamental mode, as it has the highest Q factor and is highly confined in the cavity center.
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Figure 11.3.10 represents the electric field magnitude of the fundamental cavity mode for the
structure with a width of W=150 pm and W=210 pm respectively.

E (V/m)

200
100

-100
-200

1000 1500 2000
Z (Um)

E (V/m)
400 0.0

200

JosEmRR O

X(um)

-200

-400

500 1000 1500 2000
Z(um)

Figure 11.3.10 Electric field magnitude of the cavity fundamental mode at 650 GHz for the structure with W=
150pum (top) and W= 210um (bottom)

11.4. CONCLUSION OF THIS CHAPTER

The design of a PA gas sensor that includes triple resonators to enhance the detected acoustic
signal was proposed. The photonic THz part of this sensor is composed of a low loss HR-Si
waveguide and a high Q PhC cavity. In this chapter, we concentrate on the numerical calculations
of these photonic THz parts. First, the waveguide modal analysis and the simulations of the
different sources of losses in the waveguide were calculated. An inverted taper design that feeds

the waveguide with very low insertion losses was then presented. In the second part, FEM
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numerical method using Comsol multiphysics was used to define the bandgaps of the PhC. Finally,
several designs of PhC cavities with resonant frequencies at 611 and 650 GHz and high Q factors
in the order of 2 x 10* to 5 x 10*were numerically demonstrated. These ultra-high Q factors can be an
important added value to improve the light gas molecules' interaction effective length. The
experimental results of the waveguide loss extraction and cavities quality factor measurements are

reported in chapter IV.

In the next chapter, we will introduce the experimental methods and characterization setups used
in chapter 1V to characterize the waveguides, PhC cavities, and Poly-Si membrane of the gas

sensor design.
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Chapter III:

Experimental setups and methods
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The concept of a new photoacoustic THz gas sensor design based on the implementation of three
different resonators was introduced and presented in chapters I and Il. In this chapter, the different
techniques and experimental setups used for the characterization of the different parts of this sensor
will be discussed. The fabrication technique (DRIE etching) and sample preparation are described
in a few paragraphs as this work wasn’t a part of this thesis. The characterizations of the gas

sensor’s photonic and acousto-mechanical parts are separately done.

For the THz photonic part, the first step consists in the analysis of the modal behavior of the Si
waveguide and the extraction of its propagation losses, insertion losses, ... The second step
concerns the characterization of the photonic crystal cavities to define their resonance frequencies
and quality factors. These measurements have been performed by extracting the S parameters of
the different THz components using VNA or by measuring their transmittance with the THz TDS.
Other experimental setups based on the use of a THz AMC source and a pyroelectric detector or a
bolometric THz camera have also been applied for the same purpose.

Moreover, on the mechanical side, the characterization of the Poly-Si membrane consists of
measuring its displacements and resonance frequencies. A commercial Laser Doppler Vibrometer
(LDV) (Polytec MSA-500), is used to detect the displacement of the membrane at its resonant
frequency. In the absence of gas molecules and photoacoustics, the mechanical resonators (Poly-
Si membranes) are actuated by focusing a modulated blue laser on their surfaces. This method is
known as the photothermal effect and is quite similar to the photoacoustics. Finally, we also used
the Focused lon Beam (FIB) technique to locally coat the Poly-Si membranes with a metallic

reflective layer. This reflective layer is necessary for the optical read-out with the LDV.

All these experimental techniques and setups are described in detail in this chapter.

1l.1. FABRICATION PROCESS

The waveguides and cavities fabrication process consists of two etching steps of a high resistivity
SOl (Silicon on insulator) wafer. The SOI wafer is composed of 90 um of HR-Si (p > 10kQ.cm)
active layer bonded on a 300 pum thick low resistivity silicon substrate where a 2 pm layer of SiO>
has been grown by thermal oxidation. The device layer is the guiding channel, which requires one

lateral etching to define the waveguide’s core width, while its thickness is defined and fixed by
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the active layer thickness. The different fabrication steps are represented in figure 111.1.1. The wire
guide, its anchors, and the PhC crystal holes are etched in a single deep reactive ion etching step
(DRIE) with the buried oxide layer as etch stop layer. We used a switched SFe/CsFs plasma process
where etching alternates with passivation, enabling to reach 90 um depth with a 5 um resist mask,
allowing very good lateral definition for the tiny anchor beams[1]. The process know how has
been developed in a joint collaboration between Vmicro and IEMN-NAMG6 group. Joint work
between Vmicro and IEMN was conducted in the framework of the M-FAB pilot line dedicated to
MEMS; this includes the long term recipe development to address the following phenomena in
silicon etching:

- Notchless stop of the etching when arriving at the bottom of Device layer

- Management of the Aspect Ration Dependent Etching both on recipes and on the design

- Management of thermal aspects related to processing with high aspect ratio structure,
which is far more difficult than standard silicon etching with continuous plasmas at lower
thicknesses

- Management of the sidewall slope and low rugosity. These aspects are part of other steps

before and after DRIE belonging to Vmicro’s know-how.

Typically, the process main feature is the use of fast switching, which enables us to reduce the
sidewall roughness down to 50 nm. Using another recipe developed for longer etch times enables
backside processing to define the suspended structures (supported by the anchor beams). Once the
guiding channel is etched from the top and the back, a final step of HF etching allows to remove
the SiO2 layer. These steps concern the fabrication of the waveguides and PhC cavities, while for
the sensor fabrication a step must be added. This step takes place between these two etching
processes. After the top side etching that creates the shape of the PhC and guiding channel, we
performed a Low Pressure Chemical Vapor Deposition (LPCVD) of Polycrystalline Silicon (Poly-
Si), to cover the bottom of the holes with a stretched membrane that represents the mechanical
resonator. The Silane gas (SiH4) concentrations, flow rate, deposition temperature, pressure, and
time are adjusted to create a 100 nm of homogeneous Poly-Si stretched membrane with an internal
stress o; = 50 MPa. The Poly-Si membrane deposition is followed by the second etching step to

remove the Si and HF etching for SiO: release from the backside.
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Figure 111.1.1 Waveguide and PhC fabrication process steps

The fabricated structures are mounted on a Polylactic acid (PLA) 3D printed holder for easy
manipulation and handling in the characterization process. To prevent losses, the plastic holder is
grooved under the device's active region. Some of the final results of this process are represented
in figure 111.1.2, namely: a 38 mm long suspended waveguide with one 90° bend, one photonic
crystal cavity, and a 250 mm long waveguide. Figure 111.1.3 shows the SEM (Scanning electron
microscope) images of the waveguide’s tapers and anchors. The SEM images of figure II1.1.4
corresponds to the etched holes of the PhC cavities in the presence and absence of the Poly-Si

membrane.

90° bend waveguide

250 mm long waveguide

Figure 111.1.2 Different structures mounted on plastic holders
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Figure 111.1.4 SEM photos of the PhC cavities with and without Poly-Si membrane
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11.2. THZ ELECTROMAGNETIC CHARACTERIZATION

I11.2.1. S parameters extraction using Vector Network Analyzer
(VNA)

S parameters are the S-Matrix (scattering matrix) components, that link the different inputs and
outputs of any system with N ports. Its scalar equivalent in an optical system is the relationship
between the incident reflected and transmitted light passing through a medium. A schematic of a
2 ports S matrix and its optical equivalent is represented in figure I111.2.1. Such system is a 2 port

system and represented by the expression below:

(bl) _ (511 512) (“1) (111.2.1)
b, S21 S22/ \a,
Where a; and b; are respectively the complex representations of the incident and reflected wave
at the port i.

Port 1 Port 2
m) .

“ Equivalent “ Bl el m
<:> D (waveguide-Phc...)

Figure 111.2.1 2 ports S parameters model (left) and its scalar equivalent for an optical transmission system (right)

(waveguide-PhC...)

Therefore, the parameters S11 and Sz» represent respectively the complex wave reflections at ports
1 and 2, while Sy; and Si2 correspond to the wave transmission from ports 1 to 2 and 2 to 1
sequentially. A vector network analyzer, is a tool allowing to measure both the phase and
amplitude of these parameters in the RF and mmW region. Thanks to Vector Network Analyzer
extenders (VNAX) those measurements today are possible in the THz region for frequencies up to
1.5 THz [2]. In our experiments, we made 2 ports measurements using a Rohde & Schwarz VNA
with two extenders (VNAX) and two metallic waveguide WR-1.5 ports between 500-750 GHz.

This technique has several advantages:

- Its large dynamic range (80 dB) allows the measurement of the PhC cavities resonant
modes having very low transmission inside the bandgap.
- Its high resolution and fast sweep give the possibility to measure cavities having very high

Q factors with a frequency step size of less than 10 MHz in a very short time.
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- The VNAX ports are equipped with MWGs at their outputs, making coupling to Silicon
waveguides highly efficient with very low insertion losses while conserving the single

mode behavior of the Si waveguide (Check section 11.2.3).

Camera
with S~
objective #f % 4

/.
Micropositioner _{X Test sample

Twisters

\
i
-

Figure 111.2.2 S parameters measurements experimental setup

The experimental setup is represented in figure 111.2.2. Polarization twisters are added at the WR-
1.5 waveguides ports to match the Ex polarization of the Si waveguides. The measurements are
calibrated using a waveguide TRL (Thru, Reflect, Line) method, in the plane of silicon WG
injection to correct and remove the impairments from the measurements. As represented in 11.2.16,
in order to have low insertion losses, the Si waveguide’s taper must be inserted for 1 mm inside
the WR-1.5 port. For that, we used a camera with an objective or an optical lens with =50 mm to
visualize clearly the input of the WR-1.5 ports. All the samples are mounted on a X, Y, Z
micropositioner translational stage to have an accurate control on the sample alignments. This
method is highly sensitive and very accurate for waveguide loss extraction and cavities
characterizations. However, it is not possible to analyze the modal dispersion of this waveguide
using this method, as it has a narrow frequency band and single mode behavior. Therefore, for the
waveguide modal analysis, THz-Time Domain Spectroscopy (THz TDS) is a great complementary

tool.
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I1l.2.2. THz Time-Domain Spectroscopy (THz-TDS)

THz-TDS is one of the most important spectroscopic tools in the THz region. It is highly used for
material characterizations, molecular identifications, and all types of field matter interaction in the
THz domain. The TDS usually uses a photoconductive antenna (PCA) or non-linear crystals as a
THz emitter and detector. Figure 111.2.3 represents the schematic of a TDS where a femtosecond
pulsed optical laser, focused on the semiconductor material of the PCA, allows the generation of
photocarriers. These photocarriers are accelerated by the DC bias field applied on the dipole
antenna and thus a THz pulse is generated. The femtosecond beam is split into two optical paths.
While the first part is used to activate the emitter, the second part passes through a mechanical
time-delay line toward the detector PCA. The detector illuminated with these femtosecond pulses
and receiving the THz pulse allows the measurement of an induced photocurrent at a time t. By
changing the position of the translational stage in the delay line path, the THz electric field E(t)
profile in the time domain is recorded. Using Fourier transform, the amplitude and phase of the
electric field in the frequency domain are determined [3], [4]. The advantage of this technique is
its large bandwidth which is defined by the emitter and detector carrier lifetime, and the minimal
physical displacement Ax in the delay line. Its coherent nature also provides a high Signal-to-
noise (SNR), by detecting only the THz radiation and eliminating the blackbody and other thermal

radiations.

Delay line

- I 4\&‘ "'UL' l—'
B.S.

Emitter Detector

Figure 111.2.3 Experimental scheme of a THz-TDS
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However, the spectral resolution of this method is limited by the physical length of the delay line.

In order to achieve a frequency step size Af = 10 MHz , avery long delay line [ = é =30mis

necessary. In our measurements, a commercial MenloSystems THz-TDS was used. To couple the
THz signal to the waveguides and PhC cavities, a 4 lenses configuration is used in order to focalize
the beam at the tapers’ ends. Such configuration has higher insertion losses than coupling from a
MWG, which makes the VNA a better option for loss extractions. However, the advantage of this
free space coupling and large frequency band measurement is that it allows the excitation of higher
order modes and gives a clear interpretation of the waveguide multimodal behavior and dispersion.
To prevent the detection of the non-guided undesired signal, only 90° bent structures are measured.
Figure 111.2.4 represents the experimental setup where the emitter, detector, and lenses are mounted
on 2 rails with a central rotating connector in between. This will serve to make the beam alignment
in a straight configuration, then make a 90° rotation to keep a right angle between the emitter and
detector. Further details on the alignments and measurements are discussed in the results and

interpretations part (chapter 1V).
]

e <8
‘
— e —.

,,,,,

" Emitter HI T
- 0

Emitter

Alignment setup J

p— [ Measurement setup

Test sample

Figure 111.2.4 TDS experimental measurement setups used for the beam alignment, and for the measurements

I11.2.3. Setups used for THz transmission measurements and mode
imaging using AMC VDI source

At some point during the work period of this thesis, a technical problem with the VNAX WR1-.5
port of the VNA has occured. Therefore, it wasn’t possible to characterize some of the PhC crystal

cavities. The use of the TDS for this purpose wasn’t either helpful, due to the lack of resolution
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and the complexity of the free space THz coupling (cavities fabricated on straight waveguides). It
was then necessary to find a solution, that allows us to measure the cavities resonance frequencies
and quality factors. For that we built an S2; measurements setup, using a VDI AMC source and

synchronized detection by a Pyroelectric detector [5] (THZ10 from SLT) and a lock-in amplifier
[6] (HF2LI1 Zurich instruments).

AMC 643, is an amplifier multiplied electronic chain source fabricated by VDI. This chain is
composed of several frequency doublers and a tripler Schottky diodes, that multiply an RF signal
by a factor of 48. With the combination of amplifiers, this source provides an output of 1 to 2 mW
power at 630-670 GHz frequency band. Despite its tight operational frequency band, this THz
source can be very useful since it operates at room temperature with quite high power and compact
size. Its WR-1.5 guided output makes it compatible with our integrated sensor design. To prevent
the source damage due to high reflections, we added an isolator at an earlier stage of the
multiplication chain (WR-5.1 140-220 GHz). A plot representing the measured THz output power
of the source as a function of its emission frequency is illustrated in figure 111.2.5(a). This plot is
measured after the addition of the isolator in the electronic chain. Figure 111.2.5(b) shows a
photograph of this VDI AMC source. A TTL amplitude modulation feature is also available for
this source, which makes the synchronized detection possible without the necessity of external

modulation. This source isn’t only used for the S»1 measurements, but it serves for several
experiments and mainly to feed the photoacoustic gas sensor.
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Figure 111.2.5 (a) A plot of the VDI AMC source THz output power as a function of its emission frequency. (b)
Photograph of the VDI AMC source
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The use of a pyroelectric membrane for the THz detection has several advantages such as: working
at room temperature, large bandwidth, synchronized detection that eliminates the background, and
the most important is its large active area that allows collecting the signal without the need of beam
focusing. The main issue with these detectors is the thermal detection principle that makes them
highly sensitive to thermal fluctuations and acoustical waves (microphone effect). Such detectors
can have a fast response, however, to increase the SNR the detection system must be coupled to
an amplifier (LPF) with a very small bandwidth. Therefore, a long integration time is necessary.
Figure 111.2.6 represents the experimental setup. A waveform generator is used to apply a 0-3.5 V
square waves on the TTL port of the THz source which is modulated electronically. The
modulation frequency is set to 13 Hz, at which the pyroelectric membrane is highly sensitive. A
lock-in amplifier is used to synchronize the detection, by using an external reference from the same
waveform generator used to modulate the THz source. The current variation detected by the
Pyroelectric detector is converted into a voltage signal through an amplifier (OAP), which is sent
to the lock-in input. The lock-in amplifier multiplies the input and reference signal, then extracts
the phase and amplitude of the detected signal by phase sensitive detection PSD. As mentioned
previously the advantage of such synchronized detection is that it extracts information from a noisy
signal by using a relative defined reference signal at the same frequency. The source RF input

signal is generated by a Synthesizer at 13.13-13.96 GHz with a 0 dBm power.
Signal generator | | ‘ :\25 v /{MCT;—I—; F;' 4 ‘ 3’; Lighting

source 1\

Pyroelectric
detector

Labview interface Current voltage converter k g

Figure 111.2.6 S21 measurements experimental setup using AMC source and pyroelectric detector

The full setup is controlled with a LabVIEW [7] interface. It allows to sweep the Synthesizer RF
frequency and thus the THz AMC source frequency by defining a frequency bandwidth and
stepsize. At each frequency step, the LabVIEW software waits for a time t, before importing the
demodulated phase and amplitude by the lock-in. This time t is controlled and defined by the

integration time () or lock-in LPF cut-off frequency (f.). The waiting time t must be longer than
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lf. Therefore, for highly sensitive detection of some uV power, very

¢

the integration time 7 = -

long measurements time (up to 5s/measured point) is required. Similar to the VNA measurements,
the alignments are made using a magnifying lens and a microcontroller stage. This technique has
proven to be useful and efficient for S21 measurements, however, for high SNR it is largely time

consuming.

In another experimental setup, instead of using the pyroelectric detector for the So; measurements,
a THz bolometric camera developed by 12S [8] is used to image the waveguide output mode and
to qualitatively verify the insertion loss simulated in 11.2.3. Without modulation and at room
temperature, this camera, whose sensitive area is composed of an antenna-coupled micro-

bolometer array detects and plots the THz field with a resolution of 320x240 pixels.

11.3. MECHANICAL CHARACTERIZATION

111.3.1. Laser Doppler Vibrometer (LDV)

The sensor response to gas detection is defined by the Poly-Si membrane displacement. Therefore,
to determine the concentration of the detected gas, a sensitive vibration read-out system is
necessary. A commercial laser doppler vibrometer (LDV) (MSA-500 Polytec) is used for this
purpose. The advantage of this detection technique is its non-contact and non-destructive method,
which consists in the determination of the Doppler frequency shift of a laser beam reflected on the
movable object under test (Poly-Si membrane). When a laser beam hits the object in movement

(membrane), it scatters and reflects back with a frequency shift known as the Doppler effect. The
frequency shift f; = 2% is proportional to the velocity v of the object in movement, where 1 =
630 nm corresponds to the laser beam wavelength. Therefore, it is possible to measure the object
displacement by simply measuring this frequency shift f;. To detect this frequency shift, LDV

uses a photodetector that measures the intensity | of the signal resulting from the interference

between the reflected beam and a reference beam with the respective intensities I, and 1.

The detected intensity | is represented by:

T
I'= 11+12+2\/1112c052n( ! P 2) (111.3.1)
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The third term (interference term) depends on the two beams' optical path difference which is
related to the displacement of the object under test.

B.S.

Mirrer ] \

S e
laser

B.S.
Ej Objective
Sample
under test

Figure 111.3.1 LDV optical setup

The measurement and reference beams of the LDV optical setup are represented in figure 111.3.1.
To determine the displacement direction, additional frequency modulation is added to the reference
beam using an acousto-optical modulator (Bragg cell). This vibrometer has several optical
objectives with different magnifications (x5 x10 x100) that provide a microscopic view of the

sample and focus the measuring laser beam to very small diameters (< 1 pum). It has a very high
displacement resolution (< 0.4 pm/~+/Hz) at working frequencies up to 2 MHz. High frequencies
measurements up to 24 MHz with high sensitivity (< 0.1 pm/+/ Hz) are also possible.

111.3.2. Modulated blue laser for membrane’s mechanical modes
optical excitation

The mechanical characterization process is represented by the actuation of the Poly-Si membranes
and the detection of the resonant frequencies of their eigenmodes. Several techniques have been
used in the past years for MEMS and NEMS actuation. Piezoacoustics is the most common. It
consists of using a piezoelectric material in contact with the resonator. Thanks to optics, other non-
contact, non-destructive, and high frequencies operational techniques have been demonstrated.
The use of a modulated light beam for the mechanical excitation of a circular thin membrane was
reported in 1981 by [9]. This technique is based on the photothermal (PT) effect. The latter is well

known and quite similar to photoacoustics (PA) which is the main topic of this thesis. From
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equations, 1.4.4 and 1.4.11 represented in chapter |1, a modulated laser beam absorbed by a material
is followed by the generation of periodic heat. The generated heat is expressed by a thermal
gradient inside the material followed by a bending moment. The PT effect was used in the
excitation of monolayer mechanical resonators such as membranes or cantilevers [9]-[12]. It has
a higher impact on the excitation of bilayer resonators [13], [14], where the bimorph bending effect
is dominant due to the difference in thermal expansion between the two layers of different
materials. Because of the several advantages cited here, the PT technique is applied for the
actuation of the Poly-Si membranes in the mechanical characterization experiments. A modulated
fibered blue laser diode (A=405 nm) is used for this purpose. The choice of this laser is due to the
high absorbance of the Poly-Si at this wavelength compared to longer ones [15]. A comparison of
the performance between a red and blue laser used in the PT excitation of a single-crystalline Si
cantilever was reported in [12]. Higher mechanical bendings were observed with the blue laser
compared to the red one. The fibered blue laser output is collimated then modulated in a free space
electro-optic amplitude modulator. This modulator is composed of two Lithium Niobate crystals
that employ the Pockels effect. The crystal's birefringence is proportional to the applied voltage.
Therefore, the light polarization variation traversing these crystals is proportional to the
modulation of the applied electric field. By adding two polarizers at the input and output of the
modulator, the polarization variation results in amplitude modulation of the laser beam. A full
amplitude modulation corresponds to a © phase shift of the light beam. In order to produce this
phase shift, a high half-wave voltage Vx up to 120 V (for A=405 nm) must be applied to the EO
crystals. The applied voltage is generated by a Zurich lock-in amplifier, then amplified using a
high voltage amplifier (HVA). This lock-in is also used for the synchronized detection of the
MEMS displacements detected by the LDV. The EOM permits the modulation from DC up to 100
MHz, however, the upper-frequency level is limited by the bandwidth (DC to >500 kHz) and slew
rate (400V/us) of the HVA. After modulation, the laser beam is collected using a collimator then
injected inside a SM fiber. The fiber allows guiding the beam toward the test sample placed on a
stage in the transversal plane under the LDV. A collimator is connected to the fiber end followed
by an achromatic doublet lens with a focal length f=43.4mm. This optical lenses system converges
the beam waist into a small spot size with a diameter < 10um, while keeping a long working
distance. As the LDV laser beam has a normal incidence, the blue laser fiber is inclined with an

incidence angle of 45 and 60 °.
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Figure 111.3.2 Schematic of the PT excitation and LDV detection setup
Figures 111.3.2 and 111.3.3 represent a schematic and a photograph of the photothermal optical

excitation and LDV setup. After passing through all these optical components, only 0.7 mW of the
10 mW optical power generated by the laser source reaches the sample under test. However, this

0.7 mW is highly enough to excite the membranes or any other MEMS such as Si cantilevers.
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Figure 111.3.3 Photograph of the PT excitation and LDV detection setup
111.3.3. Focused lon Beam (FIB) and Scanning Electron Beam (SEM)

Since the optical non-contact methods used for vibrometry such as LDV retrieve the displacement
information from the reflected and scattered laser beam on the surface of a movable object,
therefore the object under test must be reflective at the laser's wavelength. The LDV used for the
characterization of the Poly-Si membranes is equipped with a He-Ne laser (A=630 nm). At this
wavelength, a very thin layer of Poly-Si (100 nm) is transparent [16]. Therefore, in order to
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measure the displacement of the membrane with this LDV, an additive reflective metallic layer is
necessary. Several metallic deposition techniques such as Chemical Vapor Deposition (CVD),
Molecular Beam Epitaxy (MBE), Physical Vapor Deposition (PVD) could be used for this
purpose. However, with these techniques, all the structure is covered with the metal layer and not
only the mechanical resonator. The presence of a metallic layer on the THz guiding channel is
undesired, as it can lead to high ohmic losses. Therefore, a local metal deposition only on the
surface of the Poly-Si resonator is necessary. Using the previously cited techniques for this purpose
is complicated and requires additional lithographic steps. To avoid this, a local deposition using
the Focused lon Beam (FIB) is useful [17]. Quite similar to a Scanning Electron Beam (SEM), a
FIB uses an accelerated focused ion beam instead of an electron beam to generate secondary
electrons after the interaction with a sample in a way to image its surface. This imaging process is
possible while using a low ions current, however for higher current and since ions are heavier than
electrons, they sputter atoms from the sample surface, resulting in an etching phenomenon. In
presence of a precursor gas such as Tungsten hexacarbonyl (W(CO)s) or trimethylplatinum
(CgH16Pt), ions react with the gas molecules and decompose them leading to a deposition of a
metallic layer such as Tungsten (W) or Platinum (Pt) in presence of W(CO)s or CgHiePt
respectively. In our experiments we used the FEI-STRATA DB235 FIB/SEM shown in figure
111.3.3 to make a Pt deposition. It combines a FIB with an SEM and a gas injection system (GIS)
inside a vacuum chamber. The ion beam gun is inclined making an angle of 52° with the vertical
SEM column. It contains a tungsten needle with a liquid metal Gallium (Ga) inside. The needle is

heated at the melting point temperature (29.8°C) of the Ga allowing the Ga* ions generation. lons

are accelerated through a voltage applied between the needle tip and an extraction electrode.

Figure 111.3.4 FIB/SEM photo at IEMN cleanroom on the left and schematic representing the position of the
FIB,SEM and GIS inside the vacuum chamber on the right [18]
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This needle is followed by a beam focalization system, that allow to achieve very small spot
diameters of some nm. The advantage of this technique is that it can go close to the surface and
locally metalize very small regions by scanning the ion spot over the surface of interest, and
without any necessity for lithographic steps. However, this method has a non-uniform and
inhomogeneous deposition behavior. The deposed metal layer can also contain some organic
residues which make it less pure than the ones grown with other techniques such as CvD and
PVD. Several parameters such as dwelltime, beam intensity, deposition surface, deposition time,
and overlap play a role in growth control and layer dimensions determination. In all our depositions
the dwell time (time of the ion beam stay at each scanning point) is fixed to 0.2us and the overlap

(overlap between scanning points described by the relation d;—a where d represents the spot

diameter and a the distance between scanning point) to -200%, while the rest of the parameters are
adjusted in a way to control the Pt layer dimensions. After the metallization with the FIB,
microscopic images (similar to the one presented in figures 111.1.3 and 111.1.4) of the structures
were taken using the SEM.

11.4. CONCLUSION OF THIS CHAPTER

This chapter presented the different experimental setups dedicated to the characterization of the
waveguides and PhCs cavities designs proposed in this work. In the first part, we briefly described
the technological process used by Vmicro (our collaborator in the Terafood project) for the
fabrication of these THz components and the final gas sensor design. We then presented the
different measurement techniques used to extract the propagation losses of the waveguide, analyze

its modal behavior and define the resonant frequencies and quality factors of the PhC cavities.

In the final part, the steps of the mechanical characterization of the Poly-Si membrane are
illustrated. It starts with a description of the method applied for the mechanical excitation of the
Poly-Si resonators, followed by the optical system that allows to detect their mechanical motions.
Finally, the FIB metallization technique used to coat the Poly-Si membranes with Pt metal layer
is introduced. The results of the measurements based on these experimental setups and techniques

are presented in chapter 1V.
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Chapter 1V:

Experimental characterization results
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This Chapter presents the experimental characterization results of the photonic and mechanical
parts of the gas sensor separately. The first part is devoted to the discussion of the measurements
of the designed THz waveguide, tapers, and PhC cavities mentioned in chapter Il. It starts with the
demonstration of low propagation and insertion losses of the waveguide, followed by a multimodal
analysis and finishes with a full experimental discussion on the PhC cavities resonance frequencies
and quality factors.

The second part focuses on studying the acousto-mechanical resonator of the gas sensor. It presents
the metallization of the Poly-Si membranes with the FIB technique, and their mechanical
resonance measurements with the LDV at different pressure levels.

Part I: THz photonic characterization

IV.1. WAVEGUIDE PROPAGATION LOSS

IV.1.1 Cut-back method for total propagation losses extraction

The detection limit of the gas sensor is directly proportional to the THz power interacting with
molecules. Since the generation of high THz powers at room temperatures remain quite
complicated, it is necessary to build this sensor on an ultra-low loss integrated platform. This loss
value is quantified by the extraction of the propagation losses of the THz waveguide designed in
chapter I1. Therefore, two ports S parameters measurements are done using VNA with frequency
extenders VNAX in the 500-750 GHz frequency band. Since losses in a waveguide proportionally
increase with its lengths augmentation, it is possible then to extract the propagation losses from
the linear dependence between waveguide losses and lengths. This is known by the cut-back
method. Hence five waveguides with 3.8, 10.9, 14.9, 19.1, 25.1 cm respective lengths are measured
with the VNA. Figure 1V.1.1 shows the photograph of these structures. The guiding channels are
twisted with 90° bends to form a compact spiral shape that fits a 3" diameter wafer. To easily
handle these structures, a PLA (Polylactic acid) 3D printed holder was used. An additional 1 mm
air space is ensured by etching the plastic under the guiding channel. As presented in chapter Il
(Figure 11.2.4) the Ex fundamental mode electric field is highly confined inside the Si, thus this 1

mm air space is large enough to prevent the absorption of the field by the plastic holder. Despite
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the very low insertion losses demonstrated by the simulation in chapter Il (part 11.2.3), we chose
to keep a right angle between the in- and output tapers to prevent the detection of non-guided
energy.

PLA holder
Input taper
Outut taper

90° bend

Anchors (S
VAN

Figure 1V.1.1 Photos of waveguides with different lengths on the left, and schematic representing the waveguide on
a plastic holder on the right

The sample under test is mounted on an X, Y, and Z translational micrometer stage with 2um
sensitivity for precise alignment. A camera with an objective is used to enlarge the visualization
at the MWG input of port 1. The waveguide taper is then introduced by 1 mm inside the port and
aligned by controlling its central position in the XY plane. The second port is itself mounted on a
translational stage that allows to align it with the second taper. Sz1and S12 represent the transmitted
normalized power in dB scale from port 1 to 2 and 2 to 1 respectively. These two parameters are

fundamentally equal and can be written as:

Ji .
Sy = 101og10%:”‘ed (IV.1.1)

Similarly, the reflected normalized power Si1 or Sz, are represented by:

I
511 = 1010g10 Tef;eCted (IV'1'2)
0

where Irransmitted, aNd Irefiected COrrespond respectively to the transmitted and reflected intensity, and
lo the incident one. Figure 1V.1.2 represents the Sz1 and Si1 parameters of the waveguides with
different lengths. It is clear how the transmittance (S21) decreased as the length was increased.
While the reflectance (Si11) remains below -10 dB which confirms the low insertion losses

simulated in chapter Il. The behavior of Sz; is also quite similar to the one simulated in 11.2.3 for
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a taper position at 1 mm inside the MWG. As expected from simulation the insertion losses are

higher at low frequencies.
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Figure 1V.1.2 Measured S parameters of the waveguides with different lengths. On the top the magnitude of Sy in
dB and the Sy one on the bottom
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Therefore, by comparing these results to the simulations, we can confirm the low insertion losses,
and we can assume that the coupling conditions are nearly identical and have a very low error
impact on the measurement results. We believe the extra loss peaks appearing in some
measurements to be the result of misalignments as observed in the simulations in figure 11.2.17. A
linear dependence is observable between transmittance and length except for the structure with
14.9 cm. This exception is probably due to the variation of parameters other than just the length in
the (such as number of anchors and bends). To confirm the linearity of the loss dependence
between the structures we used the Inverse Fast Fourier Transformation (IFFT), to convert the
frequency domain data into the time domain. Since S parameters allow to extract the amplitude
and phase, it is possible to reconstruct the complex form of the electric field which is expressed

by:
E(w) = |E(w)|e/* (IV.1.3)
With
S21
|E(w)| = 1020 (IV.1.4)

and @ (w) the measured phase in radians. Therefore, the temporal electric field spectrum is

obtained by the Fourier transformation of 1V.1.3:
1 (t*®
E(t) = %f e T E(w)dw (IV.1.5)

where w = 2rf the angular frequency and t the time variable. The experimental frequency step
size §f determines the mathematical temporal sampling interval T which corresponds to the

scanning time in a time domain measurement:

1
= IV.1.6
T=s 7 ( )
The temporal resolution is determined by the frequency bandwidth Af of the measured spectrum
1
= IV.1.7
5t =7 7 ( )

The spectrum frequency bandwidth here is limited by the single mode behavior of the WR-1.5
waveguide at the output ports of the VNAX. It corresponds to 250 GHz, going from 500 to 750
GHz. Therefore, the finest achievable temporal spectral resolution corresponds to 4 ps. Those

measurements are done using a calibration of the full frequency bandwidth with 401 points and
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thusa 6f = 623.44 MHz. In the time domain, this corresponds to a t =1.6 ns scanning time. This
time is not sufficient for the wave to travel through long waveguides. It was impossible then to
extract the time signal form of waves traveling structures with length > 10.9 cm using this
calibration. Therefore, another calibration with narrower frequency bandwidth (620-650 GHz) and
smaller frequency step size §f = 24.98 MHz is used for long structures measurements. This
results in a lower temporal spectral resolution (33 ps) for the 14.9, 19.1, and 25.1 cm long
structures, compared to the shortest ones with 3.8-10.9 cm length and 4 ps spectral resolution (see
figure 1V.1.3(a)).

0.5 I
——38cm 35004 | ® Experimental data
0.4 ——10.9¢cm Linoar fi
- ——149cm 3000
5 0.34 19.1 cm
@ ——251¢cm 2500 -
:; 0.2 | ‘ Y
2 | I 22000
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(a) (b)

Figure 1V.1.3 Time signal calculated from the experimental frequency spectrum inverse Fourier transformation of
each waveguide on the left (a) and linear variation of the time delay with propagation length increasing on the right

(b)
It is possible to increase the spectral resolution and scanning time by using another calibration of
the full band with a smaller frequency step size. However, the main purpose of these analyses is
to determine the linear behavior of the propagating energy inside the waveguide. Figure 1V.1.3(b)
shows this linear dependency between the time delay and the physical length of the structure. Table

IV.1.1 summarizes the different characteristics and parameters of each structure.

Length Bends Anchors (pair) (N
3.8cm 1 8
10.9 cm 11 15
14.9 cm 11 20
19.1 cm 19 22
25.1 cm 19 35

Table 1V.1.1 Table representing the length, number of bends, and pair of anchor for the different measured structure
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To extract an upper limit of the propagation loss that includes all loss mechanisms (bend radiation,
anchors scattering and material absorption loss), we have to consider the structures with different
lengths and the same approximate number of bends and anchor pairs variation. Therefore, for that
purpose, we eliminate the 14.9 cm structure from the linear loss fitting.

Reflections are excluded from the calculated total loss expressed by:

T
loss = —10log, (m) (IV.1.8)

where T and R are respectively the linear power transmittance and reflectance represented by:

S21

T =103 (IV.1.9)

S11

Losses in dB scale are represented in figure 1V.1.4 for the structures with 3.8,10.9,19.1 and 25.1
cm.

——38 mm

loss (dB)

OMWW

500 550 600 650 700 750
Frequency (GHz)

Figure 1V.1.4 Total propagation losses for structures with different lengths

A linear fit of the calculated loss function of waveguide length at two arbitrarily chosen frequencies
600 and 700 GHz is represented in figure 1V.1.5. The slopes of these fitting lines are directly
related to the total propagation loss coefficient which is 0=0.068 and a=0.058 dB/mm respectively.
Figure 1V.1.6 represents the propagation loss coefficient calculated from the fitted slope at each
frequency point over the entire band (500-750 GHz). It can be stated that this novel integrated THz

waveguide platform based on suspended HR-Si dielectric wire waveguides, exhibits propagation
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losses that vary between 0.045 and 0.085 dB/mm with an average of 0.065 dB/mm. This average
loss is equivalent to 0.032 dB/Ao. Contrarily to other work, here the extracted value includes all the
losses phenomena such as bend loss, and despite that this value remains the lowest among several
other THz silicon waveguides [1]-[4]. For the first time over a large frequency band (250 GHz)

extending up to 750 GHz, a very low propagation loss (including bend, material, and scattering
loss) is demonstrated.
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Figure 1V.1.5 Linear fit of the total propagation loss at two particular frequencies 600 GHz on the left and 700 GHz
on the right
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Figure 1V.1.6 Extracted propagation loss in the suspended waveguide structure
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IV.1.2 Anchors, bends, and material loss

In the previous part, we extracted an upper limit of the propagation losses. However, it was
remarkable that the 14.9 cm structure is in disagreement with the loss-length linear dependency. It
is also clear that the 10.9 and 14.9 cm has almost the same loss value and even less loss for the
longer waveguide at low frequencies (see figure 1V.1.2). Therefore, the 4 extra centimeters of
propagation length and the 5 additional pairs, have an insignificant impact on the loss variation.
This could explain the fact that the material absorption losses are quite low. The higher losses for
the shorter waveguide at low frequencies could be attributed to a coupling difference between the
two measurements and hence higher insertion losses. To separate the different loss phenomena,
we first measured experimentally the anchor losses simulated in 11.2.2.1. For that, another structure
of 3.8 cm length with a doubled number of anchor pairs (16 instead of 8) was also measured. Figure
IV.1.7 represents the measured Sz1 and Si11 of the two structures. The high reflectance and low
transmittance at low frequencies for the 16 pairs structure might be attributed to a non-optimized

coupling. This can increase the error of the calculated scattered loss per anchor pair.
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Figure 1V.1.7 Measured S parameters of structures with 8 and 16 pairs of anchor

Using the same reasoning as previously the loss in each structure was calculated. Then the loss

per anchor pair was determined as follow:

loss{s — loss
losSanchor pair = 1 3 8 (Iv.1.11)
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Where lossis and lossg are respectively the measured loss for structures with 16 and 8 pairs of
anchor. 8 is the number of the anchor pairs difference between the two structures. Figure 1V.1.8
represents the measured loss per pair of anchor over the full frequency band. These values are
higher than the ones expected from simulations. However, the measurements and interpretation of
such low loss amounts (0.1 dB) are limited by the experimental errors. The extracted anchor loss
is then subtracted from the spirals measured loss as follows:

Corrected loss = loss — N X l0SSgnchor pair (1V.1.12)

where N corresponds to the number of anchor pairs in each structure as presented in table 1V.1.1.
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Figure 1V.1.8 Measured loss per pair of anchor

These corrected losses are represented in figure 1V.1.9. The error in this calculation is quite high
leading to a nonphysical negative loss for the 3.8 cm waveguide. However, it gives an
approximation of the anchors, material, and bends loss separately. An overlap between structures
with the same number of bends is observable in figure 1V.1.9. Thus, this confirms an ultra-low
level of material absorption loss (less than 0.1 dB/cm). This value is very close to what has been

measured by Grischkowsky et al.[5] and Dai et al.[6] for HR-Si with resistivity > 10 kQ.

The loss level offset between structures with different numbers of bends is related to the bend loss.
It is possible then to extract an estimated value of loss per bend from the offsets difference divided

by the bends variation number. Despite the system complexity and the low loss values dominated
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by the experimental errors, we can extract approximate loss amounts for: bends (0.5-0.6 dB/bend),
anchors (0.1-0.2 dB/anchor pair), and material absorption (< 0.1 dB/cm).
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Figure 1V.1.9 Measured loss after the extraction of anchor loss
IV.1.4 Insertion losses: Metallic waveguide/Si taper transition

The previous Sz1 measurements confirm the simulated low insertion losses represented in chapter
11.2.3 with an inverted taper of 65x90x3000 um dimension, at 1 mm inside the MWG. Therefore,
this inverted taper is highly efficient for Metallic-Si waveguide transition, but it requires a complex
alignment to insert the taper inside the MWG. Contrarily to an inverted taper, a horn (see figure

IV.1.10) has an adiabatic reduced width rather than increased.

Horn taper Inverted taper
210um - Gt
' 210um/ Out
190 um In
Y 4000 pym Y 3000 um _ I90 um
X X '
/
500 pm 65 im
z z

Figure 1V.1.10 Schematic representing the different tapered ends
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The Horn taper has a large input width (500 pum), which couldn’t be inserted inside the MWG
(cross-section 191 x 381 um). Therefore, feeding the structure with a horn taper might be easier in
the manipulation. To compare the efficiency of these two different tapers we measured the S
parameters of two similar structures with different tapered ends. For both measurements, the tapers
were aligned at the two ports sides with the MWG center to ensure a perfect butt-coupling. We
also measured the structure with an inverted taper at 1 mm inside MWG from both sides. The S»:
and S11 modulus of each measurement are represented in Figure 1VV.1.11.

Inverted taper 1mm inside MWG|
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Figure 1V.1.11 S parameters measurements for structure with horn and inverted tapers at different coupling
positions. On the left the magnitude of Sy; and the Si1; on the right

As expected from simulation, for a perfect butt-coupling position, the inverted taper is less efficient
due to the small modal overlap. Since at the transition point the horn taper has stronger modal
confinement and better overlap, losses are lower, especially at low frequencies. However, the main
reason for the non-negligible insertion losses with the horn taper (5 dB) is the high impedance
mismatch presented by the high reflectivity (Siz < 10 dB at low frequencies). From these

measurements, we can conclude that despite the complexity of manipulating an inverted taper
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inside the MWG, such alignment is necessary as it has at least one order magnitude less insertions

losses compared to any other taper or alignment configuration.

While in the first part of this section, S parameters measurements were used to present the inverted
taper with low insertion losses, in the next, a different experimental demonstration using a VDI
AMC THz source and an antenna-coupled micro-bolometric uncooled THz camera is also
reported. The experimental setup is presented in figure 1VV.1.12. A 90° bended waveguide with two
tapered ends (inverted tapers) is mounted on a microcontroller stage to optimize its position inside
the source MWG. The camera is equipped with an objective composed of two HR-Si lenses, that
allow focusing the divergent THz beam on its sensor surface. It is placed in front of the second
taper end at the objective focal length (f =196 mm). A TTL trigger signal is generated by the
camera and received by the source, allowing the camera to detect a reference background while

the source is turned off.

THz AMC

Figure 1V.1.12 Mode imaging experimental setup

Figure 1V.1.13, shows the Si waveguide placed in front of the MWG at a butt-coupling position.
Two spots are observable on the camera interfaces. The central spot corresponds to the guided
energy collected at the edge of the output taper. While the second spot might be related to the non-
coupled radiative energy at the transition between the MWG and the Si taper. To confirm that a
metallic object (ruler) was placed in front of the transition area to block the radiative field from
reaching the camera. In presence of the metallic object, the camera detects only one spot that
corresponds clearly to the guided mode in the Si channel. Once the detected spots are well defined,
the waveguide taper was then introduced inside the MWG to improve the coupling. Figure 1V.1.14
represents the THz camera response at different positions of the taper inside the waveguide. During

these measurements, the camera position was adjusted so that the MWG-Si taper transition point
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is at the focal length of the camera objective lens. Hence the detection of a more intense radiative

focused beam compared to the guided one, at the butt-coupling position of figure 1V.1.14.

o

Radiative  Guided

Blocked
radiative
field

Guided
mode

Figure 1V.1.13 Camera detection at the butt-coupling position, with blocking the radiative field (on the bottom) and
without (on the top)

However, for a position of the taper at 500 um inside the MWG, the radiative spot intensity starts
to decrease while the guided one increases, until the total disappearance of the radiative spot when
the taper is inserted for 1 mm inside the MWG. This demonstration confirms the previously
presented S parameters measurements and the simulated results in chapter Il, which illustrate the

insertion losses variation with taper position inside the MWG.
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Figure 1V.1.14 THz camera detection at several coupling positions

IV.2. WAVEGUIDE MULTIMODAL ANALYSIS (TDS MEASUREMENTS)

Up to now we only discussed the single-mode regime of this waveguide. However, as represented
in chapter 11, the designed waveguide supports higher-order modes that are not excited with the
VNA due to their symmetry and polarization nature at low frequencies below 650 GHz. At higher
frequencies Ex even modes exist and have a good overlap with Gaussian beam. The experimental
misalignments in a free space configuration are much more important than inside a MWG port.

Therefore, odd anti-symmetric modes are more likely to be excited by a Gaussian beam. Thus, a
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Gaussian beam of a broadband source such as a dipole antenna of a TDS is easily coupled into
several modes inside the Si guiding channel. To analyze the intermodal dispersion, we measured
using a TDS the transmission of a THz pulse traveling a 90° bent waveguide of 3.8 cm length. The
TDS emitter and receiver are mounted on a rotatable rail with 4 lenses to focus the THz beam spot.
The lenses used have a diameter and a focal length of 50 mm. These dimensions correspond to a
numerical aperture of 0.5 identical to that of the waveguide’s taper to maximize the energy
coupling. The THz beam was first focused at the central point between the two middle lenses
where the sample will be mounted later. The reference pulse was recorded by averaging 1000

scans. This number of scans is fixed for all measurements to reduce the noise level.

Electric field (mV)
Intensity (dB)

116 14 112 110 108  -106
T

150 -100 .50 0 50
Time (ps) Frequency (THz)

Figure 1V.2.1 Measured THz reference pulse on the left and its FFT on the right. The inset on the left: Enlargement
of THz reference pulse

Figure 1V.2.1 represents the reference time pulse and its FFT calculated using Matlab. The
reference pulse signal is distorted by the water vapor absorption [7]. This impact is also observed
through strong peaks in the frequency domain spectrum. It is possible to purge with Nitrogen the
medium inside the box containing the setup to prevent water vapor absorption. Since the pulse will
be guided inside the Si and less affected by the water absorption, measurements were done without
purging. To couple the pulse inside the bent waveguide, the rails were rotated to maintain a right
angle between the emitter with the first two lenses on one side and the receiver with the other two
lenses on the second side. The waveguide is mounted on a micropositioner at the rails rotational

axis center. The two lenses close to the waveguide were moved back 1.9 cm each to keep the
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taper's edges near the lens's focal point. The right angle between emitter and receiver ensures the
detection of guided waves only. Figure 1V.2.2 represents the measured transmitted pulse through
the waveguide and its FFT. The incoming reference pulse is delayed, stretched, and chirped after
traveling inside the waveguide. The time delay between the reference and transmitted pulses is
represented by:

At = (ng — 1)% (IV.2.1)

Where n, represents the excited mode group index, [ = 3.8 x 10~% m the waveguide length and

¢ = 3 x 108 m/s the speed of light in vacuum.
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Figure 1V.2.2 Measured THz pulse transmitted through the waveguide on the left and its FFT on the right

The pulse is delayed by almost 400 ps and stretched to more than 250 ps, with a positive and
negative chirp. This large stretching of the pulse is related to the dispersion of different modes in
the waveguide[8], [9]. The group index dispersion of the modes propagating through this chirped
pulse varies from n, = 3.07 to 5.04. These values are extracted using equation IV.2.1. The
frequency spectrum represents a sharp cut-off around 0.31-0.33 THz. This corresponds to the
frequencies were the fundamental mode is weakly confined and easily couple to the radiative
modes after travelling through the bended section. However, two unusual gaps appear in the
spectrum at higher frequencies (0.7-0.86 THz and 1.05-1.4 THz). To understand these two gaps,
we present in figure 1V.2.3 the simulated group index modal dispersion of the waveguide. Only Ex

modes are considered in this plot since the TDS PC antenna are horizontally polarized.
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Figure 1V.2.3 Simulated group index modal dispersion of the first 4 Ex modes

As represented in figure 1V.2.3 the blue highlighted zone corresponds to a time longer than the
one measured in our experiments. Therefore, due to the short measurement time, several modes
with slow group velocities aren’t detected, resulting in a measurement gap in the spectrum. Since
the receiver of the TDS is a PC antenna, anti-symmetric modes are not detected due to the zero
overlap integral [10]. Thus the only detected modes presented in figure 1V.2.3 are the symmetric
ones (E}' and E31). While the scanning time was long enough to detect the EL*, some slow
frequencies of the E3! mode aren’t detected, giving the origin of the first measurement gap (0.7-
0.86 THz). Similarly, the other gap is related to unmeasured higher order symmetric modes. The
multimodal regime of the waveguide and the high modal dispersion explain the large pulse

stretching. We can also conclude from the negative and positive group velocity dispersion (GVD =

%UL) at high and low frequencies respectively, the reason behind the pulse negative and positive
g

chirp (Figure 1V.2.2). Figure 1V.2.4 represents the 3 different measured pulses: the reference pulse,
the one transmitted through the waveguide in the multimode regime, and the last one extracted
from the IFFT of the S parameter measurement with the VNA which corresponds to the waveguide
single mode regime. In the single mode regime, the dispersion is limited by the waveguide
geometry and material dispersion, and therefore the pulse is less stretched compared to the
multimode regime where intermodal dispersion takes place. The difference in delay times between

the measured TDS pulse and the one calculated using the phase and amplitude extracted from the
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VNA measurement is due to the shifted reference pulse (-112 ps) in the TDS measurement.
Furthermore, in a TDS measurement, the time delay expressed by the equation 1V.2.1 represents
the time difference between the propagation in the waveguide and the same propagation distance
in air. To define the propagation time in the waveguide using the TDS, an additional time must be
considered that corresponds to the propagation in air for a distance equivalent to that of the

waveguide.
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Figure 1V.2.4 Comparison between the THz TDS reference pulse, THz TDS pulse transmitted through the
waveguide, and IFFT of the S,; parameter measured with VNA

V.3. PHOTONIC CRYSTALS

IV.3.1 Bragg reflectors and bandgaps

The previously mentioned results have provided information about the upper and lower limit of
the HR-Si platform used for the fabrication of waveguides, PhC cavities, and finally the
photoacoustic gas sensor. This section presents the experimental results of the PhCs and PhC
cavities designs mentioned in chapter 11. We first discuss the photonic band gaps at the Brillouin
zones edges of the Bragg reflectors simulated in 11.3.2 and 11.3.3. Therefore, we measured the S
parameters of two PhC Bragg mirrors with 60 holes of 29 um radius each: one with a lattice
constant a=106.56 um and a second one with a=120.65 pm. These specific parameters represent
the starting and ending periods (lattice constants) of the apodized cavities discussed in the

following section. For these measurements, we used the same VNA measurement setup used for
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loss extraction. A full band calibration (500-750 GHz) with frequency step size §f = 125 MHz
is used in order to visualize the full bandgap. The simulated modal dispersion of these two
structures, together with the measured transmittance and reflectivity are represented in figure
IV.3.1. In both configurations, the bandgap is convincingly observed, as the region of combined
low S»: transmittance (-30dB down to -50dB) and high Si: reflectivity (up to -0.5dB or 90% power
reflection). For the former Bragg mirror (a=106.5 6um) we observe a bandgap from 566 to 675.4
GHz, while for the latter (a=120.65 pum) the gap appears from 518.4 to 616.4 GHz.
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Figure 1V.3.1 On the bottom the S parameters measurements representing the photonic band gaps of two Bragg
reflectors with 60 holes of radius R=29um and a lattice constant a=120.65 pm on the left and a=106.56 um on the
right. On the top the simulated modal dispersion representing the band gaps at the Brillouin zone edges of these
reflectors

As represented in figure 1V.3.1 the measured and numerical predictions of the band gaps edge
frequencies are in very close agreement with less than 0.1% error. It is also observed that within
the allowed bands a reasonable -2 dB S»: transmittance is observed, implying only 63% power
transfer, while the Si: reflections back to the VNA port are still non-negligible as 10-30% (-5 to -

10 dB). This is to be understood as the result of the impedance mismatch at the transition between
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the unpatterned suspended wire guides and the etched PhC part in the suspended guide. Together
with the extra small scatter losses induced by the etched holes, this also accounts for the remaining
scatter losses of about 10-25%. We also observe a gap at higher frequencies for both structures.
Contrarily to the photonic bandgap where the light is mainly reflected instead of transmitted, in
these gaps the transmittance decrease (S21 =-30 -40 dB) while the reflectance remains also low
(S11 = -5 -10 dB). The frequencies at which these gaps are observed correspond to the ones at
which the air modes slow down and fold back in the simulated dispersion diagram. Therefore,
these gaps correspond to mini stopbands and occur when the fundamental air mode is coupled to
higher order symmetric dielectric modes in the region of the Brillouin zone far away from the
edge.

IV.3.2 High-Quality factor cavities

We proposed in chapter Il the designs of several PhC cavities with resonant frequencies at 630-
636 GHz and 650 GHz respectively. In this section, we discuss the experimental results of the 630-
636 GHz cavities referred to as designs number 1 and 2 in Chapter II. However, the 650 GHz
cavities are dedicated to gas sensing and will be discussed later. These structures were also
characterized with the VNA by extracting their Sz1 and Si1 parameters. However, for these
measurements, an additional finer calibration on limited bandwidth (630-650GHz) with §f = 8
MHz is used to resolve potential high Q resonances. Figure 1V.3.1 represents the photos of two
PhC cavities with similar parameters that correspond to the same design (design number 2,
R=29um). Both cavities were created by etching the core of a suspended waveguide. However,
the first waveguide presented on the left side of figure 1VV.3.2 has a length of 3.8 cm including a
bend, while the second one shown on the right side of the same figure is a 1.7 cm long straight

waveguide.

Figure 1V.3.2 A photograph of a PhC cavity on top of a 90° bended waveguide on the left and a straight waveguide
on the right. At the center microscopic (SEM and optical) images of the PhC
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The two were fabricated on two different wafers following the same technological process.
Samples are all mounted similarly on the same plastic holder used to suspend the waveguides
presented in figure 1VV.1.1. Figure 1V.3.3 presents the large frequency range S parameters of two
bended structures PhC cavities. The two designs have the same lattice constant variation but
different hole radius with 28 pum (design 1) and 29 um (design 2) respectively. The right-hand side
plot of figure 1V.3.3 corresponds to the 28 um hole radius structure, while the 29 pum one is
illustrated by the plot on the left-hand side. As expected from simulations a large bandgap with
high reflectance (S11=-2 dB) and low transmittance (S21=-50 dB) appears in the frequency region
between 530 and 680 GHz. The 29um hole radius cavity has a 2 to 6 GHz blue shifted gap
compared to the 28 um one. Resonant fundamental and higher order defect modes arise in the
forbidden regions. The frequencies of these defect resonant modes also drift with the gap shifting.
It is therefore possible to adjust and tune the cavities resonance frequencies by simply changing
the radius of their etched hole. In this work, we focus on studying the fundamental resonant mode
behavior, due to its high confinement in the cavity center and its large overlap with acousto-

mechanical cavity of the integrated gas sensor.
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Figure 1V.3.3 Sz and S1; measurements representing the bandgaps and resonance frequencies of two bent structure
PhC cavities with the same lattice constant and radius R=28um (design 1) on the left and R=29um (design 2) on
the right

Figure 1V.3.4 plots the Sz of the fundamental defect modes, in linear (inset) and logarithmic scale,
measured by the finer calibration of the VNA with 8 MHz step size for both structures. The linear

scale represents a clear Lorentzian shape of the resonant peaks.
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Figure 1V.3.4 Sy measurements representing the resonance frequencies of two bent structure PhC cavities with
same lattice constant variation and radius R=28um (design 1) on the left and R29=pm (design 2) on the right

The measured resonance frequencies correspond to 635.3 and 641.2 GHz for the sample with hole
radii of 28 and 29 um respectively. These values are blue shifted compared to the numerically
calculated ones in chapter Il. This discrepancy between experimental and numerical results is
mainly due to the radii size error in the fabrication process. The SEM photo of figure 1V.3.5 shows
the experimental diameter hole size of the structure with a theoretical radius of 29 um. The
experimental radius of this structure is 0.8 pum larger than the design. Therefore the fabrication
error is estimated to be less than 3%. However, this error varies from one sample to another. In the
next processes, the sizes on the fabrication masks were optimized to reduce this error. To calculate

the resonance frequency quality factor we used the following definition:

_Jr
0=137 (IV.3.1)

with f5 the peak resonance frequency, and Af the resonance width at -3 dB or the FWHM (Full
Width Half Maximum). The FWHM of the 28 and 29 um radii structure are respectively 250 and
230 MHz, giving a Q of 2500 and 2750. These values are much lower than the simulated one
shown in table 11.3.1 for an HR-Si with an extinction coefficient of ksi= 3 x 107> . Therefore, the
loss value used in the numerical calculations is underestimated. By separating the material losses

from other losses phenomenon, we can write the measured inverse quality factor as follows:

1 1 1

QMeasured QSimulated QMaterial

(IV.3.2)
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where Queasurea represents the measured quality factor that includes all type of losses, while
Qsimulatea 1S the one calculated numerically in absence of material loss (refractive index
imaginary part si = 0) and Qpqzeria; 1S the quality factor describing the material absorption losses.
Using the numerical results of chapter 11 (table 11.3.1) and the one measured here, we can extract

a Quateriar OF 2600 and 2900, equivalent to a decay time constant T = 2¢ = 1.33 x 10~ and

wo

1.43 x 107° s for the 28 and 29 um radii structure respectievly.

10 um EHT= 5.00 kV Signal A= InLens Signal=0.1833 WD= 3.6 mm
|

N
Mag= 716X Signal B = InLens Mixing= Off StageatT= -0.0° \iem n

Figure 1V.3.5 SEM photo showing the measured diameter of one hole of the PhC cavity design with R=29um
(design number 2)

The simulated results represented in table 11.3-1, shows that an extinction coefficient ksj = 3x
107>, correspond to @ Quqreriar = 6.7X 10# equivalent to 7=3.4x10~8s. Thus by analogy, we can
define the material extinction coefficient that corresponds to the previously extracted Quqteriai-

The absorption and extinction coefficient are related by:

4k f
a =
Cc
with f the frequency and c the vacuum speed of light. Following these calculations, we obtain an

(IV.3.3)

estimation of the absorption coefficient of the HR-Si wafer used in the technological process. The
estimated value corresponds to an a =0.19-0.2 cm™. This value is a bit high and corresponds to

Si resistivity lower than 10 kQcm. Figure 1V.3.6 shows the variation in the absorption coefficient

ELIAS AKIKI 151



of the Si as a function of its resistivity, based on the results shown in [11]-[16]. Thus, the HR-Si
wafer used in this process might have a resistivity of 1000 kQcm.

100
= [16]
10- (161
PO [11]
= ] .
S ] [11]
S [15]  [14]
0.1+ . .
0.01- [12],[13]
1 10 100 1000 10000
p(Qcm)

Figure 1V.3.6 Plot representing the dependence of the Si absorption coefficient on the material resistivity extracted
from [11]-[16]

All the previously presented results belong to cavities fabricated on bent waveguide. Thanks to the
taper’s ultra-low insertion losses, it is then possible to fabricate and characterize cavities on straight
waveguides. Following the same previous measurement steps, we characterized the cavity design
with R=29 um built on top of the straight waveguide. The frequency of the fundamental resonant
mode is observed at 640.25 GHz. This frequency value is also blue shifted, but closer to the
expectation which explains the lower hole size error. The measurements presented here are done
with a butt-coupling configuration (check section 1V.1.4), which explains the very low
transmission of the resonant mode (-25 dB). This low transmission isn’t only limited by the
insertion loss but it’s the result of the high reflective mirror consisting of 25 etched holes. The high
ripples present in the S11 measurements are also caused by the bad coupling and the high insertion
losses. This cavity presents an ultra-high Q factor of 18800 with a FWHM of 34 MHz. At THz
frequencies, a similar design for 100 and 200 GHz frequencies with Q= 11900 and 2200
respectively was demonstrated by [17]. Aside from [17], 1D photonic crystal cavities were very
little investigated in the THz region. Other dielectric cavities such as ring resonators and 2D PhC
cavities with high-quality factors up to 15000 have been reported [18]-[24]. Therefore, such a Q

factor for air confined PhC cavities at THz frequencies is the highest among several and is
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measured for the first time. This very high Q is the result of several parameters such as mirrors
high reflectivity, gentle Gaussian apodization, and most importantly the very low material
absorption loss. Following the same previous calculation steps, we can extract the material
absorption loss that corresponds to an absorption coefficient of 0.019 cm™. Such a low loss value
is very close to the one of a 10 kQcm HR-Si represented in figure 1V.3.6. Table 1V.3.1 summarizes
the experimental and simulated results of the different designs followed by the HR-Si wafers
extracted absorption loss values.
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Figure 1V.3.7 S;1 measurement using the fine calibration representing the resonance frequency of the straight
waveguide cavity with R=29um on the left. S parameters representing the bandgap of the same cavity using the
large band calibration

Extinction Absorption

Design R Simulated Measured | Measured

Simulated coefficient  coefficient
number (um) Q fr (GHz) fr (GH2)
Ksi (at fr) a (cm?)
1(BW) | 28 | 47x10* | 630 6353 | 2.5x 103 | 7.52 x 10~ 0.20
2(BW) | 29 | 57x10* | 636 641.2 | 2.7 x 103 | 7.08 x 10~ 0.19
2 (SW) 29 5.7 X 10% 636 640.25 1.8 x 10%* | 7.08 x 107> 0.019

Table 1V.3.1 Table summarizing the simulated and experimental results of the PhC cavities with hole radius 28 and
29um on top of bended waveguide (BW) and straight waveguide (SW). The absorption and extinction coefficients
are the ones extracted from the calculations.
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IV.3.3 High transmittance cavities

In the previous section, we presented the result of ultra-high Q cavity that may be useful in many
applications. More especially for the proposed gas sensor design, this cavity allows to enhance the
light molecules interaction and therefore a higher photoacoustic signal is generated and detected.
However, some other application beyond the photoacoustic requires detection of the THz signal
and therefore for such applications higher transmission is necessary. We propose in this section
the measurements of cavities with high Q factors and high transmittance. The main reason for
having low transmittance in the previous design is the highly reflective mirror with a large number
of etched holes (N=25). Therefore, we produced the same design with a fewer number of holes to
reduce the mirror reflectivity and thus increase the defect mode transmittance. The S parameters
measurements of two 29um hole radii structures with 21 and 17 total number of etched holes are
represented in figure 1V.3.8. As expected the Lorentzian peak of these resonant modes is wider
than the previous one. Thus the quality factor is decreasing from 1.88 x 10* for N=25to0 7 x 103

and 1.5 x 103 respectively for cavities with N=21 and 17.
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Figure 1V.3.8 Resonance frequencies at fr = 634.1 and 633.63 GHz, for cavities with N=21 (dashed lines) and 17
(solid lines) hole respectively

The resonance frequencies are red shifted with respect to the one with N=25. For the cavity with

N=21, the resonance frequency is observed at 634.1 GHz while the one with N=17 is at

633.63GHz. However, the transmission is increasing, to reach up to 72% of transmittance (-1.4

ELIAS AKIKI 154



dB) for N=17, while the mode is almost not reflected with less than 1% of reflectance (-22 dB).
Similarly, for the cavity with 21 holes, S>1=-3.7 dB (42%) and S11= -6.2 dB (24%). Despite the
low mirror reflectance in these designs, their measured quality factor remains higher and

comparable to the one fabricated on wafers with lower resistivity.

IV.3.4 650 GHz cavities

The concept behind designing these types of high Q cavities is to have a highly confined electric
field at the THz absorption frequency of a polar gas molecule, in order to increase the gas sensor
detection limit. In this gas sensor design we target the H>S gas, and notably the 650.37 GHz
spectral line. This gas is an important food spoilage indicator, and its 650.37 GHz spectral line is
the strongest among all the others in the THz AMC source frequency range (620-680 GHz).
Therefore, in chapter Il several adjusted designs with resonant defect mode frequencies around
650 GHz were proposed. In this section, the measurements of design number 3.1 are discussed.
The measurements were done with two different methods. The first one using a synchronized
detection with a Pyroelectric detector and an AMC THz source (check 111.2.3). While the second

method is the one used previously which consists of the extraction of S parameters with VNA.
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Figure 1V.3.9 AMC source power on the left and noise floor on the right detected with a pyroelectric detector
The left-handed side of figure 1V.3.9 represents the AMC source signal detected directly with the

pyroelectric detector, while the right-handed side corresponds to the measured noise floor with an

integration time of 23 ms. This method then provides a SNRgg of 40-60 dB. The disadvantage of
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this technique is that it requires a long integration time and it’s highly impacted by the
environmental thermal and acoustical fluctuations. The measured transmission of the cavity design
with 650 GHz resonant frequency (design number 3.1) is represented in figure 1VV.3.10. No
resonance is observable and the measured signal is close to the noise level. The two wide peaks
appearing in the spectrum correspond to the source AMC power variation versus its output

frequency and can be eliminated by normalization.
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Figure 1V.3.10 Detected signal of the 650 GHz PhC cavity using the synchronized detection with the AMC source
and pyroelectric detector
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Figure 1V.3.11 S parameters of the 650 GHz PhC cavity with the full band calibration on the left and the finer
calibration on the right
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Since no resonance is detected with this technique, the same structure was then characterized with
the VNA that offers a larger dynamic range and higher sensitivity. The measured S parameters
presented in figure 1VV.3.11 are in agreement with the previous measurements. No resonance peak
is detected between 625 and 660 GHz. While in the large frequency band, a large bandgap is
observable only through the transmission. While for the Si1 measurements, strong ripples with a
reflection upper level of -10 dB are observable. The highest transmitted power in the allowed
conduction band is below -25 dB. Such very low transmittance is the result of huge losses. Hence
the total dissipation of the defect resonant mode. To understand the origin of losses, unpatterned
straight, and bended waveguides fabricated on the same wafer process as the 650 GHz cavities
designs were measured using the VNA. Figure 1V.3.12 represents the photos of the measured
structures on the left and the plot of their S21 magnitudes on the right. The three measured structures
correspond to one straight waveguide of 2.75 cm length, a 10.6 cm long waveguide including 4
bends of 400 um radius each, and finally the third one with 40 bends and a total length of 3.26 cm.
As expected the propagation losses are important and increase with the length of the waveguide.
Almost 18 dB of the power at 600 GHz is lost after traveling 2.75 cm inside the Silicon. These
huge loss values could only be attributed to the Si absorption since the waveguide is fully
suspended in the air. It is quite complicated to extract an exact value of the propagation loss in
dB/cm due to the lack of structure length variation and the different number of bends in each

measured structure.
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Figure 1V.3.12 Photos of the measured structure on the left and their Sy; plot on the right
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Considering the bend radiation and material absorption losses as the only source of loss, it is
possible then to express the measured loss as follows:

loss =la+ Nag (IV.3.4)

With loss representing the measured S1 in dB, | the structure total length in cm, a the propagation
loss (or material absorption loss) in dB/cm, N the number of bends and a the bend radiative loss
in dB/bend. By this is we obtain a system of three equations with two unknowns (a and aj).
Solving this system of equations gives an approximate value of propagation loss a=5-6 dB/cm (at
600 GHz) and bend loss az=0.3-0.5 dB/bend. As represented in figure 1V.3.4, this value of
propagation loss a=5-6 dB/cm belongs to a Si wafer with 10’s Qcm of resistivity. All the
fabrication processes in this work were done on an SOI wafer with 90 um of HR-Si active region
bonded on a 300 pum thick ordinary Si substrate with 2 um of SiO2. We discussed earlier in this
work the impact of the active region resistivity on the propagation losses and cavities quality factor.
However, for this last process, we believe that the active region and substrate material of the SOI
wafer were inverted and thus are the result of an error with the manufacturer. This is under further

investigation.

We presented in the first part of this chapter, the different characterization results of the THz
waveguide and cavities. Waveguide with low propagation losses was reported with an extracted
upper limit of 0.9 dB/cm. PhC cavities with tunable resonance frequency were presented. Cavities
with high Q factors and high transmittance were also demonstrated thanks to the very low loss of
the HR-Si platform. We also discussed the measurements of the gas sensor optimized cavities
designs, with 650 GHz resonant frequency. These measurements were dominated by the huge

losses of the Si wafer.

Even though the final demonstration of the THz resonant cavity at the H2S absorption peak wasn’t
achieved, the presented results are highly promising and validate the concept of the sensor’s THz

optical cavity.

The next part of this chapter is dedicated to the characterization of the gas sensor acousto-

mechanical part.
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Part Il: Mechanical characterization

In chapter Il we presented the concept and design of the proposed photoacoustic gas sensor. To
remind, this sensor is composed of three main parts: the THz cavity, acoustic cavity, and finally
the mechanical resonator. The first part of this chapter was dedicated to present the promising

results on the THz high Q cavity and the low THz losses of the sensor’s guiding platform.

The THz cavity created by etching air holes in the core of a Si waveguide is itself the acoustical
cavity. One etched hole of 29 um radius and 90 um height represents an acoustic cylinder or pipe.
The bottom ends of these cylinders are covered by a 100 nm thick stretched Poly-Si membrane,
which represents the mechanical resonator. In this part, we present the characterization results of

the Si acoustic cylinder and the Poly-Si membrane.

IV.4. PT LAYER DEPOSITION ON POLY-SI MEMBRANES

The acousto-mechanical characterization process consists of detecting the resonance frequencies
and quality factors of the mechanical membrane and acoustic cylinder. The LDV is used to detect
optically the displacement of the Poly-Si membrane and thus its resonance frequency. The laser
beam of the vibrometer experiences a Doppler shift upon reflection on the movable surface of the
membrane, and thus a displacement is extracted from the detected reflected beam. However, the
LDV laser beam of 630 nm wavelength is transmitted through the 100 nm thick membrane [25],
[26]. Therefore, an additive metal layer is necessary to ensure the reflection of the laser. The
presence of metals on the Si guiding channel is undesired, as it might increase the THz propagation
losses. A local metal coating only on the Poly-Si membrane surface is therefore crucial. To prevent
additional lithographic and technological processes, the FIB is used to locally coat the Poly-Si
membrane with platinum metal. In presence of metals, the membrane has a different effective mass
and stress. Thus, the mechanical resonance frequency and quality factors of the membrane will
highly depend on the properties of the added metal layer (thickness, deposition surface, mass...).
To understand the effect of the added metal film on the resonator, several Pt depositions were

applied on different membranes of a 29 um radius.
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Figure 1V.4.1 SEM images of Poly-Si membranes of 29um radii size with three coated Pt layer of different sizes

Figure 1VV.4.1 shows SEM images of three Poly-Si membranes coated by three different sizes of

Pt layer. The Pt layers selected sizes represent:

1- A layer with a diameter of 70 um, larger than the Poly-Si membrane size, and extended to
the Si cylinder border.

2- The 50 um Pt layer almost fully covers the Poly-Si membrane without masking the edges.

3- And finally, the third layer of 30pum represent a local mass on the center of the Poly-Si

membrane.

Each of these metal layers was reproduced multiple times with different thicknesses. All these
metal coatings were done on the same waveguide and with the same deposition parameters (dwell
time= 0.2us, overlap -200%, and ion beam intensity of 3nA) (see chapter I11, section 111.3.3). The
only changing parameter is the deposition time that controls the thickness of the layer. The 70 um
Pt layer was produced four times with respective deposition times: 60, 90, 120, and 150 s.
Similarly, five and three different thicknesses were applied for the membranes with 50 and 30pum
Pt layers respectively. The deposition time of these structures is respectively 20, 40, 60, 80, and
100s with 50 um diameter and 10, 20, and 30 s for the 30 pum one. To measure the thickness of the
added metal, reference layers with the same deposition parameters as the one added on the Poly-
Si membranes were coated nearby on the Si guiding channel. Three reference layers corresponding
to the 60 and 100 s deposition time of the 50 um Pt layer and the 30 s related to the 30 um one
were added. The thicknesses of these reference layers were measured using a profilometer. Figure
IV.4.2 represents SEM images showing the different coated metal layers and the three others used
as references for the thickness measurements. In the same figure, schematics illustrating the

profiles of the layers measured with the profilometer are shown. The edges of these layers are
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thicker than their centers. Therefore, the metallization process is not uniform. This phenomenon is

also observable in the SEM photos that show a contrast between the center and the edges of the

metalized zones.
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Figure 1V.4.2 SEM images representing the reference coated layer and a schematic representing the measurements
of their thicknesses with the profilometer

Pt layer Deposition time  Estimated edges thickness  Estimated center thickness
diameter (s) (nm) (nm)
60 26 20
70 pm 90 39 30
120 51 40
150 64 50
20 17 13
40 33 26
50 um 60 50 (measured 53 nm) 40 (measured 45 nm)
80 67 53
100 84 (measured 83 nm) 66 (measured 65 nm)
10 23 18
30 um 20 46 37
30 70 (measured 68 nm) 55 (measured 55 nm)

Table 1V.4.1 Table representing the estimated thicknesses of the different deposited Pt layers
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Since the thickness is directly proportional to the deposition surface and time, we can then extract
from the three measured reference layers an approximate deposition rate of 1.64 umd/s for the
edges and 1.3 pm®/s at the center. Table IV.4.1 represents the approximate extracted thicknesses
of the different Pt depositions. The real values of the measured reference thicknesses are very close
to the ones estimated from the approximate defined deposition rate. Figure 1V.4.3 shows the size
of the metals deposed on the 50 and 30um surfaces using an optical microscopic image. The
experimental dimensions of the metalized surfaces are very close to those targeted, with an error
of less than 4%. Finally, it can be stated that the FIB technique is a great tool for the direct growth
of local thin metal layers. However, it suffers from the metals' impure qualities and inhomogeneous
depositions. We observed more metal growth at the edges of the films than in the center. For thin
layers, this level discrepancy effect remains small, but it becomes more important for thicker

layers.

Figure 1V.4.3 Optical microscopic image representing the measured size of the 50 um Pt deposition reference layers
on the left and the 30 um one on the right

IV.5. POLY-SI MEMBRANE RESONANCE FREQUENCY AT ATMOSPHERIC
PRESSURE

In the previous section, we discussed the metallization of the Poly-Si membrane with several Pt
layers of different dimensions and thicknesses. This part presents the measurements of these
membranes at the atmospheric conditions and discusses the impact of the added metals. While the
displacement of the membrane is detected by the LDV, another optical setup is used to drive the

membranes by a photothermal effect. An amplitude modulated blue laser beam is focused on the
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surface of the membrane. The modulated light absorbed by the membrane is transformed into a
thermal wave, and thus a mechanical motion of the membrane at the modulation frequency of the
laser. However, this effect could be limited to hundreds of kHz due to the low thermal conductivity
K (149 W/m/K) and high specific heat c, (703 J/Kg/k) of the Poly-Si membrane. Thanks to the
presence of the platinum layer, the thermal expansion coefficient differences between the two
materials lead to an additional bending stress that improves the membrane's mechanical motion.
The blue laser is focused with a spot size in the order of 5 to 10 um on the center of the membrane
to overlap with the fundamental mechanical mode of the membrane. The output power reaching
the membrane was fixed to 450 pw with a 30 to 50% of modulation depth. The modulation
frequency of the laser is swept from 100 kHz up to 2 MHz through an internal oscillator of the
lock-in. The amplitude and phase are measured with the vibrometer and then decoded by the lock-
in. Once the resonance frequency is detected, a tighter sweeping frequency BW is used to record
the signal.

Figure 1V.5.1 shows the amplitude of the resonant frequencies related to the membranes with
50um Pt layer and different thicknesses. The resonance frequency highly depends on the thickness
of the metal layer. For thicker metal layers the resonance is shifting to the higher frequencies
except for the thickest layer of 66 nm. This exception could be attributed to the inhomogeneous

metal layer.
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Figure 1V.5.1 The measured mechanical resonance frequencies of the membranes with 50pum metal layers and
different thicknesses
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The measurements of the membranes with 45, 53, and 66 nm thick metal layers show Lorentzian

peaks at the respect frequencies 1.07, 1.21, and 1.15 MHz with a quality factor Q = Af—; = 1441,

The low-quality factor is the result of the high drag losses in the viscous regime at the atmospheric
pressure level. Smaller and wider peaks are barely seen at the lower frequencies between 670 and
690 kHz. We believe that these small peaks might correspond to the resonance frequency of the
acoustical cylinder expected at 710 kHz.The other two membranes with thinner metal layers (13
and 26 nm) present double peaks at 570-820 kHz and 630-870 kHz respectively. These double
peaks are attributed to the acousto-mechanical strong coupling between the mechanical and
acoustical resonators. This coupling occurs when the metal load shifts the Poly-Si mechanical
resonant frequency to overlap with the acoustical one resulting in a frequency splitting. The
coupling strength is defined by the relative-frequency splitting which corresponds to 250 and 240
kHz for the membranes with respectively 13 and 26 nm thick metal layer. Therefore, it can be
stated that this coupling is in the strong coupling regime. This coupling was expected from the
simulation presented in figure 6 of [27]. The strong coupling of Graphene-SiN membranes
mechanical resonators was presented in [28], [29], while in [30] the intermodal hybridization of a
MoS, membrane was reported. We present here a first observation of a mechanical Poly-Si
membrane and a Si cylinder resonators coupling. However, the validation of the strong coupling

demonstration requires additional observations and further research work.
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Figure 1V.5.2 The measured mechanical resonance frequencies of the membranes with 70pum metal layers and
different thicknesses
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The measurements of the 70 um Pt layer are represented in figure 1V.5.2. Contrarily to the
membranes with 50 um of metalized surfaces, the resonance frequency is red shifting for thicker
metal layers. Therefore, the added metal is increasing the membrane's effective mass. Since the 70
pm, Pt layer is reaching the Si cylinder borders, it has a lower impact on the stress of the membrane.
The small peaks attributed to the acoustical resonance are also observed around 690 kHz. The
resonant frequencies of the fundamental mechanical modes for the membranes with 20,30 and 40
nm thick metal layer are 1.07, 1.01, and 1 MHz respectively. The measured quality factor (Q=
9+1) of these peaks is slightly lower than the ones with smaller metal surfaces. This effect of the
metal covering entirely the surface on the quality factor is clearly observed and discussed in [31].
The membrane with the thickest metal layer shows a resonant mode at 1.38 MHz with a Q=16+1.
This is a higher order mode, while the fundamental mode isn’t detected, which could be due to bad

positioning of the blue actuating laser.
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Figure 1V.5.3 The measured mechanical resonance frequencies of the membranes with 30um metal layers and
different thicknesses

As shown in chapter 11 (11.1) the resonance frequency of a membrane mechanical resonator is
proportional to \/%, where o; are the internal stress of the membrane and p its mass density.

Therefore, for the structures with a 30 um metalized surface, the change in membrane stress is
dominant over the variation in mass, leading to higher resonant frequencies for the increased metal
thicknesses in figure 1V.5.3. The mechanical resonance frequency shifts from 1.1, to 1.14 and then
1.21 MHz by increasing the thickness of the Pt film from 18 to 37 and 55 nm respectively. The

quality factor of these modes is Q=12 +1.
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We observed in this part the several effects of metals on the mechanical resonance frequency of
the Poly-Si membrane. It is possible to control the position of the resonance frequency by 100’s
of kHz by adjusting the parameters of the added metal layer. This mechanical frequency tuning
shows the avoided crossing and coupling with the acoustical resonance. Finally, at the atmospheric
pressure level, the losses due to the added metal layer are negligible and the quality factor is limited
by the medium viscosity. In the following section, we present the experimental measurements at

low pressure levels where the drag losses are eliminated.

V.6. POLY-SI MEMBRANE RESONANCE FREQUENCY AT LOW PRESSURES

The gas sensor is designed to detect gas molecules at different pressure levels. Therefore, it
necessary to characterize the behavior of the acousto-mechanical resonators at low pressures. In
this section, we present the measurements of the membranes with different metallization at several
pressure levels. The characterization setup is the same as that used to measure the resonant
frequencies at atmospheric pressure level. However, for these experiments, the samples were
mounted inside a vacuum chamber to control the pressure (see figure 1V.6.1). The vacuum
chamber is initially designed to be used in gas measurement experiments and its details will,

therefore, be introduced in the next chapter.

Fibered
modulated
blue laser

Figure 1V.6.1 Experimental setup of the mechanical characterization at low pressures
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Figure 1V.6.2 represents the resonant frequency measurement of the membrane with a metal
surface of 70 um diameter and a thickness of 40 nm. The pressure inside the chamber is changing
from 40 mbar up to 1 bar (atmospheric pressure level). The blue laser power is fixed at 400 pw
with a 30 to 50% of modulation depth. At the atmospheric pressure, the mechanical resonant
frequency is observed at 1.055 MHz. This value is 55 kHz higher than the one presented in the
previous section for the same structure at the same atmospheric conditions but with a higher
actuating laser power of 450 pw. Therefore, this small shift is due to the heating of the membrane.
At lower pressure, the mechanical resonance peak becomes finer without any remarkable
frequency shift. Below the atmospheric pressure level, the Lorentzian shape of the resonance is
distorted by strong fluctuations of the signal amplitude. It is then complicated to extract the quality

factors at low pressures.

30
{ [—— 40 mbar
25 —— 100 mbar
—— 400 mbar
—— 700 mbar
204 |——1 bar
154

Amplitude (mV)

04 05 06 07 08 09 1.0 1.1 12 13 14
Frequency (MHz)

Figure 1V.6.2 The dependence of the resonant frequency on the pressure for the membrane with a 70 um metal
layer diameter and a thickness of 40 nm

A gradual disappearance of the peak near 690 kHz is also observed with the decreasing of the
pressure. To understand this, we have to introduce the Knudsen number Kn. The Knudsen number,
Kn, is the ratio between the molecular mean free path and the relevant physical length defined in

this case by the acoustical cylinder radius. This ratio can be written as follows:

kT

- __"B IV.6.1
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Where kz = 1.38064852 x 10723 m%kg/ s?K, T=298 K the working temperature, d the gas
molecule collisional diameter, for air d= 4.9 x 107°m for the air [32], P the pressure in Pa and
R=29 x 107°® um the cylinder radius. The Knudsen number is inversely proportional to the
pressure and used to determine the gas rarefaction. At high pressure and for a low K, < 0.01 the
air is considered as a continuum flow, while for lower pressure and a K, > 10 the gas is considered
as free molecules [33]. At pressures below 130 mbar (Kn > 0.01), the air inside the acoustical
cylinder is no more considered as a continuum viscous fluid and the peak near 690 kHz totally
vanishes. Therefore, it can be confirmed that the natural origin of this peak belongs well to the

acoustical resonance.

In the previous section, an acousto-mechanical coupling was observed in the measurements of the
membrane with 50 um large and 13 nm thick Pt layer. In this section, the impact of the pressure
variation on this coupling is discussed and presented in figure 1V.6.3. These measurements were
also achieved by fixing the blue laser beam at the center of the membrane with a modulation depth
between 30 and 50 % and a power of 400 puw. As expected at low pressures and in the absence of
air acoustic resonance only one peak appears at 740 and 715 kHz for the respective pressures of
50 and 100 mbar. The mechanical resonance is shifting to the lower frequencies due to the
increased effective mass exerted by the fluid on the membrane. The distorted Lorentzian shape of
the peak at low pressures might be the result of nonlinear vibration. This nonlinearity is the result

of the change in the restoring force due to the large vibration amplitude at low pressures[34].

40 - —— 50 mbar

Amplitude (mV)

L L L L AL A B “. —
03 04 05 06 07 08 09 10 11 12
Frequency (MHz)

Figure 1V.6.3 The dependence of the resonance frequency on the pressure for the membrane with a 50 pm metal
layer diameter and a thickness of 13 nm
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At higher pressure levels, the mechanical resonance continues shifting to the lower frequencies
where it couples with the acoustical resonance and splits into two peaks. The coupling strength
depends on the position of the mechanical resonance and its overlap with the acoustical one. At 1
Bar and in agreement with the previous measurements, the hybridized modes appear at 570 and
820 kHz.

The last structures are the ones with a 30 um of metal surface. The measurements result of this
membrane with an 18 nm Pt thick layer are shown in figure 1V.6.4.
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Figure 1V.6.4 The dependence of the resonance frequency on the pressure for the membrane with a 30 um metal
layer diameter and a thickness of 18 nm on the left. The right side represents the resonant frequencies at low
pressure with a tighter frequency BW

This structure has a very different behavior compared to the previous one. Contrarily to the
structure with a Pt diameter of 50um, the resonance frequency is blue shifted from vacuum to
atmospheric pressure. However, this shift is very low less than 30Hz/mbar in the viscous regime
(between 200 and 1000 mbar) and almost negligible in the molecular regime (< 200 mbar). The
Lorentzian shape of the peak is conserved even at vacuum pressures below 1 mbar. Thus, in
contrast to the other membranes, this structure represents a linear vibration. The quality factor of
the resonance increases from 10 to 50 with the pressure variation going from atmospheric to 100
mbar. This higher quality factor is due to the elimination of the air drag losses. In the molecular
regime, where the losses are induced by the membrane-molecules collision, higher quality factors
up to 80 at 40 mbar and 550 at pressures below < 1 mbar are measured. It might be possible to

measure highest quality factor at lower pressure where the mechanical dissipation is limited by

ELIAS AKIKI 169



intrinsic losses. However, this wasn’t measured here since it has no importance for food quality
control gas sensing application.

The measurements of the same 30um metalized membrane with thicker metal layer of 37 nm are
illustrated in Figure 1V.6.5. For thicker metal, the frequency shifting is more important. It is
possible to extract large quality factors up to 80 at 60 mbar. However, at lower pressure (below 1
mbar) a nonlinear effect appears. Therefore, this nonlinearity might be attributed to geometrical

effect related to the surface and thickness of the added metal.

<1 mbar

300

250

200+

150 +

Amplitude (mV)

100

50

1.0 1056 110 115 120 125 1.30

Frequency (MHz)

Figure 1V.6.5 The dependence of the resonance frequency on the pressure for the membrane with a 30 um metal
layer diameter and a thickness of 37 nm on the left

Figure 1V.6.6 shows a comparison of the thermal effect on the behavior of the mechanical
resonance between the two membranes of 30um metal layer with a thickness of 18 and 37 nm
respectively. These two measurements were done at a pressure below 1 mbar. The power of the
actuating laser is changing from 100 to 450 pw. The membrane with a Lorentzian peak and linear
vibration shows an increase in vibration amplitude while its resonant frequency remains
unchanged for higher laser power (figure IV.6.6 (a)). Therefore, all the heat energy created by the
absorption of the light is transformed into a mechanical displacement of the membrane. However,
for the membrane with a thicker Pt layer (37 nm), in addition to the increase in amplitude, a
frequency drift is observed due to thermal effects. By increasing the laser power, some of the
thermal energy induces a softening of the membrane leading to a red shifting of the resonant
frequency. Therefore, it can be concluded that the added non-uniform metal layer has a significant

impact on the mechanical resonance of the membrane. Nonlinear vibrations and spring softening
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and hardening due to thermal effects increase for thicker and larger metal layers. It is then

necessary to reduce the size and the thickness of the metal layer covering the center of the

membrane.
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Figure 1V.6.6 The dependence of the resonance frequency on the actuating laser power for the membrane with
30um metal layer diameter and a thickness of:18 nm (a), 37 nm (b)

In the last part of the mechanical characterization, we measured the profile of the fundamental

mode of the membrane covered by a 30 um diameter and 18 nm thick Pt layer. The LDV red laser

was mapped on the surface of the membrane to measure the displacement at the resonant frequency

at different points of the membrane. Figure 1V.6.7 shows the image of the experimental mode on

the left compared to a simulated one on the right. The experimental mode with a central maximum

is quite similar to the one observed in the simulation. The simulation was done by using the simple

example of a vibrating membrane based on an analytical approach with COMSOL multiphysics.

Measured mode

Simulated mode

Figure 1V.6.7 On the left: the measured profile of the fundamental mechanical mode for the membrane with 30 pm
diameter metal layer and a thickness of 18 nm at a pressure < 1mbar. On the right: a COMSOL multiphysics
simulated fundamental mode of a single poly-Si membrane with no metal layer
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IV.7. CONCLUSION OF THIS CHAPTER

This chapter summarizes the experimental characterization results of the different parts of the gas
sensor. In the first part, we presented the measurements related to the THz electromagnetic part of
the design. An average propagation loss of 0.065 dB/mm for the HR-Si guiding channel was
extracted. We demonstrated very low insertion losses below 0.5 dB for a transition of the THz
energy from a WR-1.5 metallic waveguide to the Si waveguide through an inverted taper. A
multimodal analysis of the Si waveguide was also reported. We showed the measurements of an
ultra-high Q THz cavity at 640 GHz. Such demonstration is a promising result towards the
integration of a THz cavity in the gas sensor at the gas molecule absorption peak (i.e. at 650 GHz
for the H»S). Other PhC cavities and Bragg reflector were also reported.

In the second part, we discussed the characterization results of the mechanical part. We
demonstrated the possibility of tuning the mechanical resonance frequency by adjusting the
parameter of an additional metal layer. The acousto-mechanical coupling between the Poly-Si
membrane and the Si acoustical cylinder has been experimentally proven. We presented the effect
of the pressure variation on the frequency shifting and mechanical quality factors. We also
measured a good mechanical quality factor of about 550. The higher Q factors of the purely
mechanical modes compared to the hybrid acousto-mechanical ones show the low efficiency of

the acoustical resonator which may be avoided in the PA application.

We have therefore demonstrated in this chapter the great performance of the photonic and
mechanical parts of the sensor. However, the assembly of these parts to form the gas sensor has
not yet been realized. A PA detection using a mechanical membrane will be presented in chapter

5 as a preliminary demonstration of the H,S PA sensing.
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Chapter V:

H,S photoacoustic detection with a poly-
Si membrane
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The motivation of this thesis work is to detect low concentrations of gas molecules present in food

packaging, to control the freshness of the food, and to ensure the safety of its consumption.

The advantage of using the photoacoustic spectroscopy technique for this purpose was illustrated
in chapter I. A new concept of an integrated PA gas sensor design was proposed in chapter I1. In
chapters 111 and IV, we presented the experimental methods and characterization results of the
different parts of this gas sensor. The assembly of these different parts is not accomplished yet.

Therefore, it isn’t possible to present the gas measurements with a fully integrated sensor.

However, in this chapter, we present the PA detection of H>S gas molecules with a suspended
Poly-Si membrane. In these measurements, the THz light is focused near the membrane instead of
being confined inside the PhC cavity. Therefore, the signal enhancement due to the increased light

molecules interaction inside the THz cavity is not considered here.

In the first part, we introduce the design of a vacuum chamber used for the PA gas experiments. A
low loss guided THz transition to the gas cell interior with low leakage is also presented. In the
second part, two different THz alignments were used to excite the molecules. The performance
and PA results of the two alignments were then discussed and compared. The measurements of
H>S gas molecules at different concentrations and pressure levels were also reported. Finally, we
show the minimum detection limit (MDL) achieved with the Poly-Si membrane as PA

microphone.

V.1. GAS CELL DESIGN

A schematic of the experimental setup for the photoacoustic gas sensing is presented in figure
V.1.1. It is composed of an AMC electronic THz source, an LDV, and a gas chamber with a
pumping and gas injection system. The electronic source is used to feed the sensor with THz
modulated power while the LDV allows detecting the mechanical response of the sensor. The gas
cell is a customized circular chamber with an internal diameter of 19 cm and a height of 7 cm made
from stainless steel by MDC [1]. It is equipped with 6 KF-25 flanges ports distributed on its walls.
The chamber lid contains a BK7 glass window of 4 cm diameter and a thickness of 2 mm. This

window is used to visualize the gas sensor inside the chamber, and to detect the displacement of
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the membrane with the laser of the vibrometer. Inside the chamber, we mounted an aluminum
breadboard with M2 threaded holes to fix the piezoelectric stages and optical components. Figure
V.1.2 shows a schematic of the gas chamber. Two ports of the KF-25 flanges are used to pump the
air in the chamber and to inject the gas. Three others allow access to the electrical cables and
metallic waveguide inside the chamber. And finally, the last one is for the THz beam output.

Piezoelectric
stage controller

~ Pumping/gas
injection

Figure V.1.1 Schematic of the gas sensing experimental setup

Inputs of electric cables
of the piezoelectric
stages

—

WR-1.5-WR-10
Taper
y THz source
Pumping Window for /S /
port LDV read-out :: \ '
WR-10 THz

waveguide input

s injection
port

TPX window
for THz output

Figure V.1.2 Schematic of the gas chamber
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KF-25 blank flange caps are drilled and tapped to screw in the electrical cable connectors of the
piezoelectric stages (SmarAct). Another flange cap is drilled to form a frame for the THz output
window. A TPX lens with a diameter of 2 cm is then glued to this flange frame with vacuum epoxy
glue. The two flange caps including the TPX window and the electrical cable connector are shown
in figure V.1.3. A leakage test was applied for both flange caps by closing a KF-25 flanged tee
with these two caps and pumping the tube to pressure levels of 10" mbar. To insert the THz wave
into the chamber, we have specially designed a hermetically sealed THz metallic waveguide
transition that will be presented in the following paragraph. The top optic window is fitted inside
the chamber lid to ensure that the distance from the sensor position inside the chamber to the outer

surface of the window is less than the focal length of the LDV objective lens.

THz window Electrical cable connector

Figure V.1.3 Photograph of the THz window (on the left) and the electrical cable connector (on the right) caps
clamped on the KF-25 flanges of the gas chamber

V.1.1 Sealed THz guided transition

We presented in chapters Il and IV the low insertion losses from a MWG to the Si waveguide of
the sensor. A free-space coupling is more lossy and complicated. Therefore, it’s important to have
a MWG inside the gas chamber to feed the sensor with low insertion losses. Figure V.1.4 shows
the schematic of a THz metallic waveguide transition allowing to guide the THz waves inside the
gas chamber with a low level of leaks. A WR-10 copper waveguide is welded to a Brass KF-25
flange cap milled to the shape of a WR-10 MWG flange. The welding process is possible thanks
to the large cross-section (2.54 x 1.27 mm) of a WR-10 MWG. Moreover, such waveguides are
available as long tubings that can be cut to the desired length. However, it becomes complicated

for a WR-1.5 waveguide with a cross-section of 381x191 um. In this case, only the split-block
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approach is used to fabricate such waveguides, which complicates the hermetic gas-tight sealing.
Therefore, two WR-1.5-WR-10 tapers are used to couple the THz waves from the VDI source to
the WR-10 multimode waveguide and then to the Si gas sensor. Finally, to prevent gas leakage we
added a sealing window between the welded WR-10 waveguide with the KF-25 flange and a

second commercial one (see figure V.1.4).

KF-25 flange
cap —»
1.5-WR- - T - L WR-10-WR-
THz output WR-1.5-WR WR 19 Mylar WR 19 THz input
10 Taper waveguide waveguide 1.5 Taper

Figure V.1.4 Schematic of the THz metallic waveguide sealed transition
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Figure V.1.5 Top: The measured propagation losses inside a structure with two WR-1.5-WR-10 tapers and a WR-10
MWG with different lengths in between. Bottom: A schematic of the measured structures presented in the top
graphic

This transition could be highly efficient for guiding the THz waves inside the gas chamber but it
also has propagation losses. These losses arise from the propagation in the tapers and waveguides,
but also from the absorption, reflections, and radiation at the separative sealing window. The losses

quantification was treated separately, first to optimize the length of the WR-10 MWG and then to
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identify the material and thickness of the best sealing window. Figure V.1.5 shows the Sz
measurements and the schematic of a structure with two WR-1.5-WR-10 tapers and a WR-10
MWG of different lengths in between. The two tapers propagation loss is around 1 dB while the
propagation loss inside the WR-10 MWG increases by 0.01-0.02 dB/mm (depends on the
waveguide quality). In the 500-750 GHz band, the WR-10 waveguide is overmoded, but the taper
excites only the TEo1 mode which explains the observed low propagation losses and the absence
of high loss peaks attribute to the “trapped mode” and higher-order modes [2], [3]. A 5¢cm long
waveguide (WR-10) in addition to the 5.08 cm length of the two tapers is then sufficient to transmit

the THz waves to the gas chamber center with less than 3dB of loss.

The next step is to define the best material with high sealing performance and low THz losses to
be used as a sealing separative window. Several materials with different thicknesses are proposed
and measured with the VNA. The tested polymer windows are the following: 30 and 80 pm thick
Polyethylene (PE), 47 um of Polypropylene (PP), 60um of Kapton, and a 3.5 um thick Mylar. The
film under test is placed and clamped between two WR-1.5-WR-10 tapers connected to the VNAX

po rts.
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WR-10-WR-1.5 Sealing WR-1.5-WR-10
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Figure V.1.6 Top: Measured S parameters of a structure with two WR-1.5-WR-10 tapers and different types of
sealing windows with several thicknesses in between. Bottom: A schematic of the measured structure
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The reflection (S11) and transmission (S21) measurements of the different films are presented in
figure V.1.6. The 3.5 um Mylar has negligible losses and its S,1 measurement almost overlaps
with the one in absence of any separative window. It also presents very low reflections (S11< -15,
-20 dB). Other materials such as PP has also acceptable losses of almost 1 dB for a film thickness
of 47 um. However, the thicker layers tend to increase the reflection (S11>10 dB). Losses higher
than 2 dB are observable for the Kapton and PE films.

After the demonstration of the Mylar's low losses, we then tested its mechanical resistance to the
1 bar pressure difference. A leakage of 0.5 pbar/second was observed with the 3.5 um thick Mylar
at low pressure and the film showed some sign of damage after disassembly. A thicker Mylar of
12 um thickness shows better performance with a leakage rate of less than 80 nbar/second.

Finally, we built the full guided transition with two tapers, a KF-25 cap waveguide (WR-10), a
commercial WR-10 waveguide, and a 12 pum thick Mylar in between. The structure total loss
presented in figure VV.1.7 (b) was extracted from the one port S parameter measurement done with
the VNA. Figure V.1.7 (a), shows the photograph of the structure connected to the VNA port and

closed on the second side by a short circuit to ensure the wave total reflection.
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Figure V.1.7 (a) Photograph of the sealed guided THz transition connected to the VNAX port. (b) The measured
total loss of the guided transition presented in (a).

The total measured losses of this hermetically sealed THz guided transition are lower than 2.5 dB.
This value remains much lower than the insertion losses from an external free-space Gaussian
beam (estimated to be > 5 dB).
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V.2. EXPERIMENTAL SETUP

In this chapter, we present the PA detection of H>S gas molecules. As mentioned earlier, the
fabrication of the fully integrated gas sensor has not yet been completed. Therefore, these
measurements were done with a Poly-Si membrane PA microphone only and without considering
the confinement of the THz light inside the high Q THz cavity.

Figure V.2.1 shows the schematic of the experimental setup for the PA detection based on the
original concept of the sensor. The THz light is coupled to the Si waveguide through an inverted
taper placed inside the MWG transition. The light is then trapped and confined inside a PhC cavity
at the absorption peak of the target gas. The effective propagation length of the light inside the
cavity is multiplied by a factor proportional to its quality factor Q. Therefore, the gas molecules-
light interaction is highly increased leading to a strong acoustical signal. The acoustical signal is
then amplified inside the acoustical cylinder and finally detected with the mechanical vibration of
the Poly-Si membrane.

MWG Transition

Central hole
cross-section

THz cavity enhanced PA sensing
(original design)

Figure V.2.1 Schematic showing the experimental setup of the PA gas detection with the THz light guided inside
the Si waveguide and confined inside the cavity at the gas molecules absorption frequency (the original working
principle of the designed gas sensor).

Since up to now there is no available THz cavity resonant at any absorption frequency of the H,S
target gas (611, 626, 650, 665, 687, 689, ... GHz), we used alternative methods to excite the gas
molecules and detect the PA response with the Poly-Si membrane. Figure V.2.2 shows two
different alignment setups used during these measurements. In these experiments, a WR-1.5 horn
antenna is connected to the end of the MWG transition. The THz beam is collimated with an off-

axis parabolic mirror of an EFL (Effective Focal Length) and a diameter of “4”. In the first
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configuration (Figure V.2.2 (a)), the Poly-Si membrane is placed parallel to the propagating beam
at a distance of 12.7 mm. The gas molecules-light interaction extends over a length of 15 cm, from
the sealing Mylar window inside the MWG transition to the TPX window at the THz output port
of the gas chamber. However, only a small part of the sound generated by this interaction overlaps
with the mechanical mode of the Poly-Si membrane.

MWG Transition"

MWG Transition
WR-1.5 horn
antenna

WR-1.5 horn
antenna

>
K; ;L‘-‘”r“{y;)

» LE--?: v : U"( ‘N‘ sl Off-axis
< P (ﬁ”v parabolic mirrors
MEMS PA sensing (Collimated beam) MEMS PA sensing (Focused beam)

(a) (b)

Figure V.2.2 Schematic showing the experimental setup of the PA gas detection with: (a) The THz light collimated
under the Poly-Si membrane, (b) the THz focused on the membrane

The second THz alignment configuration shown in figure V.2.2 (b) uses a second off-axis
parabolic mirror of an EFL (Effective Focal Length) and diameter of /2" to focus the THz beam
on the Poly-Si membrane. A smaller light-molecules interaction length of 7 cm is achieved.
However, the overlap between the acoustical wave and the mechanical resonator is more

important.

The THz signal is generated with a VDI AMC THz source. The RF signal input to the VDI source
is provided by a Rohde & Schwarz SMA 100B RF and microwave signal generator. Amplitude
modulation of the RF signal at the frequency of the Poly-Si membrane is applied internally with a
sinusoidal wave. The THz source emits a signal at frequencies between 620 and 670 GHz. It also
presents an emission peak between 685 and 690 GHz. The THz power at the horn antenna output
is frequency-dependent and varies between 400puw and 1.1 mW. At 650 GHz the approximate THz
power corresponds to 800 uW. We created a Labview interface to control the source parameters

(modulation frequency, emission frequency) and to collect the measured data. An MSA-500
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Polytec laser Doppler vibrometer (LDV) is used to detect the displacement of the Poly-Si
membrane. The measured signal is sent to a lock-in amplifier (HF2LI Zurich instruments). The
amplitude modulation signal generated by the SMA signal generator is also used as a reference for
the lock-in amplifier. The synchronized phase and amplitude of the mechanical signal are then
detected by the lock-in. To align the collimated THz beam an antenna-coupled micro-bolometric
uncooled THz camera (12S) is placed in front of the TPX output window. The camera is then inclined
with a 45°angle above the structure to detect and optimize the focused THz beam on the membrane.
The first mirror position is controlled manually with a translational stage and two clamped optical
posts. The second mirror and the Poly-Si membrane are mounted on piezoelectric stages for precise

alignment (see figure V.2.3).

Figure V.2.3 Photograph of the gas chamber interior

The air inside the chamber is pumped with a turbomolecular pump (Edwards T-Station 85). A
needle valve is used to control the flow of the injected gas. To pump out the H>S and to avoid the
spreading of such toxic gas in the lab room, a zeolite sorption pump is used to adsorb the gas
molecules. This pump is cooled with liquid nitrogen. Two different gauges are used to measure
precisely the low (< 10 mbar) and high pressure (>10 mbar) of the gas inside the chamber. The
full experimental setup is presented in figure V.2.4 (The Pumps, gas cylinder, PC, lock-in, and RF
signal generator aren’t shown in the photo). An enlarged photo of the aligned membrane with the
two off-axis parabolic mirrors, the THz horn antenna, and the vibrometer red laser is also shown
in figure V.2.4.
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Figure V.2.4 A photograph of the experimental setup on the left hand side. An enlarged photo of the membrane
inside the chamber on the right hand side

‘ V.3. POLY-SI MEMBRANE DYNAMICS

The detection of the highest PA signal occurs when the THz light is modulated at the resonance
frequency of the Poly-Si membrane. In chapter 1V, we presented the dynamics of the Poly-Si
membrane with a radius of 29 pm, a thickness of 100 nm, and different metal layer dimensions.
The fundamental mode resonant frequencies of these membranes vary between 500 kHz and 1.4
MHz depending on the added metal layer. The amplitude of the RF input signal connected to the
THz source is fully modulated at frequencies up to 1 MHz. An external mixer coupled to a
spectrum analyzer was used to measure the modulation depth of the THz source output. The THz
signal amplitude is fully modulated at the modulation frequencies below 100 kHz. However, for
higher modulation frequencies, the modulation depth starts to decrease and vanishes at frequencies
beyond 500 kHz. A possible explanation is that the automatic bias circuit of the varactor diodes of
the THz chain source compensates for the fast modulation of the RF signal. Therefore, it is
impossible to modulate this VDI source at the resonance frequency of the previously presented
Poly-Si membranes.

As shown in chapter Il (equation 11.1.7), the mechanical resonance frequency depends on the
geometrical dimensions of the membrane. Therefore, to reduce the modulation frequency, an

adjusted larger design of the membrane with lower resonance frequency is proposed and used for
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the following gas measurements. The new dimensions of the single suspended Poly-Si membrane
correspond to a radius of 250 um and a thickness of 750 nm. The membrane is coated by 10 nm
of chromium (Cr) and 70 nm of gold (Au).

The mechanical resonance frequency of the membrane is determined by measuring its Brownian
motion displacement at several air pressure levels. The membrane is placed inside the vacuum
chamber, where the air inside is pumped to pressures below 1 mbar. A valve is then opened to
inject air inside the chamber and gradually increase the pressure. The vibrometer’s laser spot is
aligned on the membrane center using the x5 magnification objective. The signal measured by the
vibrometer is sent to the lock-in. An internal oscillator of the lock-in is used as a reference to
determine the phase and amplitude of the input signal. The oscillation frequency of the reference
signal is first swept from 30 to 40 kHz. High signal amplitude with a Lorentzian shape is observed
at frequencies near 36.5 kHz for low pressures. A frequency sweep with a 2 Hz step size is then
applied on a tighter bandwidth (BW) between 36 and 37 kHz with an integration time of 6 ms to
measure the precise position of the membrane’s resonance frequency. For broader resonances at
high pressures, the measurements were done with a frequency sweep between 34.5 and 37 kHz

with 2.5 Hz step size and the same integration time.

0.5

< 1mbar
2 mbar
0.4 |—— 5 mbar
10 mbar
—— 20 mbar
034 50 mbar
—— 100 mbar
200 mbar
|—— 400 mbar

0.2+

Amplitude (mV)

Frequency (kHz)

Figure V.3.1 The measured amplitude of the mechanical resonance of the Poly-Si membrane driven by the thermal
noise at different air pressure levels

Figure V.3.1 shows the averaged amplitude of three recorded scans at different pressures. At very

low pressures (below 1 mbar) the resonance peak appears at 36.45 kHz. A spring hardening is
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observed at low-pressure variations (below 10 mbar) leading to a small shift in the resonance
frequency up to 36.55 kHz at 10 mbar. This is followed by a spring softening and larger frequency
shifts toward lower frequencies at high pressures. Similar behavior of the resonance frequency
shifting was also reported in [4]. The increase of frequency at the low pressures of the molecular
regime could be attributed to an additional stiffness caused by the penetration of the air molecules
inside the membrane’s material. At higher pressures, the air starts to behave like a mass load and
leads to a decreasing in the resonance frequency. The impact of the air damping on the broadening
of the peak is also clearly visible. This is reflected in a decrease of the quality factor at high
pressures. A Lorentzian fitting of the measured peaks at the pressure levels of 100, 10 mbar, and
the one below 1 mbar shows a broadening of 350,120 and 50 Hz. These frequency broadenings
correspond respectively to the quality factors of 700, 300, and 100.

These measurements show that the resonance frequency of the membrane and its quality factor are
sensitive to the pressure variation. Therefore, for the highest sensitivity of the PA detection, a

tuning of the modulation frequency is necessary to match with the mechanical resonance.

V4. DETECTION OF PURE H,S WITH TWO DIFFERENT THZ ALIGNMENTS

H>S gas is a toxic deadly molecule present in natural gas, oil, water, ... It is also emitted by the
bacterial growth in food which is responsible for food spoilage. Thus, H2S is a great indicator of
food spoilage, and monitoring its concentrations to control the food quality has been the subject
of much research [5]-[11]. For a cheddar cheese, the concentration of H2S should be lower than
50 ppb [10], while for fresh beef meat conserved at 25 °C for 48 hours the H2S concentration has
evolved from 480 ppb to 7.16 ppm [11]. The detection of small H2S concentrations in the order of
sub-ppm is then necessary to ensure the safety of food consumption.

In addition to being an excellent food spoilage indicator, the other advantage of detecting the H,S
gas molecules is its high-intensity rotational transition in the THz region. Figure V.4.1 shows the
intensities of the different absorption lines of the H>S molecules without any broadening effect in
the 620-690 GHz frequency range. This range corresponds to the emission BW of the THz VDI
source and it’s a range free of water vapor strong absorption lines. Five peaks with high intensities

are present in this range. The THz cavity of the integrated gas sensor is initially designed to target
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the 650.374186 GHz transition. Therefore, in the first measurements, we focused on this specific

absorption line.
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Figure V.4.1 Plot showing the intensities of several H,S absorption peaks (without broadening effect) in the
frequency range 620-690 GHz extracted from the JPL molecular spectroscopy database [12]

This part shows the results of the PA detection of pure H2S gas with two different THz beam
alignments. The setup schematics are presented earlier in figure VV.2.2. The RF signal frequency is
fixed at 13.549462 GHz for a THz emission at the center of the 650.374186 GHz molecular
absorption line.

In the first trial, the THz collimated beam was propagating longitudinally under the membrane at
a distance of 12.7 mm (figure V.2.2 (a)). The beam is detected by a THz camera placed outside
the chamber. The air inside the chamber was first pumped to vacuum levels. 500 pbar of pure H2S
was then injected inside the chamber. The THz spot detected by the camera is attenuated then
totally disappears after the gas injection which confirms the H2S high absorption.

In the absence of THz emission, the noise floor and the mechanical resonance frequency of the
membrane were measured by sweeping the frequency of the lock-in oscillator and detecting the
membrane’s displacement with the LDV. Figure V.4.2 (a) represents in black square dots the
average of 3 successive scans of the thermal noise, and its Lorentzian fit in the red line. The peak
of the Lorentzian fit corresponds to a resonance at a frequency of 36.57 kHz. The off-resonance
noise level amplitude is lower than 54V, equivalent to a mechanical displacement of less than 0.1
fm. At the resonance, the noise is slightly higher with 100 puV of amplitude representing a

displacement of 2 fm. The modulation frequency of the THz source is then fixed at 36.57 kHz for
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a resonant detection of the PA signal. The lock-in integration time was set to 6 ms. This time t
should be larger than the microphone response time which is expressed by [13]:

Q
= V.41
t> 1 — ( )

where Q the Poly-Si membrane quality factor and fr its resonance frequency. The used integration
time corresponds then to quality factors of the mechanical resonator below 700. This quality factor
value was measured in the previous part at pressure levels below 1 mbar. Therefore, working at
lower pressure levels requires longer integration times. However, in all the presented
measurements the integration time was fixed to 6 ms.

The detected PA signal at the resonance frequency is presented by the black square dots in figure
V.4.2 (b). Its Lorentzian fitted curve has an amplitude of 11.4 mV. Therefore, an 0.23 pm of central
displacement of the Poly-Si membrane is measured by the LDV. The Signal to Noise Ratio (SNR)
is the ratio between the resonance peak amplitude in presence of the THz signal, and the peak
amplitude while the THz source is turned off. This ratio is an indicator of the system sensitivity
and the lowest detectable gas concentration. An SNR of 114 is measured at a pressure level of 0.5
pbar. The Lorentzian fitted curves have quality factors of 570 and 1200 for the measured noise

and signal peaks respectively.
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Figure V.4.2 The measured mechanical resonance frequency of the membrane in the presence of 500 pbar pure

HzSZ
(a) in absence of THz light (noise level), and (b) in the presence of THz light (signal level)

The same measurements were done at different pressures of pure H»S inside the chamber. Figure

V.4.3 shows the measured noise and PA signal at the 100 pbar, 1 and 10 mbar H,S pressure levels
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respectively. The noise level remains almost constant at the different pressures below 10 mbar
with an approximate amplitude of 100 pV at the resonant peak (Figure V.4.3 (a) and (c)). At 10
mbar the noise is slightly lower with an amplitude of 70 pV (Figure V.4.3 (e)). The decrease of
the Brownian motion amplitude (noise amplitude) is due to the increase of damping at higher
pressure. The resonance frequency shifting is negligible with a measured peak at 36.49 kHz for
the H2S pressures of 100 pbar and 10 mbar, and 36.5 kHz for the 1 mbar pressure level. The
observed frequency positions and small shifting values are in great agreement with the one
presented in figure V.3.1, contrary to the one measured earlier at a pressure of 500 pbar which
represents a shifted resonance frequency. This is due to the different positions of the LDV laser
spot on the membrane surface. For the measurements, at 500 pbar the laser spot wasn’t perfectly
centered on the membrane. A shifting of the detected frequency was observed by moving the
position of the laser. Such an effect was also observed in [14]. This discrepancy can also be related
to thermal effects since the temperature is not controlled during the experiments. The quality
factors of the measured Brownian motion peaks in the presence of H.S are also in good agreement
with the one presented in figure V.3.1 for the Brownian motion in an air medium. The quality
factors at 100 pbar, 1, and 10 mbar pressure levels correspond respectively to 700, 500, and 300.
However, and similar to what was observed in figure VV.4.2 at 500 pbar pressure level, the quality
factor for the peak measured in the presence of the PA signal is larger and corresponds to a value
of 1200 at the different pressure levels. The higher quality factor in presence of the PA signal
compared to that measured with Brownian motion is an interesting phenomenon that needs to be
observed in more detail. While the saturation of the measured quality factor at 1200 can be related
to the short integration time of 6 ms. The PA signal increases at higher pressures from 5.3 to 28
and 37 mV at 100 pbar, 1 and 10 mbar gas pressures, respectively. Equations 1.4.30 and 1.3.5 show
the dependence of the acoustical signal amplitude on gas concentrations, confirming the increase
of the PA signal with higher gas concentrations (higher pressures). This dependency is non-linear
and it also depends on the quality factor of the mechanical resonator that decreases at higher
pressures. The noise level is quite low and decreases slightly with higher pressures, while the PA
signal starts to saturate. The SNR is then increasing from 50 to 600 with higher pressure of H,S.
The advantage of this THz alignment is its low impact on the noise level (the THz beam does not

illuminate directly the membrane). However, the overlap between the generated sound from the
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light molecules interaction and the mechanical mode of the membrane is low in this configuration.

From equation 1.4.27, this low overlap results in smaller PA signal amplitudes.
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Figure V.4.3 The measured noise (a-c-€) and PA signal (b-d-f) at different pressures of pure H,S
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The benefit of modulating the THz source at the mechanical resonance frequency of the membrane
is to enhance the detected acoustical signal by a factor proportional to the mechanical resonator
quality factor. Figure V.4.4 shows a comparison between a resonant and an off-resonance PA
detection. The detected signal amplitude is 10 times stronger at the resonance frequency of the
membrane compared to the off-resonance measurement, while the SNR is slightly higher by a
factor of 1.4. However, the modulation frequency (36.57 kHz) used for the off-resonance
measurement presented here remains close to the mechanical resonance (36.49 kHz). At a
modulation frequency far away from the resonance, the measured signal and SNR would be much
weaker than the ones detected at the resonance frequency.
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Figure V.4.4 Comparison between the resonant and off-resonance PA signal for the detection of 100 pbar of pure
H.S

For the second alignment the collimated THz light is focused on the surface of the membrane (see
figure V.2.2 (b)). Inthis configuration, an additional signal is detected which is due to the PT effect
caused by the THz beam on the Poly-Si membrane. This signal is not related to the gas absorption
and therefore, it is almost independent of the THz frequency. This THz direct detection effect also
adds extra noise to the measurements. To measure and quantify this parasitic signal level, the air
inside the chamber is pumped down to 500 pbar pressure level. The THz light amplitude is then
modulated at a frequency of 36.5 kHz and the membrane displacement signal is recorded with 6
ms of lock-in integration time. The measured THz signal and its Lorentzian fit are represented in
figure VV.4.5 (a). It is quite complicated to extract the noise level from this measured signal, since

the noise is dominated by the high parasitic signal of the THz beam. After these measurements,
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the air inside the chamber is pumped to the high vacuum levels. 500 pbar of pure H»S is then
introduced into the chamber. The recorded PA signal is presented in figure V.4.5 (b). At the same
pressure (500 pbar) and concentration (pure H.S) levels as the one measured with a collimated

beam, a 4 times larger signal with an amplitude of 50 mV is detected with the focused THz beam.
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Figure V.4.5 The measured mechanical resonance with the THz beam focused on the membrane in presence of: (a)
500 pbar of air (noise level), and (b) 500 pbar of pure H.S (signal level)

This high PA signal amplitude is the result of a large overlap between the generated acoustical
waves and the mechanical resonant mode of the membrane. The net displacement of the membrane
caused by the heat generated from the gas molecule’s absorption is 960 fm. While for the

collimated THz beam, the same gas concentration leads to a smaller displacement of only 230 fm.

In this part, the PA detection of the H>S molecules at its 650.37 GHz absorption line using a Poly-
Si membrane as a microphone was successfully demonstrated. The PA measurements with two
different alignments of the THz light were reported. The impact of the parasitic signal caused by
the THz light was also discussed. We finally presented the advantage of a resonant detection over
the off-resonance one. In the next part, the spectrum of the strong absorption lines of H2S between
620 and 690 GHz is presented at different pressures and concentrations using the PA detection
with a focused THz beam on the Poly-Si membrane.
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V.5. THE H,S ABSORPTION SPECTRUM IN THE RANGE 620-690 GHz

In the previous measurements, the PA signal was detected by measuring the mechanical resonance
of the membrane. The THz emission frequency was fixed at the 650.37 GHz molecular absorption
line and a sweeping of the lock-in oscillator frequency was applied to detect the response of the
membrane. In this part, we present the measurements of the 5 strongest absorption lines of the H,S
in the spectral region between 620 and 690 GHz. For the highest PA signal detection, the amplitude
of the THz radiation is modulated at the resonant frequency of the membrane. A Labview interface
is used to sweep the emitted THz frequency and to collect the PA signal from the vibrometer
through the lock-in amplifier. The air was pumped out, and 500 pbar of pure H>S was injected
inside the chamber. The source emission frequency was swept around the different absorption
peaks of the H>S molecule with a frequency step size of 150 and 250 kHz (depends on the measured
absorption line). The PA signal is detected with a sampling time of 6 ms and a waiting time of 100
ms between each scan point. Five of the strongest absorption lines of H.S in the 620-690 GHz
frequency spectral range are measured and presented in figure V.5.1. Ideally in the absence of
broadening the molecular absorptions lines would be presented as straight fine lines similar to the
simulated ones without broadening presented in figure V.4.1. However, in reality, this is not the
case and the absorption line is broadened. The line shape broadening is described by three different
processes: natural line broadening, collisional broadening, and Doppler broadening. At the THz
frequencies and for the vibrational and rotational energies states the natural line broadening is
neglected. The collisional broadening is caused by the collisions between molecules and, or with
air molecules. These collisions lead to an enlargement of the absorption line, resulting in a peak
with a Lorentzian shape of a FWHM inversely proportional to the meantime collisions tcoliision

between molecules. The meantime collisions are defined by:

1
1 (mmkgT\2 (V.5.1)
Teollision™ O'S—P( ) )

where a5 (m?) is the collision cross-section, P (Pa) the pressure, m (kg) the mass, ks =1.38x102
J/K Boltzmann constant, and T(K) the temperature. At a constant temperature, the collision time
increases with the pressure decreasing, and thus at low pressure, collisional broadening becomes
negligible and the broadening is dominated by the Doppler effect. The Doppler broadening is due

to the free random motion of the molecules and results in a Gaussian lineshape. In the absence of
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collisions between molecules at low pressure, the distribution of velocity induces a distribution of
frequencies. Therefore, at low pressure the lineshape of the absorption lines follows the Doppler
broadening and is represented by a Gaussian peak with a FWHM expressed by:

FWHM = Af =2 /% (V.5.2)

Where fo corresponds to the central frequency of the molecular absorption peak, c the speed of
light, R the perfect gas constant (R=8.3144 J/K.mol) T the temperature, and M the molar mass of
the molecule (Mn2s =34.1 g/mol). The Doppler broadening of the 650.37 GHz absorption line of
the H,S molecule corresponds thento a Af = 1.36 MHz.

The black dot squares presented in figure V.5.1 correspond to the measured PA signal at the
membrane’s resonant frequency. The measured peaks look more like a Gaussian than a Lorentzian.

Thus the red line of figure V.5.1 represents the Gaussian fit of the measured data points.
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Figure V.5.1 The strong absorption peaks of pure H,S between 620 and 690 GHz at a pressure of 500ubar

The measured central frequencies of the Gaussian fits are in perfect agreement with the spectral
line frequencies extracted from the JPL molecular spectroscopy database [12]. The comparison

between these values is presented in table V.5.1.

JPL database
frequency 626474.6250 | 650374.1860 | 665393.738 | 687303.4680 689120.17
(MHz)

Measured
frequency 626474.7 650374.3 665393.9 687303.6 689120.3
(MHz)
Table V.5.1 Table representing the different measured absorption lines frequencies compared to the one extracted
from the JPL molecular spectroscopy database
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Despite the Gaussian shape of the peaks, the Doppler regime is not yet reached at a pressure of
500 pbar. This can be observed in the measured broadening of the peaks which corresponds to a
Af of 8, 13, 10, 10 and 8 MHz for the respective lines with a central frequency of 626.47, 650.37,
665.39, 687.3 and 689. These values remain higher than the theoretical broadening of 1.36 MHz
value expected in the Doppler regime. Furthermore, these extracted broadening coefficients are
slightly higher than those measured in the Terafood project by [15] using absorption spectroscopy.
The PA signal amplitude depends on the linestrength intensity but also on the THz source power
which is highly dependent on the frequency. The difference in the PA signal amplitude between
the different lines is mainly due to the variation of the THz power (presented in figure 111.2.5 (a))
since the lines have almost the same intensities (see figure VV.4.1).

The gas inside the chamber is then pumped with the sorption pump. After achieving the vacuum
level, 2 mbar of pure H>S are injected followed by a 98 mbar of air. This results in a H2S
concentration of 2% diluted with 98% of air. The same previous experimental setup is used to
measure the absorption lines of the 2% diluted H»S at a pressure level of 100 mbar. The square
black dots in figure V.5.2 represent the measured PA signal. The collisions between H.S molecules
at high pressure (100 mbar), and their collisions with the air molecules result in a Lorentzian-shape
broadening of the absorption peak presented by the Lorentzian fit illustrated by a red line in figure
V.5.2. This large broadening leads to an overlap between the two close lines at 687.3 and 689.12
GHz.
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Figure V.5.2 The strong absorption peaks of 2% diluted H,S between 620 and 690 GHz at a total pressure of 100
mbar

ELIAS AKIKI 197



The lower PA signal compared to previous measurements is due to the lower gas concentrations
since the signal is directly proportional to the gas concentrations. However, this is not the only
reason, as the quality factor of the mechanical resonator also decreases with increasing the
pressure. Finally, figure V.5.3 shows a great agreement between the measured and simulated
absorption lines for a H>S gas concentration of 2% at a pressure of 100 mbar. The simulated
spectrum was obtained from Spectraplot [16] based on the HITRAN database [17] by using the
same experimental parameters and a 10 cm long gas cell.
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Figure V.5.3 The measured (black line) and simulated (using Spectraplot [16]) (red line) spectral lines of 2%
diluted H,S at a pressure of 100 mbar

V.6. DETECTION LIMIT

A gas sensor is characterized by its sensitivity and lower limit of detectable concentration. To
define the sensitivity of this system, different H2S concentrations were measured. A certified gas
mixture of 1% of H.S in pure Nitrogen (N2) was first used. For lower concentrations, the mixture
was produced manually by injecting 1 mbar of the 1% H>S:N2 gas mixture inside the chamber and
then adding a 9 mbar of air to achieve a 1%. final concentration of H>S. The same dillution process
was also applied for lower concentrations down to 100 ppm. All the measurements were done at a
total pressure of 10 mbar inside the chamber. The THz modulation frequency was fixed at the
Poly-Si resonance frequency, and the PA signal was detected with an integration time of 6 ms

while sweeping the THz emission frequency. The black line in figure V.6.1 represents the
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measured PA signal at different concentrations of H>S. At a pressure of 10 mbar the collisional
broadening effect is dominant and a Lorentzian shape fits the best with the data. The fitted curve
is represented by the red line in figure V.6.1.
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Figure V.6.1 The measured photoacoustic signal and the Lorentzian fit of the 650.37 GHz H,S spectral line at
different concentrations down to 100 ppm and a fixed pressure of 10 mbar

A signal of 9 mV is detected at the absorption line’s peak for a pressure of 10 mbar and an H»S
gas concentration of 1%. This signal corresponds to the PA but also to the direct THz detection.
The direct THz detection is represented by the signal offset measured at frequencies far away from
the molecular absorption line. This undesired offset can be calculated and subtracted to define the
pure PA signal. The offset level is determined by the Lorentzian fit tails extended to frequencies
beyond the absorption line. It corresponds to 1 mV for a concentration of 1% of H.S and 0.89 mV
for lower concentrations. Therefore the measured PA signal for a concentration of 1% of H.S
corresponds to an amplitude of 8 mV. The noise level was measured at a frequency far away from
the absorption line peak by calculating the RMS (Root Mean Square) of 100 scanning points after
the subtraction of the offset signal. The calculated noise corresponds to 120 pV. This noise value
is slightly higher than the one presented in section V.4 for the collimated THz alignment with a

noise level of 70 puV at 10 mbar (where the THz beam doesn’t touch the membrane). Therefore,
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this extra noise of 30 WV is the result of the PT effect caused by the focused THz beam on the
Poly-Si membrane. However, this noise value is negligible with respect to the high signal gain
achieved with this THz alignment. The SNR in this measurement corresponds then to 66. A
comparison of the SNR between different THz alignment will be discussed in the next section.
For lower Ha2S concentrations of 1 %o, 500 ppm, and 100 ppm diluted by air a PA signal of 0.7,
0.3, and 0.06 mV were respectively measured. Comparing these values to the calculated noise
results in a SNR of 5.8, 2.5, and 0.5 for the respective concentrations of 1 %o, 500 ppm, and 100
ppm. At 100 ppm the signal is dominated by the noise and therefore the measurement of such
concentration exceeds the minimum detection limit (MDL) of this system. The minimum detection
limit (MDL) is defined as the lowest detected concentration with an SNR=1. The black dot squares
in figure V.6.2 represent the measured SNR at the different H>S concentrations. The linear fit
presented by the red line confirms the proportionality between the PA signal amplitude and the
gas concentrations. This linear dependence was also expected from the relationship between the
PA signal amplitude and gas concentration found by combining equations 1.3.5 and 1.4.30. The
horizontal black dashed line corresponds to an SNR =1. The blue dot intersection between this
SNR unity line and the linear fitting of the measured data indicates the MDL of the system.
Therefore an MDL of 200 ppm can be achieved by using the Poly-Si membrane as a PA

microphone.
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Figure V.6.2 Left: Plot of the PA SNR versus the H,S gas concentration at a pressure of 10 mbar. Right: A zoom
on the low SNR levels of the plot on the left. The black horizontal dashed line indicate the SNR=1 level, the blue dot
corresponds to the MDL of the used gas sensing system.
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This MDL value is in the same order as other PA techniques based on the cantilever enhanced
photoacoustic spectroscopy (CEPAS) for the detection of CH3CN [18],[19]. Other techniques that
use quartz enhanced photoacoustic spectroscopy (QEPAS) presents higher sensitivity with an
MDL of 7 ppm for the detection of CH30H [20]. This same technique (QEPAS) was also used for
the detection of 30 ppm[21] and 360 ppt [22] of H.S. However, the disadvantage of this method
remains in the necessity of a very long integration time due to the very large Q factors of the tuning
fork, and it’s also based on the use of QCL that needs to be cooled at cryogenic temperature levels.
This demonstration of the low MDL is only representing the sensitivity of the Poly-Si membrane
as a PA microphone. The enhancement of the THz cavity is not considered here. By integrating
the Poly-Si membrane with the THz PhC cavity demonstrated in chapter 1V, the effective gas
molecules-THz light interaction length would be increased by a factor proportional to the THz
cavity quality factor. The dependence of the detected concentration on the interaction length is
presented in equation 1.3.6 based on the Lambert-Beer law. Therefore, the MDL would be
enhanced by a factor proportional to the THz cavity quality factor. In [23] we present a relationship
between the gas concentration and the THz cavity quality factor. Using the following equations
referred to as equation (9,13 and 14) in [23]:

Q
Pops = Q_OPTHZ (V'6'1)
gas
1
— (V6.2
ans
Kgas = AC (V63)

where P, correspond to the THz absorbed power by the molecules, Qo the THz quality factor
=18000 presented in chapter IV and [24], PtH, = 800uW the THz output power, Qgas the quality
factor resulting from the gas absorption, k,, the gas absorbance or imaginary refractive index in
the simulation, C the gas concentration, A and a constants, the gas concentration C could be written
by:
_ _Pabs (V.6.4)
nQoPry,

with n a constant. Equation V.6.4 shows the increased response of the gas sensor with the THz

cavity quality factor. Similar demonstrations based on the use of optical cavities in the MIR to
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increase the interaction effective length and improve the detected signal have been reported in
[25]-[27]. In this work, we expect to achieve an MDL of 10’s of ppb by coupling for the first time
an integrated THz high Q cavity with a Poly-Si microphone similar to the one presented in this

chapter.

V.7. SNR OF THREE DIFFERENT THZ ALIGNMENTS

The sensitivity is also defined by the noise equivalent absorption (NNEA) coefficient. The NNEA

IS expressed by:
NNEA = apinPoVt (V.7.1)

where Po= 800uw corresponds to the THz source emitted power, t the integration time and a,,;,,

the minimal absorption coefficient represented by:

Apeak
Appin = 5%3 (V.7.2)

with a,.qx the absorption coefficient simulated using Spectraplot for a light molecules interaction
length of 7cm. The system NNEA is equivalent to 2.32 x 10”7 W.cm™'/+/Hz. To improve the
sensitivity of this system it is then necessary to improve the SNR. We presented in section V.4 a
comparison between the PA signal detected while the THz beam is focused on the membrane and
the one where the beam is collimated at a distance of 12.7 mm away from the membrane. In this
part, the SNR of these two different alignments and an additional one where the membrane is
placed longitudinally in the collimated beam are discussed and compared. The measured PA signal
of a 1% H>S concentration at a pressure of 10 mbar with the three different alignments is presented
in figure V.7.1. For both configurations where the THz beam is collimated the offset signal is
absent, contrary to what was observed for the focused THz beam on the Poly-Si membrane. For
the configuration where the membrane is placed longitudinally in the propagation direction of the
collimated beam, a high PA signal is detected. This higher signal compared to the configuration
where the membrane was placed at 12.7mm away from the THz beam is due to the largest overlap
between the membrane and the sound waves. Moreover, the noise level remains low without being
impacted by the PT effect of the THz beam. This gives an SNR of 46. The two other configurations

present an SNR of 66 for the focused beam and 16 for the collimated one respectively. Therefore
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the advantage of placing the membrane longitudinally in the propagation direction is that it shows
a high SNR without being impacted by the parasitic signal and additional noise caused by the THz
beam. This configuration is the closest to the final gas sensor design, where the THz beam is highly

concentrated and propagating longitudinally through the membrane.
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Figure V.7.1 Measured PA signal of 1% H,S gas concentration at a pressure of 10 mbar for three different THz
alignments

V.8. CONCLUSION OF THIS CHAPTER

The objective of this chapter is to validate the concept of PA detection using a Poly-Si membrane
as a microphone. This demonstration is the first step toward the PA gas detection with the fully

integrated THz gas sensor design discussed in this thesis.

In the first part, the design of a customized gas chamber for the THz PA spectroscopy was
presented. A THz low loss and hermetically sealed transition metallic waveguide was fabricated,

tested, and successfully used for guiding the THz light into the gas chamber.

In the second part, we presented the detection of H2S gas molecules which is considered a great
indicator of food spoilage using a single Poly-Si membrane as a PA microphone. Before that, a
study of the dynamic behavior of the membrane and the shift of its resonance frequency with the

pressure variation was performed.
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Different alignments of the THz beam were used to excite the gas molecules and detect the PA
signal of the Poly-Si membrane. A comparison of the sensitivity and detection performance
between the different THz alignments is then reported. An approach between these different

alignments and the original concept of the gas sensor is also illustrated.

Several absorption lines of the H>S molecules in the 620-690 GHz frequency range were measured
at different pressure levels. These measurements show the pressure impact on the absorption lines
broadening. An MDL of 200 ppm was demonstrated and compared to the sensitivity of other PA
THz techniques. Such an important demonstration gives an approximate estimation of the
sensitivity of the fully integrated sensor with the Poly-Si membrane coupled to the THz cavity. A
sensitivity of 10’s of ppb is then expected for the detection of H>S molecules with the fully
integrated gas sensor proposed in this thesis.

Finally, this demonstration of a very sensitive PA gas detection at the THz frequencies using a
MEMS microphone is, to my knowledge, the first in the world. It also gives high hopes for the
development of fully integrated gas sensors with ultra-high sensitivity and a detection limit of

some ppb.
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Conclusion and perspectives

In this thesis, we presented the design of a novel THz photoacoustic gas sensor used for the
detection of gas molecules inside food packaging. The H2S molecule is one of many gases that can
be considered as an indicator of spoilage in packaged foods. The detection of this molecule at
concentration levels of 100s of ppb is necessary to ensure the safe consumption of a packaged
food. To increase the sensitivity of the gas sensor and detect ppb levels, the proposed sensor design
combines three resonators [1]: a THz photonic crystal cavity, an acoustic pipe, and a thin
mechanical membrane. These different parts are integrated on an HR-Si platform represented by
a suspended waveguide. Each part of this sensor has been treated independently in this work. The
achieved results related to these different parts and the PA gas measurements are summarized in

these paragraphs.

Waveguides with compact sizes are necessary for transmitting electromagnetic energy over long
distances with low losses. Such components may be required for any application in the THz
domain. In this work, a low-loss HR-Si waveguide was demonstrated and used to feed the
integrated gas sensor. Both single and multimode waveguides were numerically analyzed in the
500-750 GHz frequency range. The core of the waveguide is formed of HR-Si surrounded by air
to form the cladding. The use of thin Si anchor beams to suspend the floating guide channel was
numerically proven to be nearly lossless with a loss value of 0.04 dB per pair of anchors. Bended
waveguides with a theoretical loss value of 0.1 dB/bend were also designed to facilitate
incorporation into compact integrated circuits. A highly efficient transition between this Si
waveguide and a commercial metallic waveguide was achieved by properly designing inverted
tapers. It results in 0.2 dB of total insertion losses. Long waveguides (up to 25 cm) fitted on
compact surfaces were measured experimentally. The measured propagation loss of a long
waveguide that includes bends varies between 0.045 and 0.085 dB/mm corresponding to an
average of 0.065 dB/mm for the 500-750 GHz frequency range. This average loss is equivalent to
0.032 dB/Ao [2]. Such a value is the lowest among several other THz silicon waveguides [3]-[6].
For the first time over a large frequency band (250 GHz) extending up to 750 GHz, a very low

propagation loss (including bend, material, and scattering loss) is demonstrated.
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The photonic crystal cavity represents the THz photonic resonator of the gas sensor that increases
the interaction length between gas molecules and THz light and thus improves the sensor’s
sensitivity. Several numerical calculations were performed to define appropriate parameters for
photonic crystal cavity designs with high Q resonant modes in the 600-700 GHz frequency range.
The numerical results present cavity modes with quality factors between 25000 and 47000. Such
high Q-factors at THz frequencies have never been reported [7]-{14]. In order to put this in
perspective, rescaling this to the NIR region would (at equal photon lifetimes) imply a cavity with
Q upto 107, or in other words among the strongest reported. A record quality factor of 18000 has
been measured experimentally [2] for a THz resonant mode strongly confined in a subwavelength
air hole of a 1D wire photonic crystal cavity. Similar cavities with lower reflectivity resulting in
lower quality factors of 7000 and 1500 and higher transmittance of 42 and 72% respectively have

also been demonstrated.

The Acousto-mechanical resonator of the gas sensor is defined by a central hole of the PhC
cavity which is covered by a stressed thin membrane of Poly-Si. The cylindrical hole corresponds
to the acoustic resonator and the stressed membrane represents the mechanical one. The
fundamental mechanical resonant mode of the poly-Si membrane with a quality factor of 550 was
measured at a pressure below 1 mbar. An acouto-mechanical coupling between the acoustic pipe

and mechanical membrane was experimentally observed at high pressures.

Photoacoustic detection of H>S molecules was demonstrated by simply using a stressed Poly-Si
membrane as a resonant mechanical microphone. This demonstration doesn’t include the effect of
the THz cavity or the acoustic resonator. Five of the strongest absorption lines of the H>S in the
frequency range between 620 and 690 GHz were measured with this technique. These
measurements are in great agreement with the simulated data of the H>S spectral lines extracted
from the HITRAN database. A minimum detection limit of 200 ppm was reported for the detection
of H.S at a pressure of 10 mbar. The sensitivity of this system is comparable to other sensors based
on the CEPAS [15], [16] and slightly higher than the one using QEPAS [17]-[19]. The next step
of this work will focus on the fabrication of the designed PhC cavity resonant at 650 GHz to match
with the absorption peak of the H>S. This demonstration will allow the combination of the triple

resonators and take advantage of the improved light-molecule interaction to increase the sensitivity
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of the gas sensor. A THz resonant cavity with a quality factor in the order of 18000 can reduce the
MDL to an estimated value in the order of 10s of ppb.

Finally, we also presented in this work the design of a gas chamber with a sealed THz metallic
waveguide transition. It guides the THz energy into the chamber while maintaining the tightness
and pressure level inside the chamber with low THz losses below 2.5 dB.

The different scientific demonstrations presented in this thesis corresponds to multidisciplinary
work. The proposed THz photonics and mechanical components can be used for several
applications and are necessary for some. The photonic crystal cavities and waveguides can be
adjusted to fit any other frequency of interest. Additional work is required to understand the
behavior of MEMS under the impact of metal layer loads.

In this work, we continue to develop the proposed integrated THz gas sensor toward the detection
of sub ppb of H2S concentrations. The design under developpement targets the 650.37 GHz
absorption line of the H2S. It can also be adjusted to detect different absorption lines of HzS or any
other gas molecules by tuning the resonant frequency of the PhC cavity. The integration of multiple
PhC cavities with different resonant frequencies on the same wire waveguide or on parallel
waveguides is also possible. This allows monitoring several gas molecules at the same time. Such
a system increases the accuracy of the food freshness analysis. It can also be used for any other

applications, notably biomedical for the detection of viruses.

Instead of using MEMS for the acoustical signal detection, it is also possible to couple the PhC
cavity with a Quartz tuning fork. The very high Q factors of these resonators increase the detection
sensitivity. Despite their high sensitivity, tuning forks suffer from the small spacing (0.3, 0.8 mm)
between the prongs, which is comparable to the wavelength of the THz beam(=0.5 mm). The PhC
cavity provides sub-wavelength confinement of the THz energy in very small volumes. Therefore,
placing a PhC cavity between the tuning fork prongs increases the interaction length between the

THz light and molecules, but also prevents the THz beam from contacting the tuning fork prongs.

The proposed gas sensor is integrated on-chip with a very compact size of 17x0.2x0.09 mm
compatible to fit inside food packages. However, the THz power source and the optical read-out
system (LDV) that currently drive the sensor are bulky in size. A miniaturized LDV integrated on

an SOI chip has been reported in recent years [20]-[22]. Demonstration of an uncooled on-chip
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THz source is still lacking. It is possible to design grating couplers at THz frequencies to externally
feed the gas sensor with the available THz sources. The realization of these different
demonstrations can be useful for the complete integration of the gas sensor to operate inside the

food packaging.
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Abstract:

In this thesis work, a photoacoustic THz gas sensor (operating in the 620-690 GHz band) used for
monitoring Volatile Organic compounds (VOCs) in food packages is presented. This gas sensor is
fabricated on low-loss THz High resistivity Silicon (HR-Si) waveguides. The design, modal analysis,
and propagation losses of the suspended Si waveguide are discussed in detail. Highly competitive
losses not exceeding 0.6 dB/cm in this band have been measured. Three different resonators: photonic,
acoustic, and mechanical are at the origin of the gas sensor designs. They allow to triply enhance the
detected photoacoustic signal and to reduce the minimum detection limit of the gas sensor. Photonic
crystal (PhC) cavities representing the THz photonic resonator are created on top of the Si waveguide.
The design optimization and experimental characterizations of several THz PhC cavities are presented
in this work. This has led to a resonant PhC cavity at 640 GHz with a record Q factor of 18000. A
central hole of the PhC cavity behaves as an acoustical resonator. It is covered by a stressed
polycrystalline silicon (Poly-Si) membrane that corresponds to the mechanical resonator. Analytical
analysis and experimental characterization measurements are performed to study these acousto-
mechanical resonators. The combination of the above realizations has allowed us to demonstrate the
first THz photoacoustic detection of low concentrations (200 ppm) of H2S molecules on an integratable
platform. H2S being a crucial indicator of food spoilage, this work is therefore an important first step
towards a real-time compact sensor technology, both for food quality control applications as well as
environmental and biomedical ones.

Résumé:

Ce travail de these présente un capteur de gaz photoacoustique aux fréquences THz utilisé pour
surveiller les composes organiques volatils (COV) dans les emballages alimentaires. Ce capteur de gaz
est fabriqué sur un guide d'onde THz a faible perte en silicium & haute resistivité (HR-Si). La
conception, I'analyse modale et les pertes de propagation du guide d'onde Si suspendu sont discutées
en détail. Des pertes trés compétitives ne dépassant pas 0,6 dB/cm dans cette bande ont été mesurées.
Trois résonateurs différents : photonique, acoustique et mécanique sont a l'origine de la conception des
capteurs de gaz. lls permettent d'amplifier le signal photoacoustique détecté et de réduire la limite de
détection minimale du capteur de gaz. Des cavités cristaux photoniques (PhC) représentant le
résonateur photonique THz sont créées au-dessus du guide d'onde Si. L'optimisation du design et les
caractérisations expérimentales de plusieurs cavités PhC THz sont présentées dans ce travail. Cela a
conduit a une cavité PhC a 640 GHz avec un facteur Q record de 18000.Un trou central de la cavité
PhC se comporte comme un résonateur acoustique. Il est recouvert d'une membrane de silicium
polycristallin (Poly-Si) sous contrainte qui correspond au résonateur mécanique. Une analyse
analytique et des mesures de caractérisation expérimentales sont effectuées pour étudier ces
résonateurs acoustomécaniques. La combinaison des réalisations ci-dessus nous a permis de démontrer
la premiére détection photoacoustique THz de faibles concentrations (200 ppm) de molécules H2S sur
une plateforme intégrable. Le H2S étant un indicateur crucial de la dégradation alimentaire, ce travail
est donc un premier pas important vers une technologie de capteur compact, temps réel, a la fois pour
des applications de contr6le de qualité alimentaire et des applications environnementales et
biomédicales.
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