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Nederlandse samenvatting
—Summary in Dutch—

Ramanspectroscopie is een niet-destructieve chemische analysetechniek die
gedetailleerde informatie geeft over de chemische structuur, fase en kristal-
lijnheid. De techniek, genoemd naar de Indiase natuurkundige (Sir C.V.
Raman), wordt typisch gebruikt om de vibratie van moleculen te bepalen.
De lineariteit van het Raman-proces laat een overvloed aan toepassingen
toe waarbij een nauwkeurige en gevoelige kwantificering een rol speelt. In
de afgelopen 25 jaar hebben de Raman-instrumenten verbluffende vooruit-
gang geboekt. Echter, omvangrijke en dure Raman-apparaten en zwakke
Raman-doorsneden van analieten, heeft het gebruik ervan beperkt tot toe-
passingen in labo’s.

Recentelijk is er een immense vraag geweest naar vuistgrote, draag-
bare, geminiaturiseerde spectroscopische Raman-systemen die in het veld
kunnen worden gebruikt om verschillende analieten te onderscheiden en
te kwantificeren. In een conventionele Raman opstelling zijn vier belang-
rijke componenten: lichtbron, sensor, filter en detector. Silicium fotonica
belooft de integratie van een complete Ramanspectroscoop op chip waar
de lichtbron, detector, sensor en andere passieve fotonica functionalitei-
ten allen geintegreerd kunnen worden in een millimetergrote chip. Eerder
in onze groep hebben Dhakal et al. voor het eerst nanofotonische golfge-
leiderspectroscopie (NWERS) gedemonstreerd met behulp van een single
mode PECVD siliciumnitride golfgeleider. In NWERS, worden molecu-
len geéxciteerd door een in de ruimte sterk beperkte golfgeleidermode en
het resulterend verstrooid signaal wordt terug in dezelfde golfgeleider ver-
zameld. Onlangs zijn vele andere fotonische platforms, zoals titania en
tantla, gebruikt voor een efficiénte NWERS.

Daarom is het noodzakelijk om deze verschillende fotonische platfor-
men op de chip te benchmarken. In dit werk wordt de vergelijking ge-
naakt tussen AlyOs, SigNy, TagOs5 en TiO4 golfgeleiders. De belangrijk-
ste parameters die de waarde van een NWERS-sensor bepalen zijn onder
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andere de mogelijkheid om het Raman-signaal van een analiet te verzame-
len, d.w.z. ”de Raman-omzettingsrendementenén de hoeveelheid "Raman-
achtergrond”die wordt gegenereerd door het begeleidend materiaal. De re-
sultaten tonen aan dat TiO9 golfgeleiders een hoge Raman conversie ef-
ficiénte vertonen. De signaal-achtergrondverhouding neemt echter af door
de hogere Raman-achtergrond. Aan de andere kant vertonen AloOg3 golf-
geleiders een zwakke Raman-achtergrond, maar de signaalverzamelingsef-
ficintie lijdt onder het lage indexcontrast. SizNy4 en TagOs golfgeleiders
lijken bijna even goede platformen te zijn voor Ramanspectroscopie gezien
hun Raman-achtergrond vrij laag zijn, maar hun vermogen om het Raman-
signaal van de analiet te verzamelen sterk is.

NWERS geniet een breed scala aan toepassingen voor analieten van
vloeibare tot gasvormige toestanden. Echter, analieten zoals monolagen
vereisen verdere signaalverbetering. Bovendien vereisen de relatief lage
pompvermogens van de beschikbare geintegreerde lichtbronnen een hoge
gevoeligheid van geintegreerde Raman-sensoren voor bepaalde chemische
en biologische toepassingen. Een manier om het Raman-signaal te ver-
beteren is het gebruik van plasmonische nanostructuren. De mogelijkheid
van plasmonica om het licht onder de diffractielimiet te manipuleren maakt
het een uitstekend platform voor veel sensortoepassingen. Onlangs is een
stap voorwaarts gezet om deze plasmonische structuren te integreren aan de
hand van mature fotonica technologieén die uiteindelijk kan leiden tot een
goedkope en geminiaturiseerde gentegreerde Raman-sensor. In onze groep
demonstreerden Peyskens et al, oppervlakte-versterkte Ramanspectrosco-
pie (SERS) met behulp van plasmonische vlinderdasantennes gentegreerd
op een siliciumnitride golfgeleider. In dit proefschrift hebben we het effect
van PECVD Si3Ny golfgeleider Raman achtergrond op het SERS signaal
geanalyseerd. Door het sterke terugverstrooide Stokes-signaal te verzame-
len en gebruik te maken van een kleine toegangsgolfgeleiderlengte (het ge-
deelte voor de plasmonische mode), wordt een gentegreerd SERS met één
enkele gentegreerde antenne bereikt.

De nanoantenne op een golfgeleider is gefabriceerd met behulp van e-
beam lithografie. Lithografie met elektronenstraal biedt een hoge resolutie,
maar de punt per punt blootstelling maakt het proces traag. Daarom belem-
mert het de massaschaalbaarheid. In het laatste deel van het proefschrift in-
troduceerden we een andere geintegreerde SERS sensorgeometrie die een
hoger SERS-signaal levert dan de nanoantenne en tegelijkertijd kan wor-
den gefabriceerd met behulp van een e-beam-vrije lithografie techniek. De
sensor bestaat uit een metalen sleufvormige golfgeleider die gefabriceerd
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werd met behulp van ALD geassisteerde DUV lithografie. We hebben zo-
wel experimentele en numerieke karakterisering van onze sensor vermeld,
met eigenschappen die tot nu toe moeilijk te combineren waren in een en-
kele sensor: 1) een grote Raman conversie efficintie, dankzij het gelijktijdig
hebben van een lange interactie lengte, hoge veld opsluiting en plasmoni-
sche versterking (SMEF = 1.5 x 107), 2) een lage achtergrond als gevolg
van de verminderde overlap van het veld met de kern van de golfgeleider
3) een goede reproduceerbaarheid van de Raman spectra (RSD < 5%) over
verschillende chips dankzij de nanometer fabricageprecisie van atoomlaag-
depositie, 4) een goede tolerantie voor een vrij groot ingangsvermogen door
een matige lokale veldversterking en 5) een breedbandige versterking dank-
zij het gebruik van propagerende, in plaats van gelokaliseerde, plasmons
(nanoantennes). Al deze eigenschappen maken dit soort sensoren ideaal
voor de toekomstige integratie met lasers, spectrometers, spectrale filters
en detectoren, die een volledig gentegreerde Raman-spectrometerchip zal
bevatten.

Verder hebben we ook een SERS-sensor gerapporteerd voor Ramans-
pectroscopie op een chip met behulp van een nieuw ALD-proces voor goud.
De vorming van 10 nm brede nanosloten over de hele breedte en lengte van
de SizNy sleufvormige golfgeleiders leidt tot een grote pomp naar Stokes
conversie efficiénte. De voorlopige resultaten tonen een grote SERS sig-
naalversterking, maar een verder experimenteel onderzoek is nodig om het
volledige potentieel van deze fabricage-vrije plasmonische nanosloten, di-
rect gegroeid op SizNy sleufvormige golfgeleiders, te analyseren.

Tot slot bespraken we verschillende types van on-chip Ramanspectro-
scopie, d.w.z. nanofotonische golfgeleider versterkte Ramanspectroscopie,
SERS op een chip en metalen golfgeleider versterkte Ramanspectroscopie.
Het resultaat suggereert dat de NWERS een betere techniek voor de vloei-
bare analieten is. Aan de andere kant presteert metalen golfgeleider ver-
sterkte Ramanspectroscopie het best voor de monolaag geadsorbeerd aan
het oppervlak van de sensor. De voordelen van deze technieken gaat verder
dan enkel de prestatie van het apparaat. De integratie met andere fotoni-
sche componenten zoals lasers, filters, detectoren enz. zal de weg openen
naar geminiaturiseerde, goedkope en efficiénte Raman sensoren. Gezien
de compactheid van onze geintegreerde sensoren, is het gemakkelijk om
een chip in je denken die tientallen of honderden sensoren bevat voor het
uitvoeren van gemultiplexte Raman-sensoren.






English summary

Raman Spectroscopy is a non-destructive chemical analysis technique which
provides detailed information about the chemical structure, phase and crys-
tallinity. The technique named after Indian physicist (Sir C. V. Raman) is
typically used to determine vibrational modes of molecules. The linearity
of the Raman process, opens a plethora of applications involving precise
and sensitive quantification. Over the past 25 years, Raman instruments
have undergone stunning advancements. However, the size and high cost
of Raman devices have limited its use mainly to in-lab applications.

Recently, there has been an immense demand for hand held and minia-
turized spectroscopic Raman systems that can be employed in the field to
distinguish and quantify different analytes. In a conventional Raman setup,
the four important components are : a light source, sensor, spectral filter
and detector. Silicon photonics promises the integration of a complete on
chip Raman spectroscope where the light source, detector, sensor and other
passive photonics functionalities can be integrated in a millimeter sized
chip. Previously in our group, Dhakal et al. for the first time demonstrated
nanophotonic waveguide enhanced Raman spectroscopy (NWERS) using
a single mode PECVD silicon nitride waveguide. In NWERS, molecules
are excited by a confined waveguide mode and resulting scattered signal is
collected back in the same waveguide. Recently, many other photonic plat-
forms e.g. titania and tantala, have been employed for efficient NWERS.
Therefore, there is a need to benchmark these various on-chip photonic
platforms. In this work, a comparison is performed using AloOgz, SizNy,
Tay05 and TiO, waveguides. The most important parameters defining the
figure of merit of an NWERS sensor include its ability to collect the Ra-
man signal from an analyte, i.e. ’the Raman conversion efficiency” and the
amount of "Raman background” generated from the guiding material. Re-
sults show that TiOy waveguides exhibit high Raman conversion efficiency.
However, the signal-to-background ratio decreases due to the higher Raman
background. On the other hand, AlO3 waveguides exhibit weak Raman
background, but the signal collection efficiency suffers due to the low in-
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dex contrast. SizN4 and TayO5 waveguides seem to be nearly equally good
platforms for Raman spectroscopy as their Raman background is rather low
but their capability to collect the Raman signal from the analyte is strong.

NWERS enjoys a wide range of applications for the analytes from lig-
uid to gaseous states. However, the analytes like monolayers demands fur-
ther signal enhancement. Moreover, relatively low pump powers of avail-
able on-chip light sources demand the high sensitivity of on-chip Raman
sensors to target certain chemical and biological applications. One way to
enhance the Raman signal is by using plasmonic nanostructures. The abil-
ity of plasmonics to manipulate the light below the diffraction limit makes
it an excellent platform for many sensing applications. Recently, an ad-
vance step has been taken to integrate these plasmonic structures with ma-
ture photonics technology that can eventually leads to a cheap and miniatur-
ized integrated Raman sensor. In our group, Peyskens et al, demonstrated
the surface enhanced Raman spectroscopy (SERS) using plasmonic bowtie
antennas integrated on a silicon nitride waveguide. In this thesis, we have
analyzed the effect of the PECVD SigN, waveguide Raman background
on the SERS signal. By collecting the strong back-scattered Stokes sig-
nal and using small access waveguide length, on-chip SERS using a single
integrated antenna is presented.

The nanoantenna on a waveguide was fabricated using e-beam lithog-
raphy. Electron beam lithography offers high resolution but point to point
exposure makes the process slow. Therefore, it hinders mass scalability. In
the last section of thesis, we introduced another integrated SERS sensor ge-
ometry that provides higher SERS signal as compared to the nanoantenna
and at the same time can be fabricated using an e-beam free lithography
technique. The sensor consists of a metal slot waveguide that is fabricated
using ALD assisted DUV lithography. We have reported both experimen-
tal and numerical characterization of our sensor demonstrating capabilities
that have so far been difficult to combine in a single sensor: 1) a large Ra-
man conversion efficiency thanks to simultaneous long interaction length,
high field confinement and plasmonic enhancement (SMEF = 1.5 x 107),
2) a low background due to the reduced overlap of the field with the core
of the waveguide 3) a good reproducibility of the Raman spectra (RSD <
5%) across different chips thanks to the nanometer fabrication accuracy
provided by atomic layer deposition, 4) a good tolerance to rather large in-
put power due to a moderate local field enhancement and 5) a broadband
enhancement thanks to the use of propagating plasmons rather than local-
ized plasmon (nanoantennae). All these features make this kind of sensor
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ideal for its future integration with lasers, spectrometers, spectral filters and
detectors that will constitute a fully integrated Raman spectrometer chip.

Furthermore, we have also reported a SERS sensor for an on-chip Ra-
man spectroscopy using a novel ALD process of gold. The formation of
10 nm wide nanotrenches continuously along the width and the length of
SizNy slot waveguide leads to a large pump to Stokes conversion efficiency.
The preliminary results show a large SERS signal enhancement, however,
a further experimental investigation is needed to analyze the full potential
of these fabrication-less plasmonic nanotrenches directly grown on SigNy4
slot waveguide.

To conclude, we discussed different modalities of on-chip Raman spec-
troscopy i.e. nanophotonic waveguide enhanced Raman spectroscopy, SERS
on a chip and metal waveguide enhanced Raman spectroscopy. The results
suggest that the NWERS is the best technique for the liquid analytes. On
the other hand, metal waveguide enhanced Raman spectroscopy performs
best for the monolayer adsorbed to the sensor’s surface. The asset of these
techniques is beyond the performance of the device. The integration with
other photonic components i.e. lasers, filters, detectors etc, will open the
way towards miniaturized, cheap and efficient Raman sensors. Given the
compactness of our on-chip sensors, it is easy to foresee a chip containing
dozens or hundreds of sensors for performing multiplexed Raman sensing.






Introduction

1.1 Introduction

Raman spectroscopy is a spectroscopic technique based on the inelastic
scattering of the monochromatic light beam. The inelastic scattering means
that the frequency of photons changes upon interaction with a sample. De-
pending on the initial state of an atom(analyte), the difference of this energy
can be either transferred to the system or the system transfers the energy
back to the scattered photon. The theory about the Raman scattering was
developed by Adolf Smekal in 1923 [1]. In 1930, C. V. Raman demon-
strated the Raman spectroscopy using a mercury arc lamp, a simple prism
and a photographic plate [2]. Raman spectroscopy is a widely known tech-
nique that finds applications from geophysics, archaeology [3] to the life
science [4]. Due to the unique fingerprints of every molecule, Raman spec-
troscopy is used to distinguish different specimens in a complex chemical
environment. Similarly, the linearity of the Raman process opens a plethora
of applications involving precise and sensitive quantification. Also, the op-
tion to do Raman spectroscopy at NIR region makes it suitable for chemical
solutions containing water. In spite of all these advantages, Raman spec-
troscopy has not been yet employed to its full potential mainly due to the
following reasons: 1) extremely weak Raman signal and 2) bulky and ex-
pensive optical instrumentation. These two bottlenecks have limited its use
mainly to in-lab applications.
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Recently, there has been an immense demand for the handheld and
miniaturized spectroscopic Raman systems [5] that can be deployed in the
field to distinguish and quantify different analytes. Thanks to silicon pho-
tonics that promises the integration of a complete on chip Raman spectro-
scope where the light source, detector, sensor and other passive functional-
ities like line filters can be integrated in a millimeter size chip. Silicon pho-
tonics technology not only offers miniaturization but also reduces the cost
of the sensor. Besides all these advancements, low power on-chip sources
and less sensitive detectors demand the optimization of sensors geometry.
Previously in our group, Dhakal et al [6] for the first time demonstrated
the nanophotonic waveguide enhanced Raman spectroscopy (NWERS) us-
ing a single mode PECVD silicon nitride waveguide. In 2016, Evans et
al [7], reported the use of titania waveguides for enhanced Raman spec-
troscopy. In this work, a high pump to Stokes conversion efficiency was
achieved using high-Q ring resonators. Wang et al [8, 9]. analyzed the
total power budget associated with the on-chip Raman spectroscopy using
tantalum oxide waveguides. In the presence of these different on-chip Ra-
man substrates, there is a need for a systematic comparison. In this work,
a comparison is performed using AloO3, SizNy, TasO5 and TiO4 waveg-
uides. The most important parameters defining the figure of merit of an
NWERS sensor include its ability to collect the Raman signal from an an-
alyte, i.e. “the Raman conversion efficiency” and the amount of ”Raman
background” generated from the guiding material. Here, we compare dif-
ferent photonic integrated circuit (PIC) platforms capable of on-chip Ra-
man sensing in terms of the aforementioned parameters. Moreover, we also
perform the optimization of strip and slot waveguides of all four materials.

NWERS has shown a wide range of applications for analytes that are
in liquid [10] or gaseous states [11]. However, ultra-small volume ana-
lytes such as monolayers demand further signal enhancement. One way
to enhance the Raman signal is by using plasmonics nanostructures. The
ability of plasmonics to manipulate the light at a level below the diffraction
limit makes it an excellent platform for many sensing applications. Two
different types of enhancement together boost the Raman signal i.e. the
chemical enhancement that boosts the molecule’s Raman cross section and
electromagnetic enhancement that enhances the excitation and scattering
efficiency. The plasmonics assisted enhancement phenomena is known as
surface enhanced Raman scattering. Recently an advanced step has been
taken to integrate these plasmonic structures with mature photonics tech-
nology. This co-integration can lead to a cheap and miniaturized inte-
grated Raman sensor. In our group, Peyskens et al demonstrated surface
enhanced Raman spectroscopy (SERS) using an array of plasmonic bowtie
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antennae integrated on a silicon nitride waveguide [12]. In this work, we
have proposed an arch dipole geometry that can enhance the SERS signal.
Also, we have analyzed the effect of Raman background originating from
PECVD Si3N,4 waveguide on the SERS signal. By collecting the strong
back-scattered Stokes signal and using short access waveguide length, we
demonstrate on-chip SERS using a single integrated antenna. Also, we
demonstrate SERS using an embedded antenna and compare it with SERS
using an evanescently excited nanobowtie. The device is fabricated using
two e-beam lithography steps. Electron beam lithography offers high res-
olution but point to point exposure makes the process slow. Therefore, it
hinders the mass scalability. We introduce another integrated SERS sensor
geometry that provides higher SERS signal as compared to the nanoantenna
and at the same time can be fabricated using an e-beam free lithography
technique. The sensor consists of a metal slot waveguide that is fabricated
using ALD assisted DUV lithography. We have reported both experimen-
tal and numerical characterization of our sensor demonstrating capabilities
that have so far been difficult to combine in a single sensor. Given the com-
pactness of our plasmonic sensor, it is easy to foresee a chip capable of
containing dozens or hundreds of sensors for performing Raman sensing of
multiple analytes, simultaneously.

In the end, we have reported a SERS sensor for an on-chip Raman spec-
troscopy using a novel ALD process of gold. The formation of 10 nm
wide nanotrenches continuously along the width and length of the SizNy
slot waveguide leads to a large pump to Stokes conversion efficiency. The
prelimnary results show a large SER signal enhancement, however, a fur-
ther experimental investigation is needed to analyze the full potential of
these fabrication-less plasmonic nanotrenches directly grown on SizNy slot
waveguide. Similarly, reproducibility of SERS signal is also needed to be
characterized at the chip to chip as well run to run level.

A brief overview of each chapter is given in next section.

1.2 Outline

In chapter 2, we introduce the vibrational spectroscopy and outline the ra-
tionale for spontaneous Raman spectroscopy over IR absorption and fluo-
rescence spectroscopy. Moreover, we discuss that the spontaneous emission
rate of dipole can be enhanced using a dielectric or metal structures. In the
end, we briefly discuss the rationale of nanophotonic waveguide enhanced
Raman spectroscopy (NWERS) over a conventional Raman microscope.
In chapter 3, we present the nanophotonic waveguide enhanced Raman
spectroscopy where the dielectric waveguide acts as a Raman sensor. The
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analytical formalism to quantify the Stokes to pump conversion efficiency
of a waveguide is presented. Next, we compare the performance of four
different photonic integration platforms (AlsOs, SigNy, TasO5 and TiOs9)
as on-chip Raman spectroscopy substrates. The performance is compared
in terms of the pump to Stokes conversion efficiency and the Raman back-
ground of the waveguide material. A first comparison is made accounting
for the current technological fabrication capability and resulting propaga-
tion loss. A more general comparison is made that factors out the loss
therefore looking forward at technological improvements. We also present
the optimization of strip and slot waveguide for each material. In the end,
the Raman performance of ALD layer coated SigN, slot waveguides is an-
alyzed.

Chapter 4 is an introductory chapter in which we discuss the plasmon
physics. The physical mechanisms underlying the field enhancement at the
localized plasmon modes are presented.

In chapter 5, we present a novel approach in which nanoplasmonic an-
tennas are integrated on a dielectric waveguide for an efficient on chip Ra-
man sensing. The effect of the Raman background generated by the access
waveguide is analyzed. By collecting the back-scattered Stokes signal and
small access waveguide length, SERS using a single antenna integrated on
dielectric waveguide is presented. In the end, a comparison of two dif-
ferent antenna configurations is made. In the first configuration, a bowtie
antenna on top of the waveguide is considered where the antenna is ex-
cited and SERS signal is collected evanescently to the waveguide mode. In
the second configuration, a bowtie antenna is embedded into the dielectric
waveguide, where the antenna is now excited directly using the waveguide
mode. The comparison is made in terms of SERS signal strength.

In chapter 6, we have reported a novel SERS sensor suitable for on-
chip integrated Raman spectroscopy, fabricated using ALD assisted DUV
lithography. We have reported both experimental and numerical charac-
terization of our sensor demonstrating capabilities that have so far been
difficult to combine in as single sensor. Furthermore, we have also re-
ported a SERS sensor for an on-chip Raman spectroscopy using a novel
ALD process of gold. The formation of 10 nm wide nanotrenches continu-
ously along the width and length of PECVD SizNy slot waveguide leads to
a large pump to Stokes conversion efficiency.

In chapter 7, we conclude the thesis by summarizing all the results ob-
tained during this work and give an outlook that highlights many research
directions that came out as the result of this thesis work.



INTRODUCTION 1-5

1.3 Publications

1.3.1 Publications in international journal

1. Ali Raza, Stephane Clemmen and Roel Baets. ALD gold integrated
plasmonics waveguides on silicon nitride photonics platfome. APL
Photonics., 2020 (to be published).

2. Haolan Zhao, Ali Raza, and Roel Baets. Multiplex Volatile Organic
Compound (VOC) Raman Sensing With Nanophotonic Slot Waveg-
uides Functionalized With A Mesoporous Enrichment Layer. Optics
Letter., 2020 (to be published).

3. Yang Li, Haolan Zhao, Ali Raza, and Roel Baets. Surface-enhanced
Raman spectroscopy based on plasmonic slot waveguides with free-
space oblique illumination. IEEE J. Quantum Electron., 2019.

4. Nina Turk, Ali Raza, Pieter Wuytens, Hans Demol, Michiel Van
Daele, Christophe Detavernier, Andre Skirtach, Kris Gevaert and
Roel Baets. Comparison of free-space and waveguide-based SERS
platforms. Nanomaterials, 9(10):1401, 2019.

5. Michiel Van Daele, Matthew Griffiths, Ali Raza, Solano Matthias,
Feng Eduardo, Ji-Yu Feng, Ranjith Ramachandran, Stéphane Clem-
men, Roel Baets, Séan Barry, Christophe Detavernier and Jolien Den-
dooven, Plasma-enhanced atomic layer deposition of nanostructured
gold near room temperature. ACS Applied Materials & Interfaces,
40(11):37229-37238, 2019.

6. Ali Raza, Stéphane Clemmen, Pieter Wuytens, Michiel de Goede,
Amy S. K. Tong, Nicolas Le Thomas, Chengyu Liu, Jin Suntivich,
Andre G. Skirtach, Sonia M. Garcia Blanco, Daniel J. Blumenthal,
James S. Wilkinson, and Roel Baets. High index contrast photonic
platforms for on-chip Raman spectroscopy .Opt. Express, 27(16) :
23067 23079, 2019.

7. Javier Losada*, Ali Raza*, Stéphane Clemmen, Aina Serrano, Amadeu
Griol, Roel Baets and Alejandro Martinez. SERS detection via indi-
vidual bowtie nanoantennas integrated in Si3 Ny waveguides. IEEE
journal of selected topics in quantum electronics, 25(3):16, 2019 (*
equal contribution)

8. Ali Raza, Stéphane Clemmen, Pieter Wuytens, Muhammad Muneeb,
Michiel Van Daele, Jolien Dendooven, Christophe Detavernier, An-



INTRODUCTION

10.

11.

12.

13.

14.

15.

dre Skirtach, and Roel Baets. ALD assisted nanoplasmonic slot waveg-
uide for on-chip enhanced Raman spectroscopy. APL Photonics,
3(11): 116105, 2018.

. Frédéric Peyskens, Pieter Wuytens, Ali Raza, Pol Van Dorpe, and

Roel Baets. Waveguide excitation and collection of surface enhanced
Raman scattering from a single plasmonic antenna. Nanophoton-
ics,7(7):12991306, 2018.

Nicolas Le Thomas, Ashim Dhakal, Ali Raza, Frédéric Peyskens,
andRoel Baets. Impact of fundamental thermodynamic fluctuations
onlight propagating in photonic waveguides made of amorphous mate-
rials. Optica, 5(4):328336, 2018.

Haolan Zhao, Stéphane Clemmen, Ali Raza, and Roel Baets. Stimu-
lated Raman spectroscopy of analytes evanescently probed by a sili-
con nitride photonic integrated waveguide. Optics letters,43(6):1403
- 1406, 2018.

Abdul Rahim, Eva Ryckeboer, Ananth Z Subramanian, Stéphane
Clemmen, Bart Kuyken, Ashim Dhakal, Ali Raza, Artur Hermans,
Muhammad Muneeb, Sooren Dhoore, et al. Expanding the silicon-
photonics portfolio with silicon nitride photonic integrated circuits.
Journal of lightwave technology, 35(4):639649, 2017.

Ashim Dhakal, Pieter Wuytens, Ali Raza, Nicolas Le Thomas, and
Roel Baets. Silicon nitride background in nanophotonic waveguide
enhanced Raman spectroscopy. Materials, 10(2):140, 2017

Ashim Dhakal, Frédéric Peyskens, Stéphane Clemmen, Ali Raza,
Pieter Wuytens, Haolan Zhao, Nicolas Le Thomas, and Roel Baets.
Single mode waveguide platform for spontaneous and surface en-
hanced on-chip Raman spectroscopy. Interface focus, 6(4): 20160015,
2016.

Ashim Dhakal, Ali Raza, Frédéric Peyskens, Ananth Z. Subrama-
nian, Stéphane Clemmen, Nicolas Le Thomas, and Roel Baets. Ef-
ficiency of evanescent excitation and collection of spontaneous Ra-

man scattering near high index contrast channel waveguides. Opt.
Express,23(21):27391 27404, Oct 2015.



INTRODUCTION 1-7

1.3.2 Publications in international conferences

1. Michiel Van Daele, Matthew B. E. Griffiths, Ali Raza, Matthias M.
Minjauw, , Sen T. Barry, Roel Baets, Christophe Detavernier, Jolien
Dendooven, Near room temperature plasma enhanced atomic layer
deposition of gold metal , EuroCVD 22 - Baltic ALD, 2019.

2. Haolan Zhao, Ali Raza, Bettina Baumgartner, Stéphane Clemmen,
Bernhard Lendl, Andre Skirtach, Roel Baets, Waveguide-Enhanced
Raman Spectroscopy Using a Mesoporous Silica Sorbent Layer for
Volatile Organic Compound (VOC) Sensing , Conference on Lasers
and Electro-Optics, United States, 2019.

3. Ali Raza, Stéphane Clemmen, Michiel Van Daele, Jolien Dendooven,
Matthew B. E. Griffiths, Sean T. Barry, Andre Skirtach, Christophe
Detavernier, Roel Baets, On-chip surface enhanced Raman spectroscopy
using ALD grown plasmonic nanotrenches integrated with a silicon
nitride slot waveguide , European Conference on Integrated Optics
(ECIO 2019), 21, Belgium, pp. paper T.B1.3, 2019.

4. Zuyang Liu, Haolan Zhao, Ali Raza, Nicolas. Le Thomas, Roel
Baets, On the Performance of Tantalum Pentoxide and Silicon Ni-
tride Slot Waveguides for On-Chip Raman Spectroscopy , European
Conference on Integrated Optics, Belgium, 2019.

5. Nina Turk, Ali Raza, Pieter. C. Wuytens, H. Demol, Andere Skir-
tach, K. Gevaert, Roel Baets, Towards SERS-based on-chip detection
of protease activity using nanoplasmonic slot waveguides , Proceed-
ings of the 23rd Annual Symposium of the IEEE Photonics Benelux
Chapter, Belgium, 2018.

6. Ali Raza, Stéphane Clemmen, Michiel. V. Daele, Pieter. C. Wuytens,
Jolien. Dendooven, Christophe Detavernier, Roel Baets, The com-
parison of on-chip SERS substrates: Nanoplasmonic bowtie antenna
vs metal slot waveguide , Proceedings of the 23rd Annual Sympo-
sium of the IEEE Photonics Benelux Chapter, Belgium, 2018.

7. Ali Raza, Stéphane Clemmen, Michiel de Goede, Ali Rizwan, P.
Hua, Sonia. M. Garcia-Blanco, Seppo. Honkanen, James. S. Wilkin-
son, Roel Baets, The performance of High-Index-Contrast Photonics
Platforms for On-Chip Raman Spectroscopy , European Conference
on Integrated Optics (ECIO, Spain, pp. 35-37, 2018.



1-8

INTRODUCTION

10.

11.

12.

13.

14.

15.

. Ali Raza, Javier Losada, Stéphane Clemmen, Roel Baets, Amadeu

Griol, Alejandro Martnez, Surface enhanced Raman spectroscopy via
isolated plasmonic nanoantennas integrated on silicon nitride waveg-
uides , European Conference on Integrated Optics (ECIO, Spain, pp.
104-106, 2018.

Haolan Zhao, Stéphane Clemmen, Ali Raza, Roel Baets, Demonstra-
tion of Stimulated Raman Scattering on a Silicon Nitride Photonic In-

tegrated Waveguide , Conference on Lasers and Electro-Optics (CLEO),

United States, 2018.

Nicolas. Le Thomas, Ali Raza, Roel Baets, Thermo-refractive noise
at high frequency: beyond the conventional model , CLEO 2018,
United States, pp. paper SW3L.5, 2018.

Ali Raza, Michiel. Van Daele, Pieter. C. Wuytens, Jolien Den-
dooven, Christophe Detavernier, Stéphane Clemmen, Roel Baets, E-
beam-lithography free plasmonic slot waveguides for on-chip Raman
spectroscopy , CLEO 2018, United States, pp. paper SW3L.6, 2018.

Nina Turk, Pieter. C. Wuytens, Ali Raza, Andere Skirtach, Roel
Baets, Organic Adhesion Layer for an Increased Waveguide-Excited
Surface-Enhanced Raman Signal , Frontiers in Optics, United States,
pp- paper JIW3A.82, 2017.

Ali Raza, Frédéric Peyskens, Pieter. C. Wuytens, Stéphane Clem-
men, Pol. V. Dorpe, Roel Baets, Detection of Surface-enhanced Ra-
man Signals from a single nanoplasmonic antenna integrated on a
single mode waveguide , CLEO: Science and Innovations,, United
States, pp. paper SM.4D.6, 2017.

Ali Raza, Pieter. C. Wuytens, Frédéric Peyskens, Stéphane Clem-
men, Pol. V. Dorpe, Roel Baets, On-chip Enhanced Raman spec-
troscopy using metal slot waveguide , European Conference on Inte-
grated Optics (ECIO), 19(T7.4), Netherlands, 2017.

Stéphane Clemmen, Ali Raza, Ashim Dhakal, Frédéric Peyskens,
Ananth Subramanian, Pol. Van Dorpe, P.C. Wuytens, Haolan Zhao,
E.M.P. Ryckeboer, S. Severi, Nicholas. Le Thomas, Roel Baets,
Spectroscopic sensing with silicon nitride photonic integrated cir-
cuits , Photonics West 2017, Proc. SPIE 10106, Integrated Optics:
Devices, Materials, and Technologies XXI, United States, pp. 101060T,
2017.



INTRODUCTION 1-9

16. Ali Raza, Frédéric Peyskens, Stéphane Clemmen, Roel Baets, To-
wards Single Antenna On-Chip Surface Enhanced Raman Spectroscopy:
Arch Dipole Antenna, The 7th International Conference on Metama-
terials, Photonic Cyrstals and Plasmonics (META’16), 7, Spain, pp.
1196-1197, 2016.

17. Ashim Dhakal, Ali Raza, Pieter. C. Wuytens, Frédéric Peyskens,
Andere Skirtach, Roel Baets, Lab-on-a-chip Raman sensors outper-
forming Raman microscopes , CLEO, United States, pp. paper SM20.3,
2016.

1.3.3 Publications in national conferences

1. Ali Raza, Stéphane Clemmen, Michiel Van Daele, Jolien Dendooven,
Christophe Detavernier and Roel Baets. Comparison of on-chip Sur-
face Enhanced Raman Spectroscopy substrates: Nanoplasmonic bowtie
antenna vs metal slot waveguide, NB photonics seminar, Belgium,
2018.

2. Pieter. C. Wuytens, Ali Raza, Haolan Zhao, Nina Turk, Frédéric
Peyskens, Xiaomin Nie, Ashim Dhakal, Eva. M. P. Ryckeboer, Stéphane
Clemmen, Nicolas Le Thomas and Roel Baets. On-chip Raman
Spectroscopy, FEA Research Syposium 2017, Belgium, 2017.

3. Ali Raza, Stéphane Clemmen, and Roel Baets. Enhanced Raman
spectroscopy using nanoplasmonic slot waveguides, NB photonics
seminar, Belgium, 2016.



1-10 INTRODUCTION

References

[1] Adolf Smekal. Zur quantentheorie der dispersion. Naturwis-
senschaften, 11(43):873-875, 1923.

[2] Chandrasekhara Venkata Raman and Kariamanikkam Srinivasa Kr-
ishnan. A new type of secondary radiation. Nature, 121(3048):501,
1928.

[3] Peter Vandenabeele. Raman spectroscopy in art and archaeology.
Journal of Raman spectroscopy, 35(8-9):607-609, 2004.

[4] Dustin W Shipp, Faris Sinjab, and Ioan Notingher. Raman spec-
troscopy: techniques and applications in the life sciences. Advances
in Optics and Photonics, 9(2):315-428, 2017.

[5] Bryan H Ray and Keith T Carron. From portable Raman to mobile
Raman: the progression of Raman spectroscopy. In Next-Generation
Spectroscopic Technologies XI, volume 10657, page 1065704. Inter-
national Society for Optics and Photonics, 2018.

[6] Ashim Dhakal, Ananth Z. Subramanian, Pieter Wuytens, Frédéric
Peyskens, Nicolas Le Thomas, and Roel Baets. Evanescent excita-
tion and collection of spontaneous Raman spectra using silicon ni-
tride nanophotonic waveguides. Opt. Lett., 39(13):4025-4028, Jul
2014.

[7] Christopher C. Evans, Chengyu Liu, and Jin Suntivich. 7i02
Nanophotonic Sensors for Efficient Integrated Evanescent Raman
Spectroscopy. ACS Photonics, 3(9):1662-1669, 2016.

[8] Nathan F Tyndall, Todd H Stievater, Dmitry A Kozak, Kee Koo,
R Andrew McGill, Marcel W Pruessner, William S Rabinovich, and
Scott A Holmstrom. Waveguide-enhanced Raman spectroscopy of

trace chemical warfare agent simulants. Optics letters, 43(19):4803—
4806, 2018.

[9] Zilong Wang, Stuart J Pearce, Yung-Chun Lin, Michalis N Zervas,
Philip N Bartlett, and James S Wilkinson. Power budget analysis

for waveguide-enhanced Raman spectroscopy. Applied spectroscopy,
70(8):1384-1391, 2016.

[10] Ashim Dhakal, Ali Raza, Frédéric Peyskens, Ananth Z. Subramanian,
Stéphane Clemmen, Nicolas Le Thomas, and Roel Baets. Efficiency



INTRODUCTION 1-11

of evanescent excitation and collection of spontaneous Raman scat-
tering near high index contrast channel waveguides. Opt. Express,
23(21):27391-27404, Oct 2015.

[11] Scott A. Holmstrom, Todd H. Stievater, Dmitry A. Kozak, Mar-
cel W. Pruessner, Nathan Tyndall, William S. Rabinovich, R. Andrew
McGill, and Jacob B. Khurgin. Trace gas Raman spectroscopy using
functionalized waveguides. Optica, 3(8):891-896, Aug 2016.

[12] Frederic Peyskens, Ashim Dhakal, Pol Van Dorpe, Nicolas
Le Thomas, and Roel Baets. Surface Enhanced Raman Spectroscopy
Using a Single Mode Nanophotonic-Plasmonic Platform. ACS Pho-
tonics, 3(1):102-108, 2016.






Raman spectroscopy

2.1 Introduction

Spectroscopy is the analysis of the interaction between matter and electro-
magnetic wave at various frequencies. Spectroscopy looks at how analyte
molecules respond to the incident radiation. Emitted and absorbed spec-
tra can be used to gain information about the material. A molecule can
be approximated as a dipole oscillating at a specific frequency. When this
dipole interacts with the EM radiation, a transition from its initial state
to another state occurs. That transition can be a rotational, vibrational or
electronic. All these transitions from an initial to final state lead to dif-
ferent kind of spectroscopic techniques i.e fluorescence (due to electronic
transitions), rotational spectroscopy (due to transitions between quantized
rotational states) and Raman or infrared absorption spectroscopy (due to a
transition in vibrational state). In this chapter, we will mainly discuss the
vibrational spectroscopy i.e. infrared absorption and Raman spectroscopy
where the main emphasis will be given on Raman spectroscopy, which is
the major topic of this dissertation. In the end, we will also analyze how
Raman scattering can be enhanced when a molecule is exposed to a non-
homogeneous medium.
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Figure 2.1: The energy diagram of a molecule. The spacing between two
electronic states is AE=hv.. Each electronic state is split into a band of
vibrational states with an energy spacing of AE,.. Depending on the initial
energy state, transition can be fundamental or a hot band transition.

2.2 Infrared absorption spectroscopy

A molecule consists of many electronics states just like an atom. But unlike
atoms, molecules display many vibrational states. These vibrational states
can be approximated by a harmonic oscillators where each vibration state
is separated by a fixed energy gap i.e AE,; = AE,» = AE 5....AE, y =
hw. A quantum mechanical description of such a molecule is shown in
Fig. 2.1. The vibrational frequency f, = 5%, depends on a specific chem-
ical bond corresponding to a molecule. For the diatomic gases f,, lies be-
tween 10-100 THz. The absorption bands of some trace gases are depicted
in Fig. 2.2. When a photon of energy Aw hits a molecule, it can be absorbed
and excites a molecular vibration if its energy matches the transition energy
between two different vibrational levels, AE, ;. In the case of thermal equi-
librium at a temperature T, the relative populations of all energy levels is
determined by a Boltzmann distribution

Ny, . E, — Ey
o) e
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Figure 2.2: Absorption spectra of some important trace gases in the wavelength
region between 3 and 5 um. The solid grey background shows the water vapour
absorption. This image is taken from [1].

where N,, and Ny are the populations at v and ground state. As E,, > E for
v=1,2,3....., therefore, most of the molecules always reside in the ground
state at thermal equilibrium. Hence, v = 0 — 1, transition will dominate an
absorption transition. This is called a fundamental transition as shown in
Fig. 2.1. Other transitions i.e. v =1 — 2 or v =2 — 3, will be possible at
higher temperatures but their intensity will be low due to the low population
of higher order states. These transitions are termed as hot band transitions.

The absorption frequency is determined by the vibrational mode of the
molecule. The strength of the absorption reflects how effectively the energy
transfers to a specific vibrational mode. The energy transfer rate depends
on the change of the dipole moment of a molecule [2]. The molecule’s
vibration mode that undergoes a change of dipole moment are known as
as IR active while the modes where dipole moment does not change are
know as IR inactive. Later we will see that IR inactive modes can still be
probed using Raman spectroscopy. A simpler example to understand this
phenomena is by assuming a tri-atomic molecule e.g. carbon dioxide CO2
as shown in Fig. 2.3. CO; has four vibrational modes: symmetric C-O
stretch, asymmetric C-O stretch and two bending modes along two axis
(one is depicted in Fig. 2.3). In the case of symmetric C-O, there is no net
change in dipole moment during the complete vibration. Therefore, this is
an IR inactive mode. On the other hand, for the bending and asymmetric
mode, dipole moment changes as the vibration starts from its zero position.
Therefore, these modes are IR active. All the diatomic molecules (AB)
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Figure 2.3: Three vibrational modes of carbon dioxide (CO2). Due to the change
in dipole moment, bending and asymmetric C-O stretch is IR active. On the other
hand, symmetric stretch is IR inactive.

have an IR active bending mode if the molecular structure is hetero-nuclear
i.e. A#B.

Absorption spectroscopy is a nondestructive technique that biologists
and biochemists use to quantify the cellular components and characteris-
tic parameters of functional molecules [3]. Absorption spectroscopy also
enjoys a wide range of applications in other disciplines i.e. trace gas sens-
ing [1] and in mineralogical investigations [4]. Also, there exists a wide
range of data bases i.e. Spectrabase (https : //spectrabase.com/) or
NIST Chemistry WebBook (https : //webbook.nist.gov/chemistry/)
that provide assistance to researchers working with complex analytes. De-
spite of large number of applications, there are still some disadvantages
that are associated to absorption spectroscopy. Due to the high absorption
of water in mid IR and longer wavelength bands, the low concentration
analytes contained in aqueous solutions cannot be probed using IR spec-
troscopy. Also, most relevant fundamental absorption bands are in the mid-
IR region, which requires the use of expensive sources and detectors. Also
considering an IR spectroscope on a chip requires an on chip broad-band
source and low loss waveguide (to mimic a gas-cell). These on chip func-
tionalities are still not up to the mark to meet the requirements of a good IR
spectroscope.

As compared to the MID IR region, water has much lower absorption in
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the 400-1000 nm wavelength region. Another optical technique that works
well in this region is fluorescence spectroscopy in which a molecule un-
dergoes a high energy electronic transition. Fluorophores, i.e. components
that cause a molecule to absorb energy of a specific wavelength and then re-
remit energy at a different but equally specific wavelength, permit sensitive
detection of many biological molecules. Fluorescence is a two steps phe-
nomenon: in the first step a high energy photon excites a molecule from a
ground electronic state to a high energy electronic state. Then the molecule
relaxes to a lower vibrational state of higher electronic state in a time scale
of pico-seconds. In the end, the molecule relaxes back to a higher vibra-
tional state of ground electronic state in a time scale of nanosecond steps.
Since the first step occurs much faster than the second one, this leads to
the non radiative decay [5]. Fluorescence spectroscopy enjoys a range of
applications from clinical chemistry [6], DNA sequencing [7] to biomed-
ical imaging [8]. In most of the fluorescence sensing applications, targets
(analytes) demand a labelling with a strong external fluorophores [5]. The
binding with an external fluorophore changes the chemical properties of the
target analyte. Also, fluorophores get photo-bleached that leads to an irre-
versible change to the absorption and emission properties hence limits the
applicability.

Therefore considering all these challenges, it would be interesting to
have a technique, unlike IR absorption, that gives a freedom to choose the
wavelength of operation and at the same time, unlike fluorescence spec-
troscopy, does not demand any sample preparation (label free technique).
In the next session, we introduce such a technique called "Raman spec-
troscopy” that is a well established technique in this regard.

2.3 Raman spectroscopy

Raman spectroscopy named after Indian physicist (Sir C. V. Raman) is a
spectroscopic technique typically used to determine vibrational modes of
molecules. Unlike an IR absorption spectroscopy, in Raman scattering
molecule is excited to a virtual state E, ;- instead of a real vibrational state.
The molecule relaxes almost instantaneously to a vibrational level of the
electronic ground state. Later on, we will see that the Raman signal is
very weak compared to the light coming from fluorescence and therefore
we only consider the virtual states with an energy below the first excited
electronic state. When considering virtual states above the first electronic
level, apart from Raman scattering, fluorescence would occur that acts as a
background in the measurements.

A virtual state is an intermediary state in a scattering process and is
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Figure 2.4: The energy diagram of a Raman scattering phenomenon. The
molecule is pumped to a virtual state E,; and instantaneously relaxes to one of
the vibrational levels of the electronic ground state.

not an eigenstate of the molecule. From the existence of such intermediary
states, it follows that the energy of the pump photons does not have to be
exactly the same as the transition energy. The relaxation of this virtual state
gives rise to the emission of photons with different frequencies depending
on the energy levels of the molecule. A transition to such a virtual state has
a much lower probability than an infrared transition and that is why Raman
cross-sections are small and the signal from Raman scattered light is very
weak.

The energy diagram of a Raman scattering phenomenon is shown in
Fig. 2.4. When a photon excites the molecule to a virtual state E,;., the
molecule relaxes to a vibrational state. In most cases, Rayleigh scattering
occurs, which means that the molecule relaxes directly to the initial state
of the molecule (which is most often the ground state). This results in the
emission of a photon with equal wavelength as the incident photon. In
this process, there is no net energy transfer. When inelastic scattering oc-
curs, there is an energy transfer. This inelastic scattering results in scattered
light of different wavelengths and is also called the Raman spectrum. As
can be seen from figure 2.4, depending on the initial and final state of a
molecule, the scattered signal can be blue shifted called anti-Stokes or red
shifted also known as Stokes Raman scattering. There is a net transfer of
energy to the molecule and from the energy conservation principle, it fol-
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lows that the emitted photon has a higher wavelength, (lower energy) than
the incident photon. As shown before in Eq. 2.1, at thermal equilibrium, the
population of ground state is larger than the excited state therefore, prob-
ability of Stokes signal is higher than the anti-Stokes signal. The ratio of
the Stokes and anti-Stokes intensities depends on the number of molecules
in the ground and excited vibrational states and can be calculated using the
Boltzmann distribution : X=exp( hl‘{T” ). At room temperature and for typical
vibrational frequencies (10 — 100 THz), X>>1. However, sometimes anti-
Stokes scattering is preferred in order to mitigate fluorescence background
since fluorescence is always red-shifted with respect to the excitation while
anti-Stokes emission is at the blue-shifted side.

Contrary to IR absorption spectroscopy, where a change in dipole mo-
ment was necessary for a vibration mode to be IR active, Raman active
modes are associated to a change in the polarizability. From this classical
approximation, we also get an estimation of the Raman signal strength orig-
inating from a single molecule. Density functional theory is normally used
to simulate the vibration modes of a specific molecular configuration [9].

When a molecule is placed into an oscillating electromagnetic field, the
dipole moment can change periodically. This dipole moment change is due
to the fact that the incident field is changing the charge distribution. The
change of the dipole moment p is linked with the electric field £ through a
polarizability tensor « i.e.

7=k (2.2)

An oscillating dipole moment radiates electromagnetic waves. The ra-
diating frequency components correspond to the frequency components of
the oscillating dipole. From this, it is rather intuitive that when a wave with
frequency wy is incident on a dipole moment, the majority of light emitted
by the oscillations from the molecules and atoms is at same frequency wy.
Nevertheless, from the classical analysis (explained in the section below) it
can be seen that other frequency components are present. For a plane wave
with frequency wy, the electric field vector at one place can be described as

E = Eocos(wot) (2.3)

The vibration of a molecule can be described by normal coordinates of
the atoms of the molecule. Since the ability to perturb the electron distri-
bution depends on the relative position of atoms within the molecule, it is
clear that the polarizability is dependent on the normal coordinates. One
vibration mode can be described by one normal coordinate. Therefore the
analysis is done for one vibration mode. Since the displacement of the nor-
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mal coordinate compared to its equilibrium position is relatively small, the
polarizability can be approximated by a first order Taylor series [10]

foe}
o=+ ——=d 2.4
) Q 24
If we assume that the molecule presents a vibrational frequency ws;
and individual atoms are moving in an approximately harmonic way around
their equilibrium position. The normal coordinates displacement around the
equilibrium can be described as follows.

d@Q = Qg cos wypt (2.5)

Equation 2.5 can be used to rewrite Eq. 2.4 for the polarizability. The
oscillating electric field and the periodic change of the polarizability due
to the molecular vibrations lead to a new expression for the induced dipole
moment. Using a trigonometric identity, this yields

- - da QuE,
P = apEp cos(wot) +% Q02 0 <cos((wo — Wyip)t) + cos((wo + wm-b)t)>
— k ~-
Rayleigh Stokes Anti—Stokes

(2.6)

From this expression of the dipole moment, it is clear that the oscilla-
tion of the dipole moment can be seen as a superposition of three dipole
moments oscillating at different frequencies. The first dipole is oscillating
at the frequency of the incident wave and the light emitted due to this dipole
is called Rayleigh scattered light. The next two terms describe dipoles that
are not oscillating at the same frequency of the electric field but at frequen-
cies wy — wyip and wo + wy;p respectively.

The Raman scattered light consists of Stokes and anti-Stokes light. The
radiating dipoles of these terms can be distinguished as noted in the equa-
tion above. In the expression, there is a common factor for both 'Raman’
dipoles. If this factor is zero, the vibration mode is not Raman active and
thus will not lead to any Raman scattered light. The average radiated power
by an oscillating electric dipole, induced in a molecule by an electric field
of frequency wy, is given by

[pal*wy
P;= 2.7
47 127epc3 @7

in which p4 can be obtained through equation 2.6. For Stokes and anti-
Stokes power, |p4| can be written as
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da QoEy
= 2.8
’pd‘ 8Qk 9 ( )
therefore,
Oa . . .
—— = 0 = modey, is Raman inactive (2.9)
0Qk

Raman active modes thus have to be modes for which a change in the
normal coordinate leads to a change in polarizability. Returning to Fig. 2.3,
the IR inactive mode (symmetric C-O stretch of CO5 molecule) will be a
Raman active as the vibration will change the polarizability.

2.3.1 Strength of a Raman scattered signal

Hereafter, we will analyze the strength of a Raman power scattered by a
Raman active mode. We will use the formula for the power radiation of a
general dipole to estimate the Raman scattering power emitted by a Raman
active mode. The scattered Raman intensity Ig can be expressed in the term
of the irradiance (J) of an incident field E using,

I,=Jo (2.10)

where ¢ is the Raman cross section having unit of m?per steradian per
molecule. ¢ is a molecular property and its strength resides in the order of
10733 to 1073° m?per steradian per molecule. The irradiance of an inci-
dent field E can be written as J=1ceo|E|?. The intensity of the scattered
radiations equals

2
T“c
€0 d
2
T“c o 2
= yqod—J
2e0\;  ceo

2.2
Ty

= J=0oJ
ax e

(2.11)

. .. . 2,2 .
where oy, is a general transition polarizability and o = :2/‘34 is Raman
07d

7r2a2
€0
that in order to enhance the Raman signal, shorter pump wavelength is de-
sirable. However, a great care needs to be taken while choosing the pump

cross section. The definition of Raman cross sectioni.e. 0 =

suggests
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wavelength. Three important properties influence the choice of pump wave-
length: 1) Raman cross section, 2) fluorescence background and 3) heat
absorption. The pump wavelength of 532 nm provides low heat absorp-
tion and high Raman cross section. However, it leads to large florescence
background that sometimes masks the weak Raman signal. On the other
hand, 1064 nm excitation wavelength provides low florescence background
but weakens the Raman signal. On the other hand, a good trade off occurs
for 785 nm wavelength. A 785 nm wavelength provides a moderate Ra-
man signal and at the same time does not suffer from the large florescence
background. Therefore, red or near infrared region (660—830 nm) are good
choice for Raman spectroscopy.

If ¢ is the number of photons scattered per unit of time hitting a detector
in a solid angle df? at a wavelength \p, then the total scattered intensity I
is given by

¢hc
s = 2.12
Agdf2 2.12)
using Eq. 2.11, the photon rate is the given by
¢ = s (2.13)
hc

To give some relevant orders of magnitude, let us consider the case of
4-nitrothiophenol NTP molecules (0=1.8 x10729 cm?/steradian) excited
by 10 mW power in the spot size of 1 um at Ay = 877 nm, the photon rate
will be ¢ = 7.9 x10~% photons/sec. So in order to generate one Raman
scattered photon, 1.2 x10% molecules are needed. A 10 mW pump power
in this case will produce 2.35x1073 fW Stokes power. Due to an ultra
weak Raman scattering signal, it is desirable to enhance the scattering cross
section. In the next section, we will see how the spontaneous emission
rate hence Raman scattering of a an oscillating dipole can be enhanced by
introducing a perturbation in the surrounding media.

2.3.2 Enhanced spontaneous emission rate

A molecule oscillating in a media on a first instance can be approximated
as a dipole emitter. Lets assume a dipole oscillating at a frequency w in a
homogeneous an isotropic medium of index n; as shown in Fig. 2.5. The
spontaneous decay rate of a dipole is given by

. niWS\M\Q

= 2.14
3me hicd (2.14)

o
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where the factor 3 in the denominator appears due to the averaging over
three orthogonal modes. p is the dipole moment of the oscillating emit-
ter. For the complete derivation of ,, readers are suggested to follow [11].
The spontaneous emission rate (and thus the lifetime of the excited level)
is determined both by the properties of the emitter and also by the mode
structure of the surrounding medium. Also, the refractive index of the sur-
rounding medium perturbs the spontaneous emission rate. In practice, the
scattering media (analyte) is rather dense, therefore, the analysis needs to
be done on a closely packed cluster of emitters. We will discuss the effect
of the surrounding media in more detail in the next section.

K

Figure 2.5: Scattering of the dipole oscillating in a homogeneous media of
refractive index n;. v, is the spontaneous decay rate.

2.3.2.1 Scattering in an inhomogeneous media

The environment surrounding the emitter can be designed in a way that
enhances the spontaneous emission rate . This enhancement was first re-
ported by Purcell in 1946 in the magnetic dipoles when subjected to an
electronic device [12]. This enhancement phenomena was named as Pur-
cell’s enhancement. Later on many demonstrations were reported in differ-
ent complex environments e.g. dipole near a planar interfaces [13] or an
atom in a high Q cavity [14, 15].

For the atom lying in an inhomogeneous media, atom-field interaction
is categorized into two distinct regimes based on atom-field coupling con-
stant  i.e. strong and weak coupling regimes. For a strong coupling regime
(k > ), the interaction between the emitter and the field become domi-
nant over all other decay rates i.e. incoherent field damping in a cavity. Also
in the case of multiple emitters system, the interaction between the emit-
ters themselves also becomes important. Therefore, only quantum electro-
dynamics (QED) can give an accurate description for the strong coupling
regime. On the other hand, for the weak coupling regime (k < 7), both
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QED and classical theory lead to identical results for the modification of
the spontaneous emission decay rate. Classically, one can calculate the .
of a dipole emitter oscillating at a frequency w at a position r, in the weak
coupling regime, using Fermi golden rule: [16]

Ye(r,w) = h2 ]I‘ (r,w)*N(w) (2.15)

where I'(r, w) is the coupling strength between the dipole and the elec-
tromagnetic field (E(r,w), H(r,w)). N(w) is the density of the states at an
energy level hw. N(w) is also defined as the number of states per unit vol-
ume and energy. I'(r,w) is given by

IT(r,w)|? = €2|p.E(r,w)[? (2.16)
where £ is an energy normalization constant that relates the radiation energy
(hw) with the total electromagnetic energy density (Wgy) of the waveg-

uide [17]. (Wgyas) for a narrow band signal with a frequency centered
around w can be written as [18]

) Oee(r, .
W) = LD g Lomp o @i

where €, and i, are the vacuum permittivity and permeability. By integrat-
ing the (Wgys) over a waveguide dimension, the total energy fiw carried
by a waveguide mode can be computed using

hw = L§2 // ( (we(r,w )| (r,w)|2 +M0‘H(I‘,w)|2>dr (2.18)

where the double integral runs over the whole waveguide cross section. L is
an arbitrary quantization length that we will use latter to calculate the total
density of states (N(w)). The normalization factor & 2 is then given by

huw

//( XA e, )2 4 o Hi, w)!2>dr

By putting the Eq.2.15 in Eq.2.16 and Eq.2.19 the modified decay rate
Ye(r,w) is given as

(2.19)

27w| 2| E(r, w)|2N(r, w)

e, 0)]? = e
hL // <60&0|E(r,w)|2 —i—,uoH(r,w)|2)dr
(2.20)
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Eventually, using Eq.2.14, Eq.2.20 and average dipole enhancement ap-
proximation [19], the enhanced spontaneous emission rate can be written
as

Yelr,w) 3cA2 1
Yo(r,w) 2n§’ LAqss

N(r,w) (2.21)

where

- // <EOWE(r’w)2 +M0|H(r,w)\2>dr

eo€(r,w)|E(r,w)|?

(2.22)

e 11
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v

Figure 2.6: The number of modes in a 1-D k space.

Next we will calculate the total density of the states N(r,w) for a 1-D
variant structures i.e. a channel waveguide. The density of the states in
a waveguide mode can be computed by counting the number of modes in
1D k space. The numbers of modes in 1-D space are depicted in Fig. 2.6.
Analogous to a photon in a waveguide, a particle confined in a quantum
well of a length L can be represented as the following wave function ¥
e’*  Owing to high potential barrier, at the boundaries of the quantum
well, U must approach to zero that implies

k:m%,7n:Lz3 ....... (2.23)

which shows that in a K-space, various states are equally distributed with a
partition length 7/ L. The line volume for each state is then given by
7r
Vie=— 2.24
k=T (2.24)
Similarly for an infinitesimally small length of dk in range of [k, k+dk], the
total density of states are given by
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L
N(k)dk = —dk (2.25)
7r
using the photon dispersion relation £ = hw(k), Eq.2.25 can be con-
verted from k to E space i.e.

ok L{ow\™"
N(E)dE = N(k)7—dw = —| == d 2.26
e = NWGed=2(52) A @29
Eventually, using the group velocity expression v, = 9k/0w, the density
of the states at a frequency w can be given as

N(w)=— (2.27)
T ’Ug
Equation.2.27 shows that the lower group velocity leads to higher den-
sity of the states thus increases the probability of radiative decay. This leads
to an enhanced spontaneous dipole emission [20]. By plugging Eq.2.27 into
Eq.2.21, the enhanced radiative decay can be written as

Yelr,w) 3 ¢ A2

Yo(r,w)  2mugn? Acss 2:28)
Equation.2.28 is a key result which shows that to enhance the spontaneous
emission rate, a structure that supports a waveguide mode of small effective
modal area and small group velocity is essential. For the purpose of forth-
coming chapters, we will calculate the enhanced spontaneous emission rate
of a dipole sitting in three different kind of structures

o Emitter sitting in a dielectric slot waveguide
o Emitter sitting in a gold slot waveguide

e Emitter sitting inside a plasmonic antenna integrated on a dielectric
waveguide

The semi-analytical model derived in Eq.2.28 is used to calculate the
enhanced spontaneous emission. For a dispersionless medium i.e. g—z ~ 0,
the effective modal area can be written in a rather simpler form

// <2606(r,w)E(r,w)|2)dr

€o€(r, w)|E(r,w)|?

Acj = (2.29)
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(b)

750 800 850 900
Wavelength (nm)

Figure 2.7: a) The schematic of a dipole sitting in a dielectric slot waveguide. .
is an enhanced spontaneous emission rate. n; is the refractive index of
surrounding medium. b) The enhanced emission rate of a dipole oscillating in the
waveguide of gap width g.
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To calculate ., we need to calculate the effective modal area A,y
and group velocity v, of the guided mode. COMSOL finite element mode
solver is used to calculate the A,y ¢ and vy. Acsy is calculated by assuming
a dipole located in the middle of the waveguide slot [17] (represented by
black dot in Fig. 2.7.(a). Note that the A,y is slightly different than the
Acry used in a QED theory where the dipole is always assumed at a max-
imum E-field point. In simulations, the refractive index of the dielectric
waveguide ng is assumed as 1.9 (similar to SigNy) [21, 22]. Air is as-
sumed as the surrounding medium i.e. n; = 1. The enhanced spontaneous
emission -y, in the wavelength range from 750—900 nm is shown in the
Fig. 2.7.(b). This wavelength span is chosen as the wavelength of interest.
As shown in Fig. 2.7.(b), the normalized . increases with the wavelength.
Here not to get confused with the general definition of 7y where v oc 1/\%,
Similarly, . also increases by decreasing the waveguide slot gap g. In
Chapter 3, we will see that the total pump to Stokes conversion efficiency
also increases if width of the slot decreases. That is attributed to high field
confinement in the narrow gaps that leads to an efficient excitation and col-
lection of the scattered signal.

An identical analysis is done by replacing the dielectric waveguide with
a metal slot waveguide. In COMSOL, a built-in Johnson and Christy refrac-
tive index model is used for gold. The structure is depicted in Fig. 2.8.(a).
As shown in Fig. 2.8.(b), % is about two orders of magnitude stronger than
a dielectric waveguide of a same gap width. This is attributed to the small
effective modal area and large group index of the gap plasmonic mode.
Similar analysis has been done in [17], where a dipole is assumed inside a
silver slot waveguide.

Similarly, 2¢ is calculated assuming a dipole plasmonic nanoantenna
on a dielectric waveguide of refractive index 1.9. The schematic is depicted
in Fig. 2.9.(a). The waveguide height H and width w are set to 220 nm
and 700 nm. Air is assumed as the surrounding medium i.e. n; = 1. A
fixed antenna gap of 50 nm is assumed. As shown in Fig. 2.9.(b), for each
antenna height h, 2¢ shows a maximum value at a certain wavelength. This
wavelength is called localized surface plasmon wavelength (Arsp). The
hybrid plasmonic mode at A\;sp, shows high field confinement due to the
small A,y ¢, therefore, it leads to a large % Figure. 2.9.(b) also shows that
Arsp can be tuned by changing the geometry of a plasmonic nanoantenna.
In chapter 4 and 5, we will explain this phenomena in more detail.

In the end, it is worth mentioning that f;—i presented in this section is
based on a single dipole oscillating in a inhomogeneous medium. In real-
ity, a cluster of oscillating dipoles needs to be considered. For example, in
the case of a liquid analyte on a waveguide, a surface integral needs to be
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taken over Eq.2.28. In later chapters, we will define an overall Raman con-
version efficiency that not only considers this modal enhancement but also
the long light-matter interaction length that is the essence of the waveguide

enhanced Raman spectroscopy.

(b)

700
600 /
7 / g=10 nm 4
g=20 nm
400 g=30nm | |
0| © g=40 nm
Sk
300
200 //
100 1
0 . .
750 800 850 900

Figure 2.8: a) The schematic of a dipole sitting in a gold slot waveguide. . is an
enhanced spontaneous emission rate. n; is the refractive index of the surrounding
medium. b) The enhanced emission rate of a dipole oscillating in the waveguide

Wavelength (nm)

of gap width g.
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(a)

(b)
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10 h =100 nm ||
h =120 nm

5F h =140 nm |
h =160 nm

750 800 850 900 950 1000
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Figure 2.9: a) The schematic of a dipole sitting in a dipole antenna integrated on
a dielectric waveguide. . is an enhanced spontaneous emission rate. n; is the
refractive index of the surrounding medium. b) The enhanced emission rate as a
functional of wavelength. A fixed gap of 50 nm width is assumed. The maximum
value of gf changes with changing h of plasmonic antenna.
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2.3.3 Pump to stokes conversion efficiency of free conventional
Raman microscope

Before we discuss on-chip Raman spectroscopy techniques, it is wise to
analyze the performance of a conventional Raman microscope. Pump to
Stokes conversion efficiency of a diffraction limited Raman microscope

(nar) is given by [23]

Ny = Ds = QpoD (2.30)
By
where Pg and P, are the Stokes and pump power. p and o are the molecular
density and Raman cross section, respectively. D is the depth of focus and
) is the solid angle subtended by the optics. {2 can be expressed in term of
numerical aperture NA using

2
Q =27(1 — cosh) = 27T<1 —/ (1= (A:f)Q> A w(]\;A) (2.31)

where n is the refractive index of the immersion medium. D and NA for
Gaussian beam can be written as

D= 2.32
. (2.32)
and
e
NA=— (2.33)
Tw

using Eq. (2.30), (2.31), (2.32) and (2.33), Pump to Stokes conversion
efficiency n,; is given by

Ae
M = 2pa<n> (2.34)

Equation. 2.34 implies that for a diffraction limited system, pump to Stokes
conversion efficiency solely depends on the excitation wavelength and an-
alyte properties i.e. Raman cross section and molecular density. In the
next chapter, we will see that for nanophotonic waveguide enhanced spec-
troscopy, pump to Stokes conversion scales with the length of the waveg-
uide (Lyg). This provides many fold enhancement over the conventional
Raman microscope i.e. 1) o< Lyg/Ae >> 1. [23]
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2.4 Conclusion

In this chapter, we introduced the vibrational spectroscopy and outlined the
rationale for spontaneous Raman spectroscopy. Moreover, we discussed
that the spontaneous emission rate of a dipole can be enhanced using a di-
electric or metal structures. Three structures are considered in this regards
i.e. a dielectric waveguide, metal slot waveguide and a metal nanoantenna
on a dielectric waveguide. In the end, we briefly discussed the rationale of
nanophotonic waveguide enhanced Raman spectroscopy over the conven-
tional Raman microscope. In the next chapter, we will present a detailed
analysis of nanophotonic waveguide enhanced Raman spectroscopy.
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Nanophotonic Waveguide enhanced
Raman spectroscopy (NWERS)

In the previous chapter we analyzed the enhanced spontaneous emission
rate of a dipole when it is subjected to different waveguide structures. In
this chapter, we derive an analytical model to access the Raman perfor-
mance of different dielectric waveguide structures i.e. strip and slots waveg-
uides. We also define a figure of merit (FOM) to analyze different dielectric
materials for on-chip Raman spectroscopy. In the end, we analyze the Ra-
man performance of ALD assisted ultra-narrow slot waveguides. We also
compare the Raman background of four different ALD materials.

3.1 Introduction to NWERS

Nanophotonic waveguide enhanced Raman spectroscopy (NWERS) is a
sensing technique that uses a confined waveguide mode to excite and collect
the Raman scattered signal from molecules in a close vicinity of the waveg-
uide. In 1974, Levy et al [1], for the first time, reported the NWERS using
micron-sized thin films of methyl-metacrylate coated on a glass substrate.
In the past, NWERS was mainly used for mono- and micro-layers [2—6]
where free space Raman technique is inefficient due to the minimal modal
overlap [7] and the substrate background [8]. All these demonstrations
were based on slab-like structures that offer a limited modal overlap and
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cannot be integrated with other photonic functionalities. In the last decade,
the evolution of better fabrication techniques ensured low loss and compact
waveguide structures like strip, slot and sub-wavelength designs. In 2014,
Dhakal et al [9], demonstrated NWERS for a bulk analyte using low loss
silicon nitride strip waveguides that were integrated with mode transition
structures. In 2016, Evans et al [10], reported titania waveguides for an en-
hanced Raman spectroscopy. In this work, high pump to Stokes conversion
efficiency was achieved using a high-Q ring resonator. Same year, Holm-
strom et al [11] demonstrated NWERS using an adsorbent layer coated
waveguide for the analytes in a vapour phase. An adsorbent layer with a
high partition coefficient was used to enhanced the vapour concentration.
Recently, NWERS has attracted huge attention for the detection of more
complex analytes like DNA [12], haemoglobin [13] that directly binds us-
ing surface functionalization recipes. Also, through out these years, there
has been an ongoing campaign to improve and understand different per-
formance parameters of NWERS. For example, Dhakal et al. and Kita et
al. presented the optimization of dielectric waveguide geometry to enhance
the Raman signal [14, 15]. Dhakal et al also discussed the origin of differ-
ent spectral features of PECVD Si3Ny Raman background [16]. Wang et
al. analyzed total power budget associated with the on-chip Raman spec-
troscopy [17, 18]. Similarly, Le Thomas et al, analyzed the origin of Raman
background associated with NWERS [19].

As the history of NWERS in Photonics Research Group, Ghent Univer-
sity: Nanophotonic Waveguide enhanced Raman spectroscopy (NWERS)
is the core result of Dr. Dhakal’s PhD dissertation (graduated, 2016). He
established NWERS sensors based on PECVD SigNy strip and slot waveg-
uides. Different analytes e.g. liquid organic solvents (Isopropyl alcohol)
and monolayers (rhodamine, DNA etc) were detected using NWERS sen-
SOrS.

As a follow up, we have expanded the NWERS scope to other pho-
tonic platforms. A benchmarking study comparing four different photonic
platforms is presented. We also present the optimization of strip and slot
waveguides for an efficient on chip Raman spectroscopy. In the end, an
ALD assisted waveguide design is proposed to narrow slot waveguide widths
that leads to a mass scalable on-chip sensor.

3.2 Analytical Formalism

In this section, we present an analytical formalism for the pump to Stokes
conversion efficiency. We also analyzed the effect of the waveguide loss on
the total collected Stokes power. Similarly, we have compared forward and
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backward scattered Stokes signal.

3.2.1 Signal conversion efficiency

In the last chapter, we analyzed the enhanced spontaneous emission rate of
an emitter sitting in a non-homogeneous media. We now investigate the
total conversion efficiency by calculating the total Stokes power generated
by the emitting molecules sitting on the top of a waveguide. The normalized
decay rate (Eq.2.28) derived in the last chapter also equals to the ratio of
the total power coupled to a waveguide mode to the total power radiated in
a homogeneous medium

Yo o G-D

We assume a dipole is radiating at a frequency ¢/ s in a lossless sur-

rounding medium of refractive index n=4/, at position r,, in a close vicinity

of a waveguide of width w and height h. The strength of a dipole d(r,\s)

excited by a waveguide mode E(r, \p) of total guided power P, can be
written as [14, 20]

€[E(r, Ap)[®
[T e[E(r, Ap)[2dr

where « and n, are the molecular Raman polarizability and group index
of the guided mode, respectively. Let’s assume a cluster of closely packed
emitters with a molecular density p and a scattering cross section ¢ in an
infinitesimal length dL on a waveguide. The cross section of the waveguide
is w x h. The schematic of this configuration is depicted in Fig. 3.1. Using
Eq. 3.1, 3.2 and Raman cross section o = %, the total Stokes power

|d(r, \s)|? = a®’ngP (3.2)

dP(\s) that couples to a waveguide mode can be written as
dP(\s)
Py

where 7 is the Raman conversion efficiency and is given as

= p x o x 7w, h, Ay, As)dz (3.3)

(%, 1 Ay Ao) 2A2// [Blr, Ap) L a4
Wl A [T elE(r, ]2drAeff(r)\) row

Equation 3.4 suggests that the 7 for a given waveguide geometry depends
on the modal profile. In Eq. 3.4, the outer integral runs over the area
of interest. For example, to estimate the signal strength from an analyte
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Figure 3.1: The schematic of a HIC waveguide patterned on SiO/Si stack. n. and

ng are the refractive indices of core and analyte (top cladding) respectively. P,

Pys and Pys represent pump power, back-scattered and forward scattered Stokes
signal, respectively.

lying over a waveguide, the integral runs over the top cladding i.e. n=n4.
Likewise, to estimate the waveguide background strength, the integral runs
over the waveguide core i.e. n=npq. Later, we will calculate n4 and npg
for different waveguide geometries and EM polarization.

3.2.2 Length factor: accounting for the waveguide losses

Due to the isotropic nature of the dipole emission, an equal amount of the
Stokes signal couples to the waveguide in the backward as well as in for-
ward direction. The surface roughness and material absorption induce a
waveguide loss « that results in the decay of the pump as well as the Stokes
signal. Consequently, the total collected power on both waveguide ends is
different. The evolution of the pump signal inside the waveguide is given as
P,(z) = P,(z = 0)e”“»*. At every successive point along the waveguide
propagation, the Stokes signal is generated. For the forward propagation
direction, total Stokes power Py, collected at the output facet is
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Figure 3.2: The length factor (L.F) comparison for a forward (blue) and a
backward (red) propagating Raman signal assuming a fixed waveguide loss of o
=5 dB/cm.
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(3.5)
oy and as are the waveguide losses at pump and Stokes wavelength. For a
small difference between «, and a, the term in the brackets approaches to
L.
Similarly, for the backward propagating Stokes signal, the total Stokes
power Py collected at the input facet is

Pos _ 1 X pxoxna(w,h, Ay, A )/Lo e~ slemarlyy,
P()\p) 2 p T’A 91y Dy /RS 0
LF (3.6)
1 1 — e (aptas)L
=5 X px o xmna(w,h, Ay, Ag) X <o¢p+as)

The length factor (LF) derived in Eq.3.5 and Eq.3.6 is plotted in Fig. 3.2
for a fixed waveguide loss of a=ap,=as = 5 dB/cm. Unlike LFf4rp0rd,
LFpackward Saturates after a certain waveguide length Ls=1/c.. Also, owing
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to the fact that the strongest Raman signal collected soon after the genera-
tion, L.Fpqcrwara 1s approximately 1.3 times stronger than L.Ff44rq. In
the latter case, the Raman signal generated at the beginning of the waveg-
uide has to propagate the whole waveguide length before it is collected.

It is worth mentioning that the formalism presented in this section has
been used in many previous demonstrations [9, 10]. They have shown that
the analytical formula for Stokes to pump conversion efficiency shows re-
markably well correspondence with the experimentally obtained results. In
the next section, we will use the Raman conversion efficiency to optimized
the waveguide design for an efficient NWERS.

3.3 Design optimization of HIC waveguide

The definition of Raman conversion efficiency (Eq. 3.4) suggests that 4
for a given waveguide geometry depends on its modal properties. There-
fore, the waveguide design can be engineered to maximize 77 4. In this sec-
tion, the optimization of strip and slot waveguides is presented.

3.3.1 Strip waveguide

Strip and rib structures are the most widely used photonic waveguides
mainly due to their low propagation losses, fabrication tolerance and ef-
ficient mode coupling. Raman conversion efficiency 74 for a SisNy strip
waveguide is calculated for fundamental TE and TM modes. COMSOL
multphysics mode solver is used to compute the waveguide modes. Both
TE and TM modes of SigN4 waveguide are shown in Fig. 3.3. The waveg-
uide mode is excited at 785 nm pump wavelength. We use ethanol (n,=1.37)
as an analyte at the Raman detuning of the 880 cm™! line. The height of
the waveguide is kept constant i.e. h = 220 nm. As shown in Fig. 3.4, n4
for a TM mode is higher than the TE polarized mode. This is due to the
higher modal overlap with the analyte. Therefore, strip waveguides with
TM polarization mode perform better than TE polarization mode. How-
ever, in case of TM mode the characterization of the waveguide Raman
background can be challenging due to the considerable modal overlap with
the buried oxide (BOX).

Next, we optimize waveguide structures for four different materials
materials. Considering the high transparency in the near infrared wave-
length region and ability to withstand large optical intensities, four pho-
tonic platforms i.e. Alumina (Al,O3), Silicon Nitride (SisNy4), Tantalum
Oxide (TaoO5) and Titania (TiOs) are investigated. Besides the aforemen-
tioned material properties, these photonic platforms also hold the promise
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(b)

Figure 3.3: TE (a) and TM (b) polarized mode profile (normalized electric field
|E|) of an ethanol cladded SisNy strip waveguide. The height and width of the
waveguide is 220 nm and 700 nm respectively.
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Figure 3.4: The Raman conversion efficiency n at 880 cm™* Stokes shift
calculated for SizNy strip waveguide for TE (black) and TM (red) mode.

of integration of more functionalities such as spectral filtering of the pump
beam [21], spectrometers [22, 23], possibly lasers [24, 25] and detectors
[26] that can lead to a complete on-chip Raman spectroscope. The opti-
mization is done for different waveguide heights and widths. The range of
width and height is chosen in such a way that the waveguide supports only
one fundamental TE mode in the wavelength span 785 — 900 nm. Results
are shown in Fig. 3.5. For a fixed height, 7 increases to a maximum value
as the width increases. This corresponds to an optimal confinement in the
cladding. Further increase in the width leads to a reduction of 74. Also, the
signal strength is stronger for high aspect ratio waveguide cross sections as
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expected from TE excitation. This is due to the higher modal overlap with
the analyte. Also, 14 for an optimized geometry improves with increasing
refractive index of the core material. It is estimated that the Raman signal
strength varies by nearly an order of magnitude between the optimal geom-
etry of an Al,O3 waveguide (74 = 0.039) and an optimal TiO, waveguide
(na = 0.375). This is due to an enhanced spontaneous emission of an os-
cillating dipole and more efficient collection when such a dipole is placed
near a high index medium. Also, owing to the stronger optical confine-
ment, the optimal waveguide cross section scales to smaller dimensions for
increasing refractive index e.g. w, x h, of Al;O3 and TiO9 are 525 nm X
1125 nm and 250 nm X 350 nm respectively.
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Figure 3.5: The Raman conversion efficiency n4 at 880 cm™* Stokes shift
calculated for a) Al,O3 (n=1.6), b) SigNy (n=1.89), ¢) TasOs (n=2.11) and
TiOq (n=2.33). The circle with magenta face color represents the dimensions of
the fabricated waveguides.
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3.3.2 Slot waveguides

The gap structures such as the sub-wavelength grating (SWG) [27] and the
narrow slot waveguide [28, 29] offer many folds Raman signal enhance-
ment as compared to the strip or rib waveguide [14, 15]. A slot waveg-
uide geometry offers higher Raman conversion efficiency compared to strip
waveguides when using TE polarization polarization. The TE and TM po-
larized mode of a Si3N,4 at 785 nm wavelength are shown in Fig. 3.6. TE
polarization yields the best result because the electric field in the slot is
enhanced due to the discontinuity of the refractive index at the interface.
This tight confinement of the mode in the slot enhances the light-matter
interaction and allows for efficient collection of the generated stokes light.
For a fixed gap (g = 150 nm) and height (h = 220 nm), 14 is computed for
different waveguide widths. The results are shown in Fig. 3.7. For a TE
polarized mode, the light is confined into the gap hence provides a larger
modal overlap with the analyte. This leads to a higher 4 as compared to a
TM polarized mode.

Next, we have optimized the slot waveguide geometry of silicon ni-
tride (SigNy), tantalum oxide (Ta2Oj5) and titania (TiO3). As depicted in
Fig. 3.8, for a fixed waveguide height (h = 300 nm) and width (w = 500 nm),
14 is computed for different gaps (g). Narrowing the gaps increases the 14
that is attributed to the high field confinement in the waveguide slot [30].
Also, for a fixed gap (g = 40 nm), n4,7i0, = 1.8 X N4 74,05 and 14 1i0,
=2.5 X na,siyN,- Therefore, a HIC waveguide with a higher refractive in-
dex (n.) and a smaller waveguide gap (g) is desirable for the higher Raman
conversion efficiency 1 4.

(b)

Iz 5)

Figure 3.6: TE (a) and TM (b) polarized mode profile (normalized electric field
|E|) of an ethanol cladded SisN4 slot waveguide. The height(h), width(w) and
gap(g) of the waveguide are 220 nm, 700 nm and 150 nm respectively.
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Figure 3.7: The Raman conversion efficiency n4 at 880 cm™! Stokes shift
calculated for SizNy slot waveguide for TE (black) and TM (red) mode.

3.4 Characterization of Raman background and 7,

In this section, we describe the experimental setup that is used to mea-
sure the Raman background and Raman conversion efficiency. The Ra-
man background of the four photonic platforms (AloO3, SizNy, TasO5 and
TiO3) is compared, both in terms of spectral features as well as absolute
strength using the same experimental conditions. Next, the signal collec-
tion efficiency of each photonic platform is characterized using ethanol as
an analyte. Finally, a figure of merit (FOM) for an optimized strip and slot
waveguide cross section of all the waveguide materials is established al-
lowing a comparison of the four different platforms for their use as Raman
sensor. Most part of the text and the figures used in this section are adapted
from [31].

3.4.1 Methods
34.1.1 Measurement Setup

The Raman measurements are performed using a confocal Raman micro-
scope (WITEC Alpha300R+). The schematic of the optical setup is shown
in Fig. 3.9. The photonic chip is positioned vertically under the high NA
objective (0.63 NA, 40 x) i.e., light is coupled in and the Raman signal is
collected out of the chip from the same cleaved facet. A Toptica XTRA
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Figure 3.8: The Raman conversion efficiency n4 at 880 cm™! Stokes shift
calculated for SizNy, TasO5 and TiOq slot waveguides. 14 is computed for a
fixed waveguide height (h = 300 nm) and width (w = 500 nm).

II diode laser pumping at 785 nm wavelength is used and the polarization
is set to excite the TE mode of the waveguide. A laser power of 10 mW
is measured before the objective. The scattered signal collected in back
reflection is imaged on a 100 pm multimode fiber. This fiber functions
as confocal pinhole and entrance slit for guiding the Stokes scattered light
into the spectrometer, which uses a 600 lines/mm grating to disperse the
light onto a —70 °C cooled CCD camera (ANDOR iDus 401 BR—DD).
The objective and chip were aligned with a 100 nm precision based on the
maximum intensity of the waveguide’s Raman spectrum. Simultaneously,
maximum light scattering along the waveguide was observed from a cam-
era imaging the top-surface of the chip. All spectra were acquired with a
0.25 sec integration time. At least five waveguides per chip were measured.

3.4.1.2 Fabrication details of Al,Og3, SigNy, TasO5 and TiO5 waveg-
uides

Si3Ny strip waveguides used for our experiments are fabricated on a 200 mm
silicon wafer containing a stack of 2.3 £ 0.1um thick high-density plasma
enhanced chemical vapor deposition (PECVD) silicon dioxide SiO2 and
220 nm thick PECVD SigNy [32]. The structures were patterned with
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Figure 3.9: The schematic of an optical setup used for Raman measurements. The
left inset shows the light scattering of a waveguide imaged by the side camera.
SMF = single mode fiber and MMF = mult-imode fiber.

193 nm optical lithography and subsequently etched by fluorine based in-
ductive coupled plasma-reactive ion-etch process to attain the final struc-
ture.

Alumina waveguides are patterned at University of Twente, The Nether-
lands (Group of Dr. Sonia Blanco). For alumina waveguides, a 450 nm
thick AlOj3 layer was deposited on a thermally oxidized 100-mm Si wafer
using an AJA ATC 1500 sputtering system. The UV exposed resist coated
samples are inductively coupled plasma (ICP) etched using Oxford Plasma
lab 100 (5:2, BCl3: HBr).

TiO- waveguides are fabricated at University of Cornell, USA (Group
of Prof. Jin Suntivich). A 180 nm thick TiO» film was deposited on a ther-
mal oxidized silicon wafer by reactive sputtering. Next, a bilayer stack of
anti-reflective coating and UV —210 photoresist were applied on the wafer.
Then, the patterns are defined by a deep-ultraviolet stepper (A =248 nm)
and transferred under C4Fg plasma etching with He cooling.

Similarly, TaoO5 waveguides are fabricated at University of Southamp-
ton, UK (Group of Prof. James Wilkinson). A 220 nm thick film of TasOs5
was deposited onto oxidized silicon wafers using an OIPT Plasmalab 400
RF magnetron sputtering system [33] and annealed in oxygen for 2 hours
at 600C. Electron beam lithography (Jeol JBX 9300) followed by argon ion
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milling (OIPT Plasmafab 300 Plus) was used to produce strip waveguides
of the width ranging from 500 nm to 700 nm.

The geometry and optical properties of the fabricated waveguides are
summarized in Table. 3.1. The waveguide length (L) of Si3N4 and TasO5
is 1 cm each. While the waveguide lengths of AloO3 and TiOs5 are 0.9 cm
and 0.6 cm respectively.

refractive | waveguide loss,
material index geometry O, NA NBG
(n.) (wxh) nm? | (dB/cm)
Al,O3 1.60 900 x 450 | 1.9-2.6 | 0.013 | 0.27
SigNy 1.89 700 x 220 | 2.0-3.1 | 0.053 | 0.49
TasOs5 2.11 500 x 220 | 4.8—54 | 0.13 0.61
TiOq 2.33 380 x 180 | 7.0-8.0 | 0.18 0.79

Table 3.1: The optical properties of the photonic platforms. The 14 (analyte
Raman signal conversion efficiency) and npa (waveguide Raman background
conversion efficiency) are computed for 785 nm pump and 843 nm Stokes
wavelength.

3.4.2 Characterization of Raman background

Each chip is measured without ethanol to obtain insight in its intrinsic back-
ground scattering. All four waveguides have different lengths so that a
fair comparison requires to normalize those spectra by their optimal length
LF(Ls) and by the coupling efficiency. The coupling efficiencies mea-
sured using high NA objective (0.63 NA, 40 x) to AlsOgs, SigNy, TasOs5
and TiO, waveguides are ~ 2.9, 3.7, 8.3 and 7.9 dB/facet. The optimized
length factor LF'(L;) attributed to each waveguide is depicted in Fig. 3.10.
The measured normalized Stokes spectra are shown in Fig. 3.11. The
shaded areas represent the standard deviation of 5 different spectra for each
waveguide material. This standard deviation is attributed to different cou-
pling efficiencies and waveguide losses of the waveguides on the same chip.
The TiOy scattering spectrum is scaled down by 1/8 to plot all spectra in
one window. From these measurements, it can be seen that the TiO5 has
by far the strongest background scattering. To validate this strong Raman
background of TiOs waveguides, Raman spectra of two differently pro-
cessed TiO9 are measured and compared. The Raman background of two
differently processed TiOq chips remarkably align well with each other.
These results are shown in Appendix A. PECVD SizN, and TasO5 exhibit
comparable Raman background, that is approximately 8 times weaker than
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Figure 3.10: The optimized length LF (L) for each waveguide structure.

TiOs. Also, PECVD SizNy, TasO5 and TiO9 shows relatively high Raman
background in the 0—700 cm~! range and then much lower background at
high Raman shifts. In the TapOs Raman background, a major characteris-
tic Raman band at 660 cm™~! corresponds to the Ta—O stretching vibrations
of TaOg octahedra [34]. Al;O3 shows the weakest Raman background that
mostly stays flat along the span of 50 — 1800 cm~! Raman shift. This
characterization also shows that the background strength increases with the
refractive index.

In order to discern the fluorescent contribution, each waveguide back-
ground is also measured at 633 nm pump wavelength. Due to different
modal properties of the waveguide at 633 and 785 nm wavelength, each
spectrum is normalized by its maximum counts. The results are shown in
Fig. 3.12. Al O3 exhibits slightly different background at higher wavenum-
bers (>1000 cm~1) [35]. No significant change is observed in the spectral
features of the Raman background of the other three materials. This con-
firms no or minimal contribution of auto-florescence to the recorded Raman
background.

3.4.3 Characterization of 74

To characterize the Raman conversion efficiency, the AlyO3, SigNy, TasO5
and TiO; chips are immersed into a beaker containing ethanol. Each chip
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Figure 3.11: The Raman background measured from Al;Os, SisNy, TasO5 and
TiOs waveguides. All spectra are scaled to its respective optimized length LF
(Lg). In the TayO5 Raman background, a major characteristic Raman band at

660 cm™" corresponds to the Ta—O stretching vibrations of TaOg octahedra [34].

is immersed in such a way that few micrometers length of the waveguide
is in the air. Each spectrum is recorded after optimizing the strength of the
880 cm~! Raman mode of ethanol. The spectra are shown in Fig. 3.13.a.
Each spectrum is normalized by the coupling efficiency and rescaled to
its optimal length factor LF(Lg). On top of the strong broad band Ra-
man background of the guiding material, the Raman modes of ethanol are
clearly present. The dotted lines represent the 880, 1054, 1098, 1275
and 1456 cm~! Raman vibrations of ethanol. To characterize the rela-
tive signal strength, the signal (C;4) and the background (Cpg) counts
at 880 cm~! are extracted as shown in Fig. 3.13.b (inset). As depicted in
Fig. 3.13.b, for the 880 cm~! Raman shift, Csig,sin | Csig a0 = 3.63 £
0.45, Csig,TaO/Csig,AlO ~ 4.84 4+ 0.81 and Csig,TiO/Csig,AlO ~ 6.01 &+
1.6. This is in good correspondence to what was predicted in Table. 3.1.
For example, if sznm XLF(LS)x then CSiN/CAlO=3-44’ CTaO/CAlO=4-15
and (7;0/C410=5.6. It is worth mentioning that the higher index contrast of
TiO boosts the Raman signal strength i.e. n7;0 = 14 X n4;0. However,
the higher waveguide losses, i.e. ar;o = 7—8 dB/cm, negate this overall
enhancement.

3.4.4 Figure of merit for an optimized strip waveguide

Knowing the Raman background scattering and the capability of each pho-
tonic platform to collect a Raman signal from an analyte for a given waveg-
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Figure 3.12: Raman spectra of air cladded a) Al503, b) SizNy, ¢) TasO5 and
TiOy waveguides measured using 633 nm (blue) and 785 nm(red) pump
wavelength.

uide geometry, we can now establish a figure of merit for an optimized
waveguide cross section of each material. Thus far, we have used the mea-
sured waveguide losses ., in our comparison. However, because techno-
logical progress are likely to change those loss values, we are now consid-
ering the case of identical waveguide loss across the four types of waveg-
uides: we set & = 1 dB/cm. The figure of merit (FOM) for an optimized

waveguide geometry is defined as the ratio of analyte signal strength (ng)
to Raman background shot noise ( CBQG) where
LF (L))o=
Csoig — Csig % 77014 % ( ( 3))0&—1dB/Cm (37)

nA (LF(Ls))a=am
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Figure 3.13: a) The Raman spectra measured from an ethanol clad waveguides of
Al;Og, SigNy, TasO5 and TiOs. The dotted lines represent the 880, 1054, 1098,
1275 and 1456 cm™" Raman modes of ethanol. b) The signal strength Cs;, and
background noise \/Cg measured for 880 cm™' Raman mode of ethanol. The
inset shows the Cy;q and Cpg.

and

LF LS a= cm
ng — Cpa X NoBaG (LF(Ls))a=14B/

3.8
e (LF(Ls))amon G5

The FOM for each waveguide is presented in Table. 3.2. TiO exhibits
a large C’gg but the FOM is poor due to a large CgG. Similarly for AlyOs3,
the FOM suffers due to the low ng. On the other hand, due to the low Ra-
man background and high Raman conversion efficiency, SisN4 and TaoOs5
have a more or less equal FOM, which is 2.7 and 3.9 times higher as com-

pared to AlyO3 and TiO» respectively.
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material Al,O3 SigNy TasO5 TiO,
wWo X ho 525 x

(am?) 1125 425 x 575 | 275 x 500 | 250 x 350
noa(optimal 0.039 0.172 0.266 0.375
cs, ~ 0.7 x ~ 3.2 x ~ 4.9 x ~ 7.7 x
(counts) 10* 10* 10* 104
(o2 ~ 0.8 x ~ 1.1 x ~ 2.5 % ~ 1.4 x
(counts) 104 10* 104 10°
[0iY
FOM=—-24 ~ 79 ~ 305 ~ 310 ~ 116
VCiq

Table 3.2: The estimated signal strength C'©

sig and Raman background C BG for
an optimized waveguide cross section w, X h,. The optimal analyte Raman

conversion efficiency (noa) is extracted from Fig. 3.5.

material SigNy TagOs5 TiO9
noa(optimal) 0.59 1.1 1.5
ng (counts) ~ 11 015 x ~ 21852 x ~ 3011 X
ng (counts) ~ ()1(4)121 X ~ 01549 X = iloill X
FOM:% ~ 1658 ~ 2141 ~ 1477

Table 3.3: The estimated signal strength ng and Raman background C’BG for
an optimized slot waveguide. The gap (g) and height (h) of all the waveguides is
kept constant i.e. g = 40 nm and h = 300 nm. The optimal analyte Raman

conversion efficiency (no a) is extracted from Fig. 3.8.

3.4.5 Figure of merit for an optimized slot waveguide

The Raman conversion efficiency for an optimized slot waveguide of three
different refractive index is estimated in section 3.3.2. In this section, the
FOM defined in the last section is computed for an optimized slot waveg-
uide. FOM of a SigNy4, TagsO5 and TiO» slot waveguides is presented in
Table. 3.3. FOM for a 40 nm Si3sNy4, TasO5 and TiO4 slot waveguides
(g=40 nm, h=300 nm and w=500 nm) is approximately 5.4, 6.9 and 12.7
times larger than their respective strip waveguides. It is worth mentioning
that the geometry for the slot waveguide can be improved further by opti-
mization waveguide width and height that eventually provides even larger
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FOM. Also, due to the higher field interaction with the side wall roughness,
slot waveguides are more prone to the high waveguide losses. Therefore,
the exact waveguide losses need to be incorporated in the FOM.

(b)
sF T a0
nL:2.4
2t nL=2.0
S( nL=1.65
1t
0

20 30 40 50 60 70
Layer thicknesst (nm)

Figure 3.14: a) The schematic of an ALD coated SizNy slot waveguide. t and ny,
are the thickness and the refractive index of ALD layer. b) The Raman conversion
efficiency na at 880 cm™" Stokes shift calculated for an ALD coated SizNy slot
waveguides. 1 4 is computed for a fixed waveguide height (h = 300 nm) and width
(w = 700 nm).

3.5 ALD assisted narrow slot waveguides

In the last section, it was shown that the slot waveguide with a higher in-
dex and narrow slot width is always desirable for an efficient Raman spec-
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troscopy. However, achieving a narrow slot demands high resolution pho-
tolithography techniques. Unfortunately, conventional optical lithography
techniques i.e. DUV 193 nm optical lithography, hardly reaches to a feature
size smaller than 100 nm due to the diffraction. Another way to achieve the
smaller gap is using ebeam or focused ion beam lithography where struc-
ture size down to sub 10 nm [36, 37] can be achieved due to ultra-short
wavelengths of electron/ion beams in the order of a few nanometers. How-
ever, the latter techniques offers low throughput [38, 39] due to dot-by-dot
fashion exposure.

Another way to reduce the waveguide slot width is by filling a rela-
tively broader slot using a conformal atomic layer deposition (ALD) coat-
ings [40-42]. In [43, 44], a sub-5 nm gaps are realized using an ALD
process. ALD is based on the successive, surface-controlled reactions from
the gas phase [45]. As the reactions occur only at the surface, the process is
self-limiting and the growth rate is well controlled. Also, the grown films
are extremely conformal over the surface irrespective of topography. With
a careful engineering, the angstrom-scale precision of the ALD process can
be translated into an ultra small gaps. Moreover, this technique also leads
to a high-throughput fabrication on a wafer scale level.

In this section, the signal conversion efficiency of ALD coated SizN4
waveguide is analyzed. The free space excited and collected Raman back-
ground of four possible ALD materials i.e. AloOs, HfO2, TiO2 and VO-
is also compared.

3.5.1 Estimation of 74 of an ALD coated Si;N, slot waveguide

To study the performance of an ALD coated slot waveguide, 14 is com-
puted for four different refractive indices of possible materials that can be
deposited via this method i.e. AloO3, HfO2, TiO2 and VOs3. The schematic
of the waveguide geometry is depicted in Fig. 3.14. a. A reference SigNy
waveguide geometry is assumed i.e. w=700 nm, h=220 nm and g=150 nm
(minimum feature size possible with 193-DUV lithography at imec). The
ALD thickness (t) is swept over a range of 20 to 70 nm. The final gap after
the ALD layer deposition is given by g-2xt. As shown in Fig. 3.14, for an
ALD layer of a refractive index n7, < ngi,n,, n4 decreases with ALD layer
thickness t. On the other hand, for an ALD layer of a refractive index ny, >
nsi;Ny. 74 increases with ALD layer thickness t. For a fixed gap of g-2xt,
a higher refractive index layer leads to a high 14. For example, for SigNy4
slot waveguide coated with 70 nm ALD layer thickness, n4 for ny = 3 is
4.5 and 7.75 times higher than the n;, =2.4 and ny, = 2.0, respectively. This
is attributed to a higher modal overlap with analyte that resides in a smaller
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gap of g-2xt.
Growth Refractive
. Growth .
material Precursor| Reactant rate T C) index
(nm/Cyc) (NIR)
Al,O3 TMA H>O 0.1 200 1.6-1.65
HfO, | TEMAHF| H>0 0.07-0.08 250 1.95-2.0
TiOo TDMAT H,O 0.05-0.08 120 2.1-24
VOq TEMAV H>O 0.035 150 2.5-2.7

Table 3.4: The process parameters of different ALD materials. All these materials
are grown at COCOON group, Ghent University.

3.5.2 Free space excited and collected Raman background of
ALD AlgOg, HfOQ, T102 and V02

Ideally, ALD coated slot waveguide should enhance the Raman conver-
sion efficiency 14 without introducing any extra background signal. There-
fore, due to a considerable modal confinement in the ALD layer, it is worth
comparing the Raman background of the ALD layers with PECVD SizNy.
Based on the transparency and refractive indices in near infrared (NIR),
four different ALD materials i.e. AlyO3, HfO5, TiOy and VOo, are de-
posited on a commercial calcium fluoride CaFo Raman substrates (pur-
chased from Crystran Ltd., UK). ALD process parameters along with re-
fractive indices are mentioned in Table. 3.4. The free space excited Raman
background is measured using the same setup as shown in Fig. 3.9. The
Raman background (with CaFy Raman contribution and dark counts sub-
tracted) of four ALD material is shown in Fig. 3.15. For a fair comparison,
the background of each material is scaled to 220 nm thickness (Si3N4 thick-
ness). TiO2 and VO2 Raman spectra are scaled down by 1/10 to plot all
spectra in one window. TiOg and VO3 exhibit huge Raman background
as compared to AlsO3, SisN4 and HfO5. The Raman background of HfO,
is comparable with PECVD Si3Ny. Three strongest Raman peaks appear
in HfO, Raman background at 378, 504 and 640 cm™'. This corresponds
well to the previous studies that shows the Raman peaks appearing due to
the crystallization occurring during ALD of the thinner HfO» films at rela-
tively low temperatures HfO5 [46]. AloOg exhibits the lowest background
that stays flat after 500 cm~!. Considering relatively higher refractive in-
dex and low Raman background, HfOs can be a possible ALD material that
can be used to narrow down the waveguide slot.
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Figure 3.15: The free space excited Raman background measured from ALD
Al; O3, HfO9, TiO5 and VOq layers. All spectra are dark and CaFo background
subtracted and scaled to 220 nm (SizNy thickness). TiOo and VOy Raman
backgrounds are divided by 10.

3.6 Comparison with other Raman sensors

In this section, we compare the performance of NWERS sensors with other
existing Raman sensors e.g. fiber-based Raman sensors and Raman micro-
scopes.

The potential of using a waveguide to enhance Raman signal was rec-
ognized as early as the late nineties and was reported in various forms,
such as hollow core fiber (HCF) for gases [47] or liquid core waveguides
for transparent liquids [47]. Due to the large confinement into the analyte,
excitation of the Raman analyte can be enhanced, however, the collection
efficiency suffers due to the large effective modal area. In the case of a hol-
low core fiber, the effective index of a mode and optical losses are mainly
set by the analyte. To estimate the Raman conversion efficiency, a simple
cylindrical hollow core fiber (CHCF) geometry proposed in [48] is consid-
ered. The internal and external radii of the fiber are set i.e ri=1 pm ro=
1.2 pm. The modal profile of liquid (ethanol) filled cylindrical hollow core
fiber at 785 nm wavelength is depicted in Fig. 3.16. The waveguide mode
is excited at 785 nm pump wavelength. Assuming the fundamental mode,
the Raman conversion efficiency (n4) calculated using Eq 3.4 is 0.46. In
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Figure 3.16: The electric field strength |E| of a cylindrical hollow core fiber at
800 nm wavelength. r1 and ro are 1 and 1.2 pym respectively. Similarly, ny = 1.44

(silica) and ny =1.37 (ethanol). Raman conversion efficiency (na) for this hollow
core fiber is 0.46.

simulations, we assume ethanol (n,=1.37) as an analyte at the Raman de-
tuning of the 880 cm~! line. The Raman conversion efficiency of CHCF
is comparable to a TE excited single mode SizN4 slot waveguide (shown
in Fig. 3.7). The major benefit of the CHCF comes from the following
two properties: low Raman background due to the negligible overlap with
the silica (<5%) and low propagation (<100 dB/Km loss [49]). Due to
the ultra low propagation loss, HCF can boost the signal by a factor 10,
Therefore, high sensitivity can be achieved using liquid filled hollow core
fibers. However, as mentioned before, due to the large field confinement in
the analyte, the absorption of the analyte will greatly influence the interac-
tion length. Also, unlike a HIC waveguide, the large bending radius of HCF
inhibits miniaturization. Moreover, filling a HCF with an analyte is difficult
and time consuming. A standard filling process involves the inherit capil-
lary effect that depends on the viscosity and the surface tension. To speed
up the process, pressure syringes are also used [50], however filling a long
HCEF still takes a few minutes to an hour.

Next, we compare the performance of NWERS sensors with a diffrac-
tion limited Raman microscope (DLRM). The ratio (¢) of total collected
Raman power in a SigN4 waveguide to that of DLRM for a bulk analyte is
shown in Fig. 3.17. Depending on the waveguide structure, ¢ can be 100 to
3000. The huge enhancement is attributed to the confined modal field and
long interaction length of a NWERS sensor. The major advantage in the
case of DLRM comes from a negligible Raman background that eventually
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Figure 3.17: Theoretical values for the enhancement factor ¢ compared to the
diffraction limited confocal microscope as a function of waveguide width for I cm
strip and slot silicon nitride waveguides. The height of the waveguide is fixed i.e.

220 nm. The figure is taken from [52].

enhances the signal to noise ratio.

A qualitative comparison of a NWERS sensor vs CHCF and a diffrac-
tion limited Raman microscope is presented in Table. 3.5. In term of Ra-
man signal strength, NWERS sensor and cylindrical HCF, clearly wins over
a DLRM. On the other hand, there is no Raman background generated in
the case of DLRM that leads to high signal to ratio. Due to the small bend
radius of high index contrast photonic waveguide, NWERS sensors can be
miniaturized using the waveguide spirals. Similarly, NWERS sensors also
hold the promise of integration of more photonic functionalities such as
spectral filtering of the pump beam [21], spectrometers [22, 23], possibly
lasers [24, 25] and detectors [26] that can lead to a complete on-chip Raman
spectroscope. An analyte can be applied to a NWERS sensors simply using
a drop-casting. On the other hand, in the case of CHCEF, pressure syringes
are needed to fill a fiber. Also, considering the active multi-project wafer
(MPW) runs and total volume, the cost of the NWERS sensor can be just a
few euros/mm? to few hundred euros/mm? [51].
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Cylindrical
Raman
sensor NWERS . hollow
microscope
core fiber
signal strength okok S otk
low Raman N s o
background
miniaturization Hokok * Hok
cost efficient Hokok * Hokok
ease of use Hokok Hokok ¥
Iphotom'cs s . o
integration

Table 3.5: The qualitative comparison of a NWERS sensor vs diffraction limited
Raman microscope and cylindrical hollow core fiber. *** = best, **=moderate,
*=worse.

3.7 Conclusion

To conclude, we present the waveguide enhanced Raman spectroscopy where
the dielectric waveguide itself acts as a Raman sensor. The analytical for-
malism to quantify the Stokes to pump conversion efficiency of a waveg-
uide is presented. Next, we compare the performance of four different pho-
tonic integration platforms (Al O3, SizNy, TagOs5 and Ti0O2) as an on-chip
Raman spectroscopy platform. The performance is compared in terms of
Stokes to pump conversion efficiency and the Raman background of the
waveguide material. A first comparison is made accounting for the cur-
rent technological fabrication capability and resulting propagation loss. A
more general comparison is made that factors out the loss therefore looking
forward at technological improvements. From this we can draw a num-
ber of conclusions. Due to the higher index contrast, TiO waveguides
exhibit the highest Raman conversion efficiency. However, the signal-to-
background ratio is relatively poor due to the high Raman background. On
the other hand, AloO3 waveguides exhibit weak Raman background, but
the signal collection efficiency suffers due to the low index contrast. SigNy4
and Tao O3 strip waveguides seem to be nearly equally good platforms for
Raman spectroscopy as their Raman background is rather low but their ca-
pability to collect the Raman signal from the analyte is strong. In practice,
the loss in SizN4 waveguides being lower than in TasO5 waveguides, it
is presently more advantageous to use SigN4. With the progress in mak-
ing low loss waveguides, any of the investigated photonic platform could
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become the best one as long as the waveguide loss is primarily due to the
waveguide itself. In case the loss is dominated by the analyte, the figure of
merit given in Table. 3.2 gives a definite answer on what technology is ideal.
We also proposed NWERS using ALD coated SizNy slot waveguides. The
simulation results for the Stokes to pump conversion efficiency of 70 nm
thick ALD layer coated SizN,4 slot waveguide shows a 7.5 times improve-
ment over an uncoataed waveguide. In the end, we briefly compared Ra-
man background of four possible ALD coatings i.e. AlsO3, HfO4, TiO-
and VOs, that can be used to coat SigNy4 for an efficient NWERS. The
Raman background of ALD VO, is comparable to TiOs that is about 8
times stronger than PECVD Si3N,. On the other hand, ALD HfO5 exhibits
moderate Raman background that is comparable with PECVD Si3Ny.

As mentioned before, in NWERS a dielectric waveguide acts as a Ra-
man sensor where the major improvement comes from two phenomena: an
enhanced spontaneous emission due to high index contrast waveguide and
few centimeters long light-analyte interaction length. NWERS has shown
considerable potential in many sensing applications comprising analytes in
different phases i.e. in bulk and gases. However, for ultra small analytes
i.e. monolayers, further signal enhancement is needed. In the subsequent
chapters, we present another modality i.e. plasmonics, where Raman sig-
nal can be further enhanced by many folds, thanks to the high electric field
enhancement offered by plasmonic structures.
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Plasmon Physics

4.1 Introduction

In the previous chapter, we discussed Raman spectroscopy using the dielec-
tric waveguides. Inspite of the added value of NWERS to the integrated
platform, applications requiring ultra high sensitivity are pushing for fur-
ther signal enhancement. Also, the typical power of on-chip integrated
lasers (in few milliwatts) constitutes another motivation to enhance the Ra-
man conversion efficiency. The extreme optical properties of plasmonic
nano-structures enables a variety of optical functionalities (sensing [1],
modulation [2], non-linear processing) at low power and in sub-micron
foot-prints. Due to the highly localized field near a plasmonic structure,
the weak Raman scattering can be enhanced by many folds. This phe-
nomenon is called surface enhanced Raman scattering (SERS). SERS is
the most profound application of plasmonics known to date.

In this chapter, the physics of the surface plasmon polariton (SPP) and
localized surface plasmon (LSP) is presented. The field enhancement re-
lated to LSP and its role in boosting the surface enhanced Raman signal is
also briefly discussed. The formalism used in the subsequent sections con-
sist of the Maxwell’s equations followed by the application of boundary
conditions. Finally, using the Drude’s model to estimate permittivity, the
dispersion relation are derived.
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4.2 Plasmon Physics

Plasmons are the quantized oscillations of the electron density in a metal.
At the surface of metal, a plasmon can couple with a photon to create an-
other quasiparticle called a surface plasmon polariton. As we will see in the
following sections, there are three classes of the surface plasmon polaritons
i.e. propagating surface plasmon polaritons, bulk plasmon and localized
surface plasmons. Depending on the wavelength of operation, a metal-
dielectric system can exhibit either a bulk or a surface plasmon polariton.

4.2.1 Surface Plasmons

Let’s assume a metal-dielectric interface as shown in Fig. 4.1. €p and €jy
are the dielectric constants for the dielectric and metal. The plasmon mode
is propagating along the interface i.e. K, is along the x direction. The
dispersion relation for a TM polarized light i.e. (E;, 0, E.) and (0,H,,0) is

given by
w EDEM
K =—y/— 4.1
Sp(w) c\ ep+epm .1

According to the generalized Drude theory, the permitivity of a metal can
be written as [3]
p

eM(w) = €int — (4.2)

w? + wr

where 7 is the total decay rate and ¢;,; is the contribution due to the
inter-band transitions. wy, is the plasma frequency that depends on the elec-
tron charge e, effective mass m, and density ne:

Nee>

— 4.3)

€oMMe

2
“p

In the subsequent section, we will derive the conditions necessary for a
material to exhibit the plasmonic properties. Lets assume a perfectly free
electron gas i.e. €;,,; = 1 and 7 = 0. The dispersion relation is now given as

(4.4)

Solution to Eq.4.4 is plotted in Fig. 4.2. K, is splitted into two solu-
tions i.e. solution 1 in the range 0 < w < 0.707w), and solution II in the
range of w > w;,. The frequency at 0.707w, is the classical surface plas-
mon frequency for a metal-air system. Solution I corresponds to the surface
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Figure 4.1: The schematic of the field of a surface plasmon polariton (SPP). ep
and ep represent the permittivity of a dielectric and a metal respectively.

plasmon (SP) mode while the solution II relates to the bulk plasmon (BP)
mode. No solution exists for the frequencies 0.707w, < w < wj,. This cor-
responds to the region where the permitivity of the metal is just below O i.e.
-1 < ey <0. Atw = 0.707w,, the K, saturates i.e. 8‘?(—“; << c. At this
frequency

R(ersr) = —€p 4.5

This is called non-retarded SP regime. On the other hand, retarted SP
regime corresponds to the w << 0.707w,. At this frequency the K, con-
verges to free space K i.e. 8?(—“’” = c. On the other hand for bulk plasmon
solutions when K, approaches K g p, metal behaves as a normal dielectric
medium with e > 0.

The SPP field decay length is determined by

c [ept+e€
Li=— 2™ (4.6)
w Ei

Usually, the dielectric constant of a metal is much larger than the di-
electric i,e, €57 > €p, therefore the L, is shorter as compared to the Lp.
For example for a silver-air interface, at 600 nm wavelength, L;,er = 24
nm and L = 390 nm. Likewise, for a a gold-air interface, at Lyqq = 31
nm and L, = 280 nm. This leads to highly concentrated field next to the
metal-dielectric interface [4].

As shown in Fig. 4.2, the light line always stays above the Kgpp. This
means that light hitting to a metal-dielectric interface in an arbitrary di-
rection will not couple to the surface plasmon. A special configuration
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Figure 4.2: The dispersion graph of plasmon modes in a metal-air interface. The
dotted line represents the light line. For w < 0.707 w,,, modes are surface
plasmon modes and for w > wy, modes are bulk plasmon modes.

is needed to couple the light via a prism coupler [5] or periodic corruga-
tion [6]. In the so called Kretschmann configuration, a prism with a di-
electric permittivity is used to excite the surface plasmon. As shown in
Fig. 4.3, a thin metal layer is used along the one facet of the prism. The
metal-dielectric facet is illuminated at an angle greater than the total inter-
national reflection angle. The coupling to SPP occurs when the in plane
component of the wave vector matches with the K, i.e.

L Jepsin(fsp) = Ky @.7)
C

At Ogp, a sharp minimum is observed in the reflection measurement. dgp
is highly sensitive to the variations in the refractive index of the surface
allowing the monitoring of ultra-thin films grown very close to the metal
interface. Therefore, a slight change in the surrounding e.g. a layer on
the gold surface or refractive index of dielectric etc. can be probed using
the reflection measurements. This phenomenon is called SPR sensing [7,
8]. Sensor development and studies about kinetics of interaction between
bio molecules [9, 10] are the most investigated applications in this field.



PLASMON PHYSICS 4-5

SPP

Figure 4.3: Kretschmann configuration to excite SPPs by wavevector matching
using photon tunnelling in a total internal reflection geometry.

Surface plasmon modes can also be excited using the optical fibers and
channel waveguides. To get an overview of optical fiber and waveguide
based SPR sensing, readers are suggested to read [11, 12].

4.2.2 Localized Surface Plasmon Resonances

In the last section, we have seen that SPPs are the propagating electromag-
netic waves coupled to the electron plasma at the metal-dielectric interface.
Localized surface plasmon modes on the other hand are non-propagating
modes that arise when a sub-wavelength conductive nanoparticle interact
with oscillating electromagnetic field. Due to the non uniform surface of
the particle i.e. spherical, a restoring force is applied on the electrons that
leads to a resonance called localized surface plasmon resonance (LSPR).
A striking consequence of this is the bright colors exhibited by particles
both in transmitted and reflected light, due to resonantly enhanced absorp-
tion and scattering cross sections. As we will see later, for gold and silver
particles, LSPR lies in the the visible wavelength. This effect has found ap-
plications for many hundreds of years, for example in the staining of glass
for windows or ornamental cups for decoration.

For an analytical treatment, let us assume the simplest geometry of the
conducting nanoparticle i.e a nano-sphere of the size d << A. Further
assume that the nanoparticle is immersed in a dispersionless and lossless
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Figure 4.4: The schematic of a metallic nanoparticle placed into an electrostatic
field. The surrounding environment is a dielectric medium of permittivity €p.

medium of the permittivity ep. The schematic of this problem is shown in
Fig. 4.4. In this scenario, one can assume a constant phase of EM waves
across the nanoparticle. Therefore, a quasi-static approximation can be ap-
plied to extract the spatial field distribution. When V x E = 0, then the
electric field can be extracted from the gradient of electric potential Vg

E=-VVg 4.8)
Now using Gauss’s law,
V.E=V.(-VVg)=V?Vg =0 (4.9)
Since the problem holds an azimuthal symmetry, the general solution of
Eq. 4.9 will be [13]
oo

Ve(r,0) = [Axr™ + Bpr™("TD]P, (cosb) (4.10)
n=0
where P,,cosf are the Legendre Polynomials (orthogonal system) of order
n, and 6 is the angle between the position vector r at point x (rsinf,rcosf)
and the z-axis. For the condition that Vg(r,f) must remain finite at the
origin, Eq. 4.10 can be split into two solutions: inside the sphere

VEin(r,0) = Z Apr" Py (cos®)  for r<d 4.11)
n=0
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and outside the sphere

oo

VEout(r,0) = Z[Bnr” + Cnr*(”ﬂ)]Pn(cos@) for r>d (4.12)
n=0

The coefficients A,,, B,, and C,, can be determined by applying the bound-
ary conditions atr — co andr=d. Atr — oo, B; = E, and B,, = 0 for n#1.
Now at r = d, the tangential components of the electric field demands

l 8VEzn _ 1 a‘/Eout
d 00 d 00
And the continuity of the normal components of the displacement field

(4.13)

aVEm . aVEout
eOeMT = €,€D o 4.14)

By putting Eq. 4.11 and Eq. 4.12 in Eq. 4.13 and Eq. 4.14, remaining
coefficients can be computed i.e. A,, = C,, =0 for n # 1. For n=1 (dipole
mode), The Vg is now given as [13, 14]

3
VEin(r,0) = —LEO’I"(COSO) 4.15)
er + 2¢ep
_ €M — €D 3cost)
VEout(Ta 0) = EOT(COSQ) + err + 260 E,d 2 (4.16)

In the derivation of the above equations the differential properties of Leg-
endre function mentioned in [15] are used. By applying Eq. 4.8, 4.15 and
4.16, it can be seen that both the internal E;,, and external dipolar fields
E .t shows a resonance effect for the following condition

R(enr) = —2€p 4.17)

This field enhancement at the plasmon resonance allows many applications
i.e. sensing [1] and modulation [2]. This resonance mode at wy,gp is called
dipole localized surface plasmon mode of a nanoparticle. For a metal whose
permittivity follows the Drude model, this condition is satisfied at the fre-
quency wrsp. Eq. 4.5 suggests that the resonance strongly depends on the
dielectric perimittivity. The resonance red shifts as

1
1+ 2¢ep

Eq. 4.5 suggests that wy gp strongly depends on the dielectric perimit-
tivity. wrgp red shifts as ep is increased, thus making these sub-wavelength

WLSp = wp (4.18)
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Figure 4.5: The resonance wavelength range of different plasmonic structures.
Taken from [1].

plasmonic antennas an excellent platform for refractive index sensing [16,
17]. Also, wrsp depends on the size of the nanoparticle. In [11], it is shown
that the extinction cross section (Cseq) scales with the volume of sphere.
Therefore, the nanoparticle size can be engineered to have the resonance in
the wavelength range of our interest [18]. This phenomenon finds applica-
tions in surface enhanced Raman spectroscopy. The resonance wavelengths
of different plasmonic structures are depicted in Fig. 4.5. It is worth men-
tioning that for the large particle size, the quasi-static approximation does
not hold anymore. Mie scattering can be used for bigger spherical nanopar-
ticles [19]. Similarly, Gans theory can be used to any general shape of the
particle i.e. spheroidal particles [7].

4.2.3 Electromagnetic field enhancement

In the last section it is shown that the dipole mode of a spherical nanopar-
ticle can be excited efficiently at wygp. In order to estimate the field
enhancement offered by a metallic particle the analysis presented in [14]
is briefly discussed. Only an isolated gold particle is considered. That
means only the dipole mode can be coupled to the external EM radiation.
Other high order modes cannot be excited due to their vanishing dipole
moments [14].

The total field enhancement | E,| offered by a dipole mode normalized
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Figure 4.6: Quality factor of air-metal nanoparticles. The shaded area represents
the area of interest for the sensing applications. Taken from [20].

to a electric field | E¢| of a tightly confined Gaussian light beam is given by

3
po B
|Eq| \d+x

3
_ V2 < Xd ) (4.19)

\/[Q—l +2x3 /26,2 + 62 \ Xd TX

where Q is the quality factor and given by Q=w/~,7v is the non-radiative
decay rate, J is normalized excitation detuning, x and x4 are the normal-
ized radius and the distance from the sphere i.e. xq = 27d/\;. The gold
nanoparticles have a Q in orders of 10 therefore offer a F ~ 14. Qual-
ity factors of different air-metal nanoparticles are shown in Fig.’4.6. In
simple terms, Q is larger when v hence Im(ejps) is small. Gold and sil-
ver have a large quality factor in the NIR wavelength range. Silver oxi-
dises quickly in ambient atmosphere so that gold is usually preferred for
sensing applications. At visible wavelength, silver is by far the best plas-
monic material. For UV plasmonics, aluminium has relatively higher Q
value. Apart from these conventional noble metals, there exist other ma-
terials i.e. noble-transition alloys, alkali-noble inter-metallic compounds,
doped semiconductors and 2-D materials. For a complete overview of the
plasmonic properties of these materials, readers are directed to [21]. Also,
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Figure 4.7: The geometrical dependence of the surface plasmon frequency for
plasmonic rings and triangle. Taken from [22].

it is worth mentioning that the field enhancement /' mentioned in Eq. 4.19,
is strictly applicable to ultra small spherical geometries. For a large particle
size, quasi-static approximation does not holds anymore. For large plas-
monic structures and complex geometries, surface plasmon frequency wgsp
hence the field enhancement F, starts depending on the geometrical param-
eters [22]. As shown in Fig. 4.7, with increasing the lengths of plasmonic
antennas two important mechanisms occur:

e [ocalized surface plasmon frequency gets red-shifted

e And FWHM increases

For more complex geometries, in general the enhancement factors have
to be calculated numerically. Lumerical FDTD (http : //www.lumerical.com)
and Comsol Multiphysics (https : //www.comsol.com/) are often used
for this purpose.
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Figure 4.8: Description of spontaneous and surface enhanced Raman scattering.
Spontaneous Raman signal (P,,,) is enhanced by the high field enhancement
offered by the gold nanoparticle at pump v,, as well as Stokes frequency v.
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4.3 Boosting Raman signal using field enhancement:
Surface enhanced Raman spectroscopy

Due to the high field enhancement near a plasmonic structure, the weak Ra-
man scattering can be enhanced by many folds. This phenomena is called
surface enhanced Raman scattering (SERS). SERS is the most profound
application of plasmonics known to date. Thanks to the high field enhance-
ment, Raman scattering events of single molecules have been recorded us-
ing a roughened silver surface [23]. Just as a recap of Raman scattering
phenomena presented in the introduction chapter, in the case of sponta-
neous Raman scattering, the molecules are excited to a higher vibrational
states. This is depicted in Fig. 4.8. Depending on the initial state, the emit-
ted photon can be red shifted (Stokes) or blue shifted (anti-Stokes). Unlike
fluorescence spectroscopy, electron does not exhibit inelastic scattering in
the higher energy state. Therefore, the Raman peaks are very well defined
with a narrow line width. The Stokes power P, can be written as

Py(vs) = NogsI(vp) (4.20)

where N is the number of scatterers within the excitation volume, o rg is the
Raman cross section and I(2,) is the intensity of the excitation field at pump
frequency v,,. Typical value of Raman scattering cross sections lies between
103! cm? /molecule to 10?® cm? /molecule, depending on whether the scat-
tering is non-resonant or resonant. When the same molecule is brought next
to a plasmonic structure e.g. an Au nanosphere as shown in Fig. 4.8, P,
is enhanced due to two phenomena. Firstly, Raman cross section ogg is
modified due to the electronic contribution [24]. This is called chemical
enhancement. The chemical enhancement is relatively very moderate e.g.
OSERS ~ URSXIOO- [11]

Secondly, the enhanced electric field due to the excitation of localised
surface plasmon (LSP), boosts the P, by many folds. This leads to the
enhancement of both excitation as well as emitted light fields. The total
enhanced Stokes power is given by

Py(vs) = EF x N x 0sgrs % 1(vp) 4.21)
where ) ) ( )
E(v E(vs)
EF = P ’ s 422
Bowyp)| | Eaws) #22)

Usually, the difference between pump and Stokes frequencies is quite small
as compared to FWHM of the LSP i.e. v,=v,=v , therefore, EF can be
approximated as
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Figure 4.9: The hotspot (localized) and average enhancement factor of three
different plasmonic structures. Taken from [25].
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Depending on the application, EF is reported at different positions around
the plasmonic structure. For a single molecule detection, enhancement fac-
tor is reported at the maximum electric field point, this is called single
molecule or hot spot enhancement factor (EF). Similarly, for a monolayer
adsorbed on the surface of a plasmonic structure, an average EF is defined
that takes an average of the enhanced field points all over the surface. The
hot spot and average EF of several gap nanoplasmonic structures are de-
picted in Fig. 4.9.

EF(v) = (4.23)

4.3.1 SERS substrates

As discussed earlier, different plasmonic materials and structures have a
specific wavelength of operation. Therefore, depending on the application,
the right choice of a SERS substrate is essential for an efficient Raman
spectroscopy. As a rule of thumb, the following properties need to be taken
in account for a SERS substrate i.e. high SERS enhancement, good analyte
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binding, long shelf-lives, controlled active sites to quantify the signal and
relatively easy fabrication that leads to a reproducible SERS signal. In the
early days of SERS exploration, SERS active substrates were either colloids
of Au, Ag, or Cu or metallic foils/wires that had been chemically etched
to create a roughened surface. Generally, SERS substrates are classified
into three following categories: (1) metal nanoparticles in a suspension; (2)
metal nanoparticles immobilized on solid substrates; and (3) nanostructures
fabricated directly on solid substrates by nanolithography.

Suspension of the gold nanoparticles are prepared either by a mechani-
cal process e.g. laser ablation of noble metals in liquid medium [26] or by
using wet chemical methods e.g reducing silver or gold ions in a solution in
the presence of a reducing agent [27]. On the other hand, immobilization
of nanoparticles on a solid substrate provides a means by which to bring
nanoparticles into close proximity to one another. Generally, a specific sur-
face chemistry is applied on a secondary substrate, that allows the binding
of gold nanoparticles with the substrate surface. For example, silanization
on a quartz substrate is performed using (3-mercaptoppropyl)trimethoxysilane
(MPTMS). The salinized quartz is then immersed into the suspension of
metallic particles. Eventually, metallic particles bind with the quartz us-
ing trimethoxysilane moiety of MPTMS [28]. For a complete overview of
these processes, readers are directed to the articles: [29, 30].

Highly ordered and well defined metallic structures are fabricated us-
ing lithography techniques. For example, nanosphere lithography (NSL) is
an inexpensive, inherently parallel, high-throughput nanofabrication tech-
nique that can be used to produce well-ordered nanoparticles for SERS.
Depending on the sequence of the steps involved in the process one can en-
vision fabricating metal film over nanosphere (FON), periodic nanotriangle
arrays, or nanovoid arrays [31, 32]. Similarly, custom design nanoantennas
can be fabricated using electron beam lithography (EBL) where a a high
resolution down to sub-10 nm is possible [33, 34]. This capability is impor-
tant in the fabrication of SERS substrates due to the fact that the localized
surface plasmons (LPS) responsible for the SERS effect greatly depend
on the size, shape and arrangement of the nano-structure. However, direct
writing EBL is a slow process thus hinders the mass scale fabrication. Also,
there exist some other cheap lithography techniques that produce plasmonic
platforms with nanometer-scale critical features e.g. nanoimprint lithogra-
phy [35].

One of the most widely commercially available SERS substrates is
Klarite. A Klarite substrate is comprised of an array of pyramidal shaped
pits etched into silicon. The surface is then coated with a layer of gold to
make it SERS-active [36]. This substrate has probably been the most char-
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acterized of the substrates that have been prepared lithographically and used
as a standard to compare the performance of new SERS substrates [30].

4.3.2 A monolayer as a SERS analyte

A monolayer is a single atom/molecule continuous sheet that adsorbed to
a specific substrate. Monolayers of a material play a critical role in the
modern instrumentation [37]. Many important physico-chemical reactions
happen at the surface and interfaces, such as cell-membranes [38]. The
study of monolayers at biointerfaces is crucial for applications ranging from
clinical diagnostics and bio-materials to tissue engineering. Therefore, an
optical technique that probes these reactions is essential. Furthermore 2-D
materials [39, 40] like graphene and molybdenum disulfide, are thin sheets
of atoms that usually deposited on a substrate using chemical vapour de-
position (CVD) technique. Understanding CVD kinetics is important in
controlling the electrical and optical properties of 2-D materials [41]. A
non-destructive optical technique is essential to probe the quality of these
single atom sheets. Similarly, in the monolayer research, there is a need
for a precise tool that provides consolidated information about composi-
tion, molecular structure, and density of the surface molecules. Simultane-
ously characterizing the kinetics of the bio-chemical interactions at inter-
faces is equally important in many applications, such as the study of DNA
hybridization [42, 43].

Due to the huge field intensity at the surface of a plasmonic structure,
adsorbed molecule’s monolayer is the best analyte to be detected using
SERS. Most common monolayers that directly bind with the noble metals
are alkane thiols and disulfides self assemble monolayers (SAM). Silane
and thiols SAMs [44] are most common monolayers that binds to the gold.
In next chapters, we will use 4-nitrothiophenol (NTP) monolayer to char-
acterize the on-chip SERS sensors. NTP has a thiol group that selectively
binds to the gold surface using sulphur-gold covalent bond [45].

4.4 Conclusion

To conclude, physical mechanisms underlying the field enhancement at the
localized plasmon modes are presented. Depending on the wavelength of
operation and nanoplasmonic structure size, there exist three kinds of sur-
face plasmons i.e. i) propagating surface plasmon polaritons (PSPP), ii)
bulk plasmons and iii) localized surface plasmons (LSP). Due to the reso-
nant nature of LSP, a highly localized and enhanced field is excited at the
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metal surface that leads to many fold electric field enhancement. This phe-
nomena finds many applications, and one of the most profound application
is surface enhanced Raman spectroscopy (SERS). Knowing the theory be-
hind SERS and nanophotonics enhanced Raman spectroscopy (NWERS),
we are introducing now our main work in which both SERS and NWERS
are combined for an efficient on-chip Raman sensing. In the next chap-
ter, we will present a novel approach in which nanoplasmonic antennas are
integrated on a dielectric waveguide for an efficient on chip Raman sensing.
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SERS using waveguide excited
plasmonic antenna

The integration of sub-wavelength size nanoplasmonic structures with pho-
tonic platforms has received a considerable interest in the past few years.
A hybrid plasmonic-photonic approach reunites the best of two worlds: on
one side, the extreme optical properties of plasmonic nanostructures enable
a variety optical functionalities (sensing [1], modulation [2], non-linear pro-
cessing) at low power and in sub-micron footprints and on the other side,
the possibility of massive fabrication of photonic integrated circuits. Fur-
thermore, the ability of plasmonics to manipulate the light at a level below
the diffraction limit makes it an excellent platform for surface enhanced
Raman spectroscopy. Plasmonic antennas integrated on a dielectric waveg-
uide can be excited efficiently using the evanescent field of a waveguide
mode [3-6]. The concentrated light spots so called hot spots at plasmonic
resonance can lead to many fold enhancement of the Raman scattering.

In chapter 3, we analyzed the nanophotonics waveguide enhanced Ra-
man spectroscopy (NWERS) using a dielectric waveguide where the ma-
jor Raman enhancement comes from two phenomena: enhanced sponta-
neous emission due to a high index contrast waveguide and few centime-
ters long light-analyte interaction. NWERS has shown considerable poten-
tial in many sensing applications comprising of analytes in different phases
i.e. in bulk and gases. However, for ultra small analytes i.e. monolayers,
further signal enhancement is needed. In the previous chapter, we ana-
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lyze the SERS enhancement offered by a gold nanophere where the Ra-
man signal can be enhanced many folds. Here, we introduce an other on-
chip Raman modality that combines both techniques i.e the integration of
nanoplasmonic antennas on a high index contrast waveguide. Dr. Peyskens
(graduated, 2015, PRG, Ghent University) for the first time demonstrated
on-chip surface enhanced Raman spectroscopy using an integrated antenna
array on a single mode PECVD SizN, waveguide.

In this chapter we present the analytical formalism of SERS using in-
tegrated nanoplasmonc antennas (developed before by Dr. Peyskens). The
SERS performance of plamonic antennas i.e. arch dipole and nanobowties
is presented and compared. The effect of the Raman background gener-
ated by a dielectric waveguide on a SERS signal of a nanobowtie antenna
is also presented. Using the back reflection configuration and short ac-
cess waveguide length, SERS for a monolayer using a single integrated
antenna is demonstrated. In the end, we compare the SERS performance
of an antenna sitting on the waveguide with an antenna embedded into the
waveguide.

5.1 Analytical on chip SERS model

Localized surface plasmon (LSP) of a plasmonic antenna can be excited in
a relatively simple configuration. One way to excite LSP is by integrat-
ing nanoantennas on a dielectric waveguide where the evanescent field of
a waveguide mode couples to the antenna. This interaction is normally
quantified as an interaction efficiency of a plasmonic antenna [7].

A schematic of the plasmonic antennas integrated on a SizN, waveg-
uide is shown in Fig. 5.1. Let’s assume the total number of antennas is
N. The access waveguide length before the array of antennae is L,. And
the access waveguide after antenna array is L,. Each antenna is separated
by a fix distance d, long enough to avoid the coupling between antennas.
The total waveguide length in this case is L=2L,+(N-1)d. In the absence of
nanoantennas, the Raman conversion efficiency 7 (as defined in Chapter. 3)
is given as

nz2 e|E™ (r, >\ )2 1
h .1
n(w,h, Ap, Ag) // TT e[Em(r, Ap) Pdlr Ao (r, A )dr 5.1

where the effective modal area can be written as

// <2606 r, As)E™(r, \s)| )dr

Aets €oe(1, )| EM (T, A )2

5.2)
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Figure 5.1: The schematic of plasmonic antennas integrated on a Siz Ny
waveguide. The total length of the waveguide is L=2L,+(N-1)d, where n = total
number of antennas.Py, and Py are the backward and forward scattered Stokes
light.

Bothnand A, solely depends on the modal field and can be computed
at z=0 (at the input facet). When a plasmonic antenna is integrated on a
waveguide, the field at a position 1, is enhanced by a factor EF i.e

E?(\i; 1)
Em()\i, I‘O)
where E® is the enhanced field at a position r, around the plasmonic an-
tenna. As discussed in the previous chapter, EF depends on the shape and
the size of a plasmonic antenna. For a gold bowtie antenna at 785 nm wave-
length, [EF|* is 1.14x10* [8]. Using Eq. (5.1), (5.2) and (5.3), the single
antenna conversion efficiency assuming an analyte of thickness t, can be
defined as

n2A3 elE™(r, \p)|?
h
na(w, b, Ap, As) /// T e[Em(r, Ap)2dr
EF(r,\p)2EF(r, \s)?
Aeﬂ'( 7)\5)

EF((\i,1o)) = (5.3)

dr 5.4

where the external integral runs over the volume of an analyte. In the next
section, we will present the Lumerical 3D-FDTD Solutions based model to
compute the 14 for a monolayer of 4-Nitrothiophenol (NTP).
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Figure 5.2: The antenna factor for a forward AF torarqa and back scattered
AFpqckwara Stokes signal. The dotted line represents the Nopy. AF forward
decreases for the N >N,y On the other hand, AFy,cwara saturates for N — oo.
e, and eg used in these calculation are 0.45 and 0.41 respectively.

For the case of an array of nano-antennas, the extinction of the pump
power and subsequently of the Stokes signal need to be taken in account. In

Chapter 3, for the nanophotonic waveguide enhanced Raman signal (NWERS),

a length factor is defined that takes in account the pump and Stokes power
decay due to the waveguide losses. In a similar manner, a so called antenna
factor AF can be defined for a forward as well as a back scattered Stokes
signal. For a forward scattering configuration, the total Stokes power col-
lected at the output facet of the waveguide is given as [8]

AFforward
es\IN
Pr(As) —aw(2La+(N-1)d) 1—N<1 - (&) )
= ponpe Gwicha €s —_— (5.5)
Py(Ap) 1= (é)

where P, is the pump power at the input facet. «, is the waveguide loss.
p and o are the molecular density and Raman cross section of the analyte
molecule. e, and e, are the extinctions at pump and Stokes wavelength
respectively, and defined as
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¢i[dB] = Tye(A)[dB] — Tans(Ni)[dB)] (5.6)

where T,y and Tg,; are the transmission in a reference and a function-
alised waveguide. Due to the decay of the pump light, there exists an opti-

mized number of antennas N, i.e. Py starts to decay for n>N,,;. Using

dAF i
———Lzward —(), N,y can be calculated i.e.

log(es
lOg (lo?ée;;%)

()

In a similar manner, the total back scattered Stokes power P, collected
at the input facet can also be defined [9]

Nopt = (57)

AFbackward
—N—
1 \N
BPy(As) —a(2La+(N—1)d) <1 —(ge) >
= ponae” “e —_—T (5.8)
Py(Ap) 1-— (e,,les)

Both AFfspara and AFpgcrwara are plotted in Fig. 5.2. AFjforparq in-
creases with number of antennas and then starts to decrease for N >N,;.
Contrary to the forward scattering, the back scattered signal has no opti-
mum antenna number, but saturates for N — oo.

5.1.1 Lumerical Model

Lumerical 3D-FDTD Solutions is used to calculate the single antenna con-
version efficiency 4. We consider two antenna geometries i.e. bowtie
(BT) [8] and arch dipole (AD) antenna [10, 11]. The schematic of both
antennas is shown in Fig. 5.3(a). For the realization of experimental condi-
tions, we used a refractive index value of 1.9 for the PECVD SigNy4 (width
=700 nm and height h = 220 nm), 1.45 for the SiO2 under cladding and 1
for the top cladding (air). The metal stack thicknesses are fixed to 2 nm for
the Ti adhesion layer (AL) and 30 nm for the Au. Built-in refractive index
models for Au (Johnson and Christy29) and Ti (CRC30) are used. An addi-
tional surface layer of thickness t, = 1 nm and index ny7p = 1.62 [12] are
used to model a 4-nitrothiophenol (NTP) monolayer. We used ultra-refined
mesh (0.5 - 1 nm) in the antenna region (including the Ti adhesion layer and
the NTP monolayer). The surface density value used for NTP is p = 5.56 X
10'® molecules/m?. The Raman cross-section is o = 1.38x 1072% cm? /sr
for 1340 cm~! Raman line. To extract the local electric field from desired
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region, a field monitor is used. In all simulation results, a fundamental TE
mode of SizN4 waveguide is used to excite the dipole mode of antennas.
Finally, the integral in the numerator of Eq. 5.4 is calculated by integrat-
ing the electric field in a volume containing the NTP. While the integral in
the denominator is computed by integrating the modal electric field points
extracted from an un-functionalized waveguide. In all simulations, 785 nm
and 877 nm (the Raman resonance of 1339 cm~! (v4(NO3))) are taken as
the pump wavelength and Stokes wavelength.
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Figure 5.3: a) Schematics of a bowtie (BT) and an arch dipole (AD) antenna. b)
% of AD antenna as a function of gap g and width W. The other
design parameters are L = 50 nm, h = 40 nm and H = 20 nm (no adhesion layer).
Black diamond represents a bowtie (BT) antenna with the following geometry: o
=60°, W=100nm, g =48 nm and L = 120 nm. In both cases, an access length

L,=100 pm and a waveguide loss o = 3.2 dB/cm are assumed.
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5.1.2 74 for an arch dipole and a bowtie antenna

For the bowtie antenna we assume the following geometry i.e. o = 60 °, W
=100 nm, g = 48 nm and L. = 120 nm. This corresponds to the localized
plasmon resonance wavelength A\pgp = 830 nm. The pump and Stokes
extinctions without any adhesion layer are €,=0.8 dB, and ¢,=0.75 dB that
corresponds to N,,,; = 9. The integration of bowtie antenna on a Si3Ny strip

waveguide is a key result of the PhD work of Frederic Peyskens [7-9]. All
Py(As=877nm)

these parameters are extracted from the previous work [8]. By (0 =785nm)
p\"p—

for the given bowtie geometry is 5.8 x 10713 [9].

For an arch dipole antenna, simulations are performed for three differ-
ent gaps(g) i.e 5 nm, 10 nm and 48 nm. For each gap, the width of the an-
tenna is swept in order to tune the localized plasmon resonance wavelength

near the Stokes wavelength(Ag = 877nm). Other design parameters of the
Pr(As=87Tnm)
Py (Ap=T785nm)

increases when the

antenna are: L=50 nm, h=40 nm and H= 20 nm. The ratio
is plotted in Fig. 5.3(b). As expected, %

Pr(As=8T7Tnm) _ —11 -
m = 8.82 x 1074, that is 1.35

and 4.18 times greater as compared to g=10 nm and g=48 nm. |EF|* cal-
culated at the middle of the gap is given as |[EF,_4gnm|* = 7.6 x 10° and
\EFg:5nm’4 =1.1 x 107. In contrary to localized field enhancement factor

4 Pr(As=8T7Tnm)
[EFI", 5,05, =7s5mm)
creasing the gap blue shifts Ay gp, therefore, w needs to be increased in or-
der to compensate this frequency change. This trends hold as far as the gap
mode is excited. For example in the case of bowtie antenna, Ay gp first blue-
shifts with increasing gap, and then red-shifts as the individual triangles be-
come more and more uncoupled [13]. Figure. 5.4 shows the extinction of a
48 nm gap arch dipole antenna. Ay gp shifts to higher wavelength when W
increases from 270 to 330 nm. It is worth mentioning that the introduction
of an adhesion layer e.g. Ti or Cr increases the extinction hence decrease
the %. However, this can be avoided by using a polymer ad-
hesion layer e.g. MPTS 3-Mercaptopropyltrimethoxysilane [14]. In [6],
it is shown that a 3-fold increase of the collected signal using nanoplas-
monic antennas integrated on a nanophotonic waveguide can be achieved
by replacing the Ti adhesion layer with MPTS. Likewise, as we will discuss
latter, the collected signal can also be enhanced by embedding an antenna
into the waveguide.

gap decreases e.g. for g=5 nm

increases moderately from 48 to 5 nm gap. Also, in-
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Figure 5.4: The extinction of an arch dipole antenna of the following geometry: g
=48 nm, L = 50 nm, h = 40 nm, H = 20 nm and W = 270 to 330 nm with an
offset of 10 nm.

5.2 Effect of the access waveguide Raman background
on the SERS signal

In Chapter 3, we discussed the Raman background generated from the di-
electric waveguide and its impact on the analyte Raman signal. In order
to excite the dipole mode of an antenna, the waveguide mode needs to be
fundamental TE (E should be along the x-axis as shown in the Fig. 5.3(a)).
Due to a significant overlap of fundamental TE mode with the waveguide
core, a large Raman background is generated that is collected along with the
SERS signal. For a waveguide of length L, the total back-scattered signal
collected at the waveguide facet is given by

b, 1
Pp()?p) =3 X PSisNy X OSisNg X Nwg(W,h, Ap, As) X (

1-— e_(ap+045)L
ap + as >
5.9
where pgi,N,, 0sisn, and 7,4 are Si3Ny molecular density, Raman cross
section and background conversion efficiency. «;, and «; are the waveg-
uide losses at the pump and Stokes wavelength. Note that this is the same
equation as defined in Chapter. 3 (Eq. 3.6). Here, we have replaced n4
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with 7,4 to avoid the confusion between single antenna conversion effi-
ciency and background conversion efficiency. At 877 nm (1340 cm™1!),
% = 4.69 x 10710 [15] for a waveguide loss o, = a5 =
a =3.2 dB/cm.

Assuming a configuration, in which single antenna is integrated on a
waveguide, the total back scattered signal collected at the waveguide facet

is given by

Py, 1 1 — e~ (eptas)la
== h, A\p, A
Pp()\p) 2XpXUXT/w9(Wa ) APy S)X < ap+as +
1— *(C“pJFO‘S)Lb
(epes) temebe ; >
op + Qs
(5.10)

where L, is the length between the input facet and the antenna while L
is the waveguide length between the antenna and the output facet. For a
smaller Ly i.e. L << L,, the second term in Eq. 5.10 disappears and
eventually converges back to Eq. 5.9. Note that in Eq. 5.10, the minimal
background generated due to the back reflected pump beam from antenna
and the output facet is ignored.

In order to analyze the signal-to-noise ratio, an analytical formula is
derived that incorporates the back-scattered signal generated by an antenna
and the background associated with the PECVD SisN,. The signal to noise
ratio is computed using Eq. 5.8 and Eq. 5.10 and given as

Py

SNR = /Cey
e \/Pb-i-Pbg

here we introduced a factor that depends on the experimental conditions
i.e. pump power, integration time, coupling losses and spectrometer losses
(grating transmission, input slit loss, photons to counts ratio etc. (See Ap-
pendix B).

A 2-D chart showing the SNR (in log;( scale) for different waveguide
background conversion efficiencies 7,,, and antenna conversion efficiencies
na is presented in Fig. 5.5. A 0.5 mm long access waveguide is assumed
in all the cases. The area in white color in the bottom of the chart repre-
sents the SNR < 1. In Fig. 5.5, two horizontal lines i.e. magenta and green
represent the SERS signal strength of an NTP coated optimized bowtie and
arch dipole antenna, respectively. The vertical red line represents the back-
ground strength of a single mode PECVD Si3N, waveguide (width=700
nm, height=220 nm). Due to the high SERS signal strength, an optimized

(5.11)
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Figure 5.5: Signal-to-noise ratio i.e. SNR = /Ceyp X \/PIZ%P@ (in log scale)
for the SERS signal generated from a monolayer deposited on an antenna
integrated on a waveguide. The red vertical line represents a single mode PECVD
SizNy waveguide. The magenta and green horizontal lines represent an optimized
NTP coated gold bowtie and an AD antenna integrated on SizN4 waveguide.

arch dipole antenna offers 25 times higher signal to noise ratio as com-
pared to a bowtie antenna for a same gap of 48 nm. In the next section, we
will introduce experimental results and verify this SNR model. The bowtie
antenna geometry provides moderate field enhancement but is relatively
easy to fabricate. On the other hand the AD antenna provides huge EM
enhancement but more challenging to fabricate. Therefore, due to the rel-
atively difficult fabrication of an arch-dipole antenna, we have limited our
experimental discussion to a bowtie antenna integrated on a single mode
PECVD Si3N4 waveguide. To get an overview of the fabrication of an arch
dipole antenna readers are directed to [10].
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Figure 5.6: The schematic (Graphic Database System image) of a single
plasmonic antenna integrated on a single mode Si3 N, waveguide. A taper of
length Ly = 10 pum is introduced at the end of the waveguide to avoid any back

reflection of the pump light at the output facet.

5.2.1 Experimental results of a single plasmonic antenna inte-
grated on a Si;N, waveguide

To do the experimental analysis, a single plasmonic bowtie antenna is inte-
grated on a single mode SizN4 waveguide. The schematic of the device is
shown in Fig. 5.6. Each waveguide is terminated using a 5 um extension
length followed by a 10 pm long linear taper to avoid any back reflection
of the pump light at the output facet. The fabrication of this device is dis-
cussed below.

5.2.1.1 Fabrication of the device

In order to demonstrate the SERS using a single antenna integrated on a
SisN4 waveguide, electron beam lithography (EBL) is used to achieve an
antenna gap of sub 50 nm [9]. The device is fabricated mainly in two direct
writing EBL steps: the fabrication of nanoantennas and the patterning of a
Si3sN4 waveguide. The whole fabrication process is depicted in Fig. 5.7.

The starting dielectric wafer is a PECVD SigN4/Si02/Si (220 nm /
2.4sm 1 750pm) purchased from the imec foundry (https : //www.imec—
int.com). The SigNy is deposited on top of a 2.3 um silicon dioxide film
via PECVD at a low temperature [16]. First of all 1 cm? dielectric chips
are diced from a wafer and thoroughly clean in an ultrasonic acetone bath
for 15 minutes. Subsequently, the samples are rinsed with acetone and iso-
propyl alcohol (IPA) and dried with an Ng gun.

In the first EBL step, the gold nanoantennas and alignment markers are
patterned in a photoresist layer of PMMA 950K (3% chlorobenzene). This
PMMA layer is spin coated on the dielectric slab using 6000 RPM for 1
minute spin time resulting in an average resist thickness of 70 nm. This
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Figure 5.7: The fabrication process of a bowtie antenna integrated on a PECVD
SisNy strip waveguide.

resist thickness enables the lifting off a 30 nm thick gold. After the resist
coating, the sample is baked at 165° C for 30 mins inside a convection oven.
To avoid any charging effect, a thin layer of E-space 3000Z is spin coated
over the resist at 1500 RPM for 70 sec spin time followed by a 10 min
long bake at 95°C temperature. Then the sample is exposed using a 2 nm
grid with a 280 umC dose. After the exposure, the sample is dipped into
the DI water for 1 min to remove E-space 3000Z. A 50% diluted Methyl
iso-butyl ketone (MIBK) in ethanol (1:1) is used for the development of the
resist. Before development, the solution is put on a temperature stabilizer
for 1 hour at 21°C. The sample is then immersed in this thermally stable
solution for 1 minute and is subsequently rinsed with IPA for about 30
seconds and dried with an Ny gun. After development a short Oy plasma (1
min) is applied to purify the surface because small remainders of PMMA
can have a detrimental impact on the adhesion between the SigN,4 and the
metal stack. Ti/Au stack (with 2 nm/30 nm thickness) is sputtered with a
low power recipe in a commercial Pfeiffer Spider 630. A low power leads
to a controlled metal layer thickness and small grain sizes hence low surface
roughness. The first Ti layer serves as an adhesion layer between the SizNy
and the gold. Finally, the sample is immersed in acetone for metal lift-off.
The whole metal lift off process takes about 1 hour. And the beaker with
fresh acetone is replaced thrice during this time to avoid the sedimentation
of undesired metal flakes on the sample.
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In a second EBL step, Si3N4 waveguides (underneath the metal nanoan-
tennas) along with the position and cleaving markers are defined. A nega-
tive e-beam resist (ma-N 2403) is used in combination with a 10 nm grid
exposure to define the 700 nm wide SizN4 waveguides (single mode at 785
nm wavelength). A 300 nm ma-N 240 thick resist is spin coated using 2000
RPM and 30 sec spin time. Then the sample is baked at 110°C for 30 min.
Again, a thin E spacer layer is spun on top of the ma-N 2403 to counteract
the charging and followed by a 10 min long bake at 95°C. After E spacer
removal, the sample is dried with Ny before the resist is developed in ma-D
525 developer for 150 seconds. During development, the sample is gently
stirred every 30 seconds. A 120 seconds immersion in a DI overflow bath
eventually stops the development. The sample is then etched in a commer-
cial ICP plasma etcher (Oxford Plasmalab 100), using a mixture of 90 sccm
C4Fs and 30 sccm SFg. In the end, mr-Rem 400 resist remover is used to
completely remove the organic residual on the chip.

The optical microscope image along with the scanning electron micro-
scope (SEM) images of the chip is shown in the Fig. 5.8. The position
marker is used to spot the single antenna from the optical microscope. The
final gap g ~ 38 nm is achieved. Due to the misalignment (possibly due
to the stage drift), the center of the bowtie antenna is misplaced by 174 £
3 nm from the center of the waveguide. However, numerical simulations

indicates that this misalignment should not drastically affect the antenna
. ffici . Pr(As=877Tnm)
conversion ermnciency 1.e. m

10713,

for the given misalignment is 2.1 x

5.2.1.2 4-Nitrothiophenol (NTP) coating

Due to the selective binding with the gold, low absorption in NIR wave-
length range, easy access and high Raman cross section, 4-Nitrothiophenol
(NTP) is used as an analyte to characterize the SERS sensor. We use a
standard binding recipe, e.g. chemisorption of thiols from an ethanolic so-
lution [17], to get a self-assembled monolayer of NTP. The procedure is as
follows: the chips are cleaned thoroughly by first rinsing with acetone and
isopropyl alcohol in an ultrasonic bath, followed by a 5 mins exposure to
an Oq plasma. The chips are then immersed overnight into a beaker con-
taining 1 mM NTP solution in ethanol. This is followed by a deep cleaning
using pure ethanol and Ny dry clean. As a result, a uniform monolayer
of NTP is formed on top of the gold through gold—sulphur bond. Note
that an overnight soaking to form an NTP monolayer is an overkill and this
procedure can be accelerated (< 1 hr) by optimizing the thiol—ethanolic
solution [12, 18]. Similarly, the accessibility of an analyte to a narrow
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Figure 5.8: Optical microscope (right) and SEM images (left) of a bowtie antenna
integrated on a PECVD Si3Ny strip waveguide.

gaps (< 10 nm) can also be enhanced using wetting techniques [19]. In
the next section, the measurement results of the fabricaetd SERS device are
presented.

5.2.1.3 Results and discussion

As discussed earlier, the pump wavelength A\, = 785 nm is used for all
reported results. The same optical setup as presented before in Chapter. 3
(Fig. 3.9) is used. A laser power of 0.5 mW before objective was measured
at the entrance facet of a high NA objective (Zeiss 100x/0.9 EC Epiplan NE-
OFLUAR; 00/0 objective). A low pump power is used to avoid the photo-
reduction of NTP to 4,4-dimercaptoazobenzene (DMAB) through a chemi-
cal reduction reaction [20]. We will explain this photo-reduction process in
detail in the next chapter. The fundamental TE mode of the waveguide is
excited by controlling the polarization using a \/2 plate. Each spectrum is
recorded after optimizing the Raman signal as well as the scattering image
using the side camera.

Firstly, Raman spectra are measured from a reference waveguide (0.5
mm long) and from a single antenna integrated waveguide (functionalized)
with an access waveguide length of L,=50 ym. Both waveguide are fabri-
cated on a same chip. The results are presented in Fig. 5.9. No NTP peak is
observed from the reference waveguide confirming no NTP binding to the
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Figure 5.9: (a) The Raman spectrum (black) measured from a functionalized
(single antenna integrated) waveguide and a reference SizN4 waveguide (red) on
same sample. Three green dotted lines represents the dominant NTP Raman
modes at 1075, 1339 and 1575 cm™". The pink dotted line represent No Raman
line intrinsic to the SizN4 background.

SigN4 waveguide. The spectrum from the plasmonic functionalized waveg-
uide shows not only the NTP Raman modes, but also a weaker background
than the reference waveguide. Three green dotted lines represent the posi-
tion of dominant NTP Raman modes at 1075, 1339 and 1575 cm~!. The
pink dotted line represent the Raman mode intrinsic to the SigNy back-
ground. This is attributed to interstitial Ny incorporated in the waveguide
core during the deposition process [15].

As confirmed by Fig 5.9, the access waveguide does not contribute to
the NTP spectrum. However, it does generate a broadband background
that can mask the SERS signal of interest if its length is too large. There-
fore 10 different access waveguide lengths L, from 50 to 500 um with a
step size of 50 um are measured using the same experimental parameters.
Figure. 5.10.a shows Raman spectra of a waveguide functionalized with a
single bowtie antenna. The Raman background SisN, is increased with
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Figure 5.10: Back-scattered Raman spectra of a waveguide covered with a single
antenna and varying length L, = [50:50:500] pum. The access waveguide lengths
L., are mentioned next to their corresponding Raman spectra. SNR of all peaks
for N = 1. Each color corresponds to the respective peak in the Raman spectrum.
The grey shaded area represents SNR <1 and hence marks a region where
detection is impossible. The pink shaded area represents the access waveguide
length span (0 < L, < 175 pum) where the second strongest NTP peak
(1575 cm™") is also visible, which is evidenced by an SNR > 1. This is adapted

from [9].

the access waveguide length. Figure. 5.10.b shows the corresponding SNR
for all pNTP peaks as a function of access waveguide length L,. The grey
shaded area represents an area when NTP cannot be detected i.e. SNR <
1. The pink shaded area represents the access waveguide length span (0 <
L, < 175 pm) where the second strongest NTP peak (1575 cm™ 1) is also
visible, which is evidenced by an SNR > 1.

5.3 An antenna integrated on a waveguide vs an an-
tenna embedded in a waveguide

In previous sections, we only assumed the evanescent excitation and col-
lection of SERS signal from a nanoantenna integrated on a waveguide. The
coupling between the guided field and the nanostructure takes place in the
evanescent region of the waveguide, which is excited by the fundamental
TE-like mode having the fundamental electric field component parallel to
the chip plane. This results in relatively small interaction efficiencies be-



5-18 CHAPTER 5

tween the waveguide mode and nanoantenna. Another way to enhance the
coupling efficiency between nanoantenna and the guided mode is by us-
ing embedded plasmonic antennas. The relatively simpler geometry e.g. a
nanorod, can be embedded into the waveguide [21].

In this section, we will briefly explain the SERS using an embedded
bowtie antenna and compare it with evanescently excited nanoantenna. This
work has been done with a joint collaboration with Prof. Alejandro Martinez
(Nanophotonics Technology Center, Universitat Politecnica de Valencia).

5.3.1 Device design

SEM images of both configurations under study are shown in Fig. 5.11. In
the first configuration, a bowtie antenna is integrated on top of the waveg-
uide (Fig. 5.11(a)). While in the second configuration, an antenna is in-
serted in a subwavelength gap in the waveguide (Fig. 5.11(b)). The fabrica-
tion details of both configurations can be found in [22]. Hereafter, we will
term these configurations C; and Co, respectively. In both cases, we con-
sider SizN,4 waveguides with a rectangular cross-section (width = 700 nm
and height = 220 nm) on a silica substrate and bowtie nanoantennas made
of gold (Au). For C;, same design was used as mentioned in Fig. 5.3(b).
However, to define an optimized antenna design for Co, I=|E \2 is calcu-
lated using the mode solver. Co was designed to get the highest value of
I=|E|? in the wavelength region used in the experiments (\,=780 nm and
Ap=877 nm(1339 cm~! NTP Raman mode)). The wavelength at highest
I(\)=|E()\)|? corresponds to the localized surface plasmon resonance. Af-
ter optimization, dimensions of the Cy nanoantenna are: a=64°, W=100
nm, g=48 nm and L=120 nm for waveguide gap of 200 nm. The thickness
of the gold layer (t) is kept same in both cases i.e. t=30 nm. All these pa-
rameters are previously defined in Fig. 5.3(b). I(\) for the designed antenna
geometry is shown in Fig. 5.14 (solid line). The geometry of the fabricated
device is turned out to be o = 59.7°, g=35 nm, t=30 nm and L=135 nm. As
shown in Fig. 5.14 (dashed line), I(\) for the designed antenna geometry
is slightly red-shifted. To estimate the coupling efficiency of a scattered
signal to a waveguide, B:% is also calculated for both configurations
where P,y pieq and Pr are the waveguide coupled and the total scattered
power of a dipole. In both cases, a dipole source is assumed in the mid-
dle of the gap. Remarkably, 5(A = 877nm) turns out to be 17% for Cy
configuration. While, (A = 877nm) for C; is 5.5%. This shows that the
waveguide coupled scattered signal from a dipole oscillating in the middle
of antenna with Cy configuration is at least 3 times larger than an antenna
with C;.
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(a)

200 nm

(b)

200 nm

Figure 5.11: SEM images of the fabricated samples for both configurations Cq
(antenna is integrated on top of the waveguide) and Co (antenna is inserted into
the waveguide gap of 200 nm). The yellow line stands for 200 nm.

5.3.2 Experimental results

The 4-Nitrothiophenol (NTP) monolayer is used to characterize the per-
formance of both sensors. Both chips are cleaved in way that the access
waveguide length is approximately 400 pm. A pump power of 1 mW (be-
fore objective) and 1 sec integration time are used. The same optical setup
as presented before in Chapter. 3 (Fig. 3.9) is used. The fundamental TE
mode of the waveguide is excited by controlling the polarization using a
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Figure 5.12: I(\)=|E(\)|? for the designed (solid line) and fabricated (dashed
line) Co antenna geometry. The dimensions of the designed nanoantenna are:
a=64°, W=100 nm, g=48 nm, t=30 nm and L=120 nm for a waveguide gap of
200 nm. The geometry of the fabricated device is turned out to be o = 59.7°,
g=35 nm, t=30 nm and L=135 nm. Green and red dashed lines represent pump
(A\p=785 nm) and Stokes (A\s=877 nm (1339 cm~' NTP Raman mode))
wavelengths, respectively.

M2 plate. Each Raman spectrum is recorded after optimizing the Raman
signal as well as the scattering image using the side camera.

The measurement results are presented in Fig. 5.13. No NTP peak is
seen in the Raman spectrum measured from a reference waveguide (black).
However, a strong NTP spectrum is present in the signal recorded from
the waveguide functionalized with a single antenna (red). Apart from the
expected pNTP Raman modes, a spurious Raman like background gener-
ated from the SisN, waveguide is observed in all Raman spectra. In the
first set of measurements, the chip containing a set of waveguides with the
bowtie on top (C;) is measured. The Raman peak of the 1339 cm™! mode
is visible in Fig. 5.13(a). However, due to the low excitation and collec-
tion efficiency, no other Raman modes are present. In the second set of
the measurements, the set of samples with antennas in the gap (C3) was
explored. As shown in Fig 6(b), aside from 1339 cm~! Raman modes, two
more peaks at 1076 cm~! and 1580 cm~! (benzene ring vibrations) also
appear in Raman spectra.
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Figure 5.13: Raman spectra measured from waveguides functionalized with
single antenna for a) C1 and b) Cs configurations. The green dotted line
represents the NTP Raman modes i.e. 1080, 1339 and 1575 em™ 1L,

In the Fig. 5.14, we compare the Raman signal strength measured from
both antenna configurations. For the same pump power and integration
time, the Raman signal recorded for Cs is at least three times stronger than
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CCD counts

C, C

Figure 5.14: CCD counts corresponding to 1339 cm™" Raman mode of NTP for
C1 and Cy configurations. The error bar corresponds to standard deviation along
5 identical waveguides on the same chip.

in Cy, where both antenna geometries were optimized for the highest sig-
nal strength. It is worth mentioning that the dimension of the fabricated
bowties were a little bit different from the nominal bowtie geometry be-
cause of fabrication inaccuracies. Further improvement can be achieved by
sweeping design parameters on the mask layout.

5.4 Conclusion

In this chapter, the SERS using integrated plasmonic antennas on a dielec-
tric waveguide is presented. An analytical formalism is presented to quan-
tify the SERS signal generated from a monolayer. The SERS performance
of an integrated arch dipole antenna and a bowtie antenna is also compared
analytically. The effect of the Raman background of a dielectric waveguide
on the SERS signal is also analyzed both analytically as well as experimen-
tally. In the end, we demonstrate the SERS using an antenna embedded
into the subwavelength gap of a waveguide. The result shows that SERS
signal with this antenna configuration is at least three times stronger than
the evanescently excited and collected SERS (an antenna sitting on top of
the waveguide).

To this end we have considered a bowtie antenna integrated on a waveg-
uide and an antenna embedded into the waveguide. More efficient antenna
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design can boost the overall SERS enhancement. For example one of the
designs discussed in this chapter is an arch dipole antenna integrated on a
single mode SigN4 waveguide. Likewise, double-resonance plasmonic an-
tennas can also be used where both resonance are tuned at pump and Stokes
wavelength [23]. Also, devices presented in this chapter, are fabricated us-
ing e-beam lithography. Therefore, it hinders the mass scalability. In the
next chapter, we will introduce another integrated sensor geometry that pro-
vides higher SERS signal as compared to the nanoantenna and at the same
time can be fabricated using an e-beam free lithography technique.
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SERS using hybrid plasmonic slot
waveguide

6.1 Introduction

In the previous chapter, we presented an on-chip surface enhanced Raman
spectroscopy (SERS) using the nanoplasmonic antennas integrated on a sin-
gle mode SizNy4 waveguide. The combination of integrated photonics with
plasmonic structures can indeed provide a strong field enhancement result-
ing in an enhanced light—matter interaction [1-4]. SERS relies on a plas-
monic enhancement for increasing the electric field strength by many orders
of magnitude. Many SERS substrates have been developed [5—7] providing
more reproducible Raman spectra. In this chapter we introduced another ef-
ficient on-chip Raman sensor, in which plasmonic antennas are replaced by
metal slot waveguides. Raman spectroscopy using metal waveguide gain
both from a strong field enhancement due to the highly confined propa-
gating plasmon polariton gap mode and a limited spurious background,
thanks to limited field overlap with the dielectric waveguide. Moreover,
the fabrication avoids any use of e-beam lithography and rather relies on
the atomic layer deposition (ALD) to create the nanometer scale gaps re-
quired for a large plasmonic enhancement. Unlike plasmonic nanoantenna,
this plasmonic slot waveguide offers micrometer long interaction length
and an off-resonant enhancement hence a broadband Raman conversion ef-
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ficiency [8—10]. In this chapter, the sensor is tested using a monolayer of
4-Nitrothiophenol (NTP) and bulk ethanol. The performance of this sensor
is compared with other on-chip SERS substrates discussed before. Fur-
thermore, another step towards scalable and fabrication-less 10 nm wide
nanotrenches integrated on SigNy is taken. 10 nm wide nanotrenches are
grown directly on a slot waveguide using a novel ALD gold process. In the
end, the SERS performance of waveguide excited SERS sensors is com-
pared with the state of the art free space excited SERS substrate.

6.2 Metal-dielectric-metal structures

Due to the small effective modal area, sub-wavelength field confinement
and micrometers long propagation length [11], the metal-dielectric-metal
(MDM) structures have attracted huge attention. Unlike metal-dielectric
slab where only a SPP mode at wgp is propagating, MDM structure sup-
ports the guided modes in a long wavelength range. In Chapter. 2. we
analyzed the enhanced spontaneous emission rate of a dipole sitting inside
an MDM structure that indeed shows a broad band enhanced emission. This
is an advantage over a nanoplasmonic antenna, where the FWHM is lim-
ited (< 150-200 nm) due to the resonant nature of the localized plasmonic
mode.

Since the last decade, there is a huge interest in integrating these MDM
waveguides with other photonic functionalities to envision a complete on
chip photonic systems e.g. on chip modulators [12] and refractive index
sensors [13]. Usually, the MDM waveguides are integrated with a dielec-
tric strip waveguides using a mode transition structure. Normally, a taper
is introduced between a MDM waveguide and dielectric strip waveguide
that transits the mode in an adiabatic fashion [14, 15]. However, due to the
good mode matching in the case of slot waveguide, an efficiency up to 70%
is still possible by connecting metal and photonic slot waveguide without
any transition [16, 17]. This can be further improved by introducing a gap
structure between both waveguide [17]. In the next sections, we are intro-
ducing another MDM like waveguide structure that is connected directly
with a PECVD Si3gNy slot waveguide.

6.3 Device design

The geometry of the sensor is depicted in Fig. 6.1. The plasmonic sensor
is preceded by a low loss 400 pm long SizN4-AlyOg slot waveguide acting
as an access waveguide. Al»Os is used as an intermediate layer owing to
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its low Raman background as we seen before in Chapter. 3. The length of
the plasmonic waveguide (L,) is set to 100 pm, far larger than the expected
decay length (5 pm).

Figure 6.1: The schematic of hybrid SisNy - AlsOs- Gold waveguide. Right top
inset shows the propagating plasmon excited using fundamental TE mode of
access waveguide .

The fundamental TE mode of the SisN4-Al,O3 slot waveguide at a
pump wavelength A, excites the gap plasmonic mode with a coupling ef-
ficiency 7y,. This propagating surface plasmon polariton (PSPP) mode is
strongly confined in the gap (g) and interacts with the analyte (NTP) uni-
formly lying over the gold. The pump beam excites the vibrational modes
of the NTP molecules to generate the enhanced Stokes signal that mostly
remains coupled to the hybrid plasmonic mode (in both contra- and co-
propagating directions). This enhanced pump excitation and subsequent
stokes signal generation can be computed numerically to estimate the Ra-
man conversion efficiency 7 (see Eq. 3.4). The backward collected signal
increases until a certain waveguide length and then saturates due to the de-
cay of pump light. The saturation length is set by the total waveguide loss
ap. The total Stokes signal Ps normalized by the total guided pump power
P, for the device operating in the aforementioned setup can be defined nu-
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merically as

Length factor

P

1— ef(ap‘i’aS)LP
PO:CZ(%%)XUXUXPX< o+ o > (6.1)

where p and o are the molecular density and differential Raman cross sec-
tion of the analyte. The length factor represents the SERs signal depen-
dence on plasmonic waveguide length (L,,). Similar equation was defined
before (Eq. 3.6) for a back-scattered signal from an analyte lying on a di-
electric waveguide.

6.4 Simulations

To analyze the effect of gold thickness t,,4 and ALD alumina thickness
t A1,04, @ COMSOL Multiphysics mode solver is used to compute the eigen-
modes of the hybrid SisN4 — AloO3 — Au waveguide. We consider a SigNy
slot waveguide with a refractive index of ng;,nv, = 1.9, coated with an
AlyO3 layer whose refractive index is 1 47,0, = 1.6 and a final thin coating
of gold whose complex refractive index is given by the Johnson and Christy
model. Our simulation assumes only hybrid—TE excitation (maximum |E|
along the surface of the sample) as this mode possesses the highest field
confinement into the gap. The electrical field strength |E| is plotted in Fig.
6.1 showing the field confinement (=~ 92 % for g=20 nm) is much stronger
than in the case of a SizNy slot waveguide (=~ 35 % for g=150 nm). This
confinement is expected to strongly reduce the spurious background flux
of photons originating from the guiding core of the waveguide (Al,O3 and
SigNy). The test monolayer of NTP is 1 —nm thick and selectively binds to
gold. Knowing its refractive index [18] ny7p = 1.62 and the Raman reso-
nance of 1339 cm™! (v4(INO3)), we can estimate the conversion efficiency
1 when the pump wavelength is set to 785 nm and the Stokes wavelength is
877 nm. For a 100 um long plasmonic waveguide, the ratio ( = Ps/P, of
the generated Stokes power over the incoming pump power is plotted in Fig.
6.2 for a range of thicknesses t 4,0, and t4,q chosen such that the gap (g)
ranges from 150 nm to 10 nm. For simplicity, we keep a constant coupling
coupling efficiency i.e. 7, = s = 5 dB for all combinations of ¢ 4;,0, and
tgota- The plot shows a nearly constant enhancement for a fixed gap size,
that is a fixed 1,0, + tgoiq. For our design, we target a thicker alumina
layer (~ 58 nm) and rather thin gold layer (~ 13-16 nm) for two reasons.
Indeed, the thickness of AlsOg is experimentally better controlled (thanks
to ALD) leading to an easier fabrication. Moreover, a lesser amount of gold
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Figure 6.2: The dependence of ( = P,/ P, on gold thickness t 414 and ALD
alumina thickness t a1,0, for 100 pm long plasmonic waveguide. The color bar is
plotted in log scale.

also reduces the reflection at the transition between access and plasmonic
waveguide. For example, for £ 4;,0,=12 nm and ?4,,4=58 nm, the back re-
flection of pump light is -22.7 dB. on the other hand, for ¢ 4;,0,=58 nm and
tgolq=12 nm, the back reflection drops to -38.7 dB (see Appendix C). For
t a1,0, = 58 nm and 4,4 = 13 nm, the plasmonic waveguide losses at pump
(p) and Stokes wavelength (o) measured using the cut-back method are
respectively 2.4 and 2.1 dB/um (see Appendix C). Similarly, the measured
vp and 7, are 3.95 and 5.1 dB/facet respectively. For these values of vy, o,
Yp» Vs and a plasmonic waveguide length L,, = 100 um, ¢ calculated using
COMSOL Multiphysics mode solver is 1.96 x 10~°. The single molecule
enhancement factor [19] i.e. SMEF= |E()\,)|?|E(As)|? is also calculated
by assuming a dipole located in the middle of gap i.e. SMEF = 1.5 x 107,

6.5 E-beam free fabrication

SERS sensors presented in the previous chapter were fabricated using elec-
tron beam lithography (EBL). EBL gives high resolution down to sub 10
nm. However, EBL offers low throughput due to a dot-by-dot fashion ex-
posure, therefore, it hinders the mass scalability. Wuytens et al, demon-
strated nanotraingles fabricated on a dielectric strip waveguide using micro-
sphere lithography [20]. Micro-sphere lithography demands wider waveg-
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SI3N4 150 nm

ALD Al,0,

Figure 6.3: Fabrication steps of ALD assisted metal slot waveguide. t 41,0, and
tyo1d are thicknesses of ALD alumina and gold layer. g is the metal slot gap.

uide, hence limits the excitation efficiency. Also, as in the case of e-beam
fabricated bowties, nanotriangles are fabricated on a strip waveguide that
generates huge Raman background as compared to slot waveguide [21].

The patterning technique we used here for metal slot waveguide is
based on an atomic layer deposition of AloO3. The process is as follows:
SizNy slot waveguides used for our experiments are fabricated at imec on a
200 mm silicon wafer containing a stack of 2.3 £ 0.1um thick high-density
plasma enhanced chemical vapor deposition (PECVD) silicon oxide SiO2
and 220 nm thick PECVD Si3Ny [22]. The structures are patterned with
193 nm optical lithography and subsequently etched by fluorine based in-
ductive coupled plasma-reactive ion-etch process to attain the final struc-
ture. The resulting average slot width is 150 nm. The waveguide topology
is depicted in Fig. 6.3. Then, the structure is conformally coated with 58
nm of AlyO3 using atomic layer deposition (ALD). Figure. 6.4 shows the
modal overlap with AlyO3 layer that goes upto 14% for tyo;q = 20 nm and
tal,0, = 30 nm. Considering such a high modal overlap, the low Raman
background material is essential to avoid any extra background. Therefore,
ALD Al,03 is chosen based on our previous analysis (see Chapter 3). The
result shows that AloO3 exhibits minimal Raman background as compared
to PECVD Si3Ny4. The ALD deposition is performed in a home built ALD
setup that has a base pressure of 10~% mbar. Deposition of the Al,O3 layer
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Figure 6.4: The modal confinement factor in the ALD AlyO3 layer. ta;,0, and
tg01d are thicknesses of ALD alumina and gold layer as defined in Fig. 6.3.

is performed using a thermal ALD process [23] at a substrate temperature
of 120°C using trimethylaluminum and water pulses of 5s at 5 x 1073
mbar. After the Al,O3 deposition, AZ 5214 resist is spin coated over the
chip using 3500 RPM and 40 sec spinning time. This is followed by an 11
sec DUV exposure, 3 min post bake at 120 C and a 50 sec flood-e expo-
sure (for image reversal). After the DUV exposure, the development was
done in a solution containing AZ400: DI—water (3:1). A short Oz plasma
(PVA-TEPLA GIGAbatch 310 m, 6000 sccm Oo, 600 W, 750 mTorr) was
performed to remove the residual resist. A thin 1—2 nm of Ti followed by a
13-15 nm of gold along the side wall is deposited using the Au-sputtering.
Finally, a 100 ym gold waveguide is defined using the metal lift-off. The
SEM images of the final fabricated device are shown in Fig. 6.5.

After the fabrication, the back silicon is thinned down from 750 pm
to 250 pm using 20 pum AlpO3 particles by means of Logitech lapping
machine. This helps in cleaving the chips with an accuracy of £50 pm.
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Figure 6.5: SEM images of hybrid metal slot waveguide waveguide (Top view and
cross section of the fabricated device).

6.6 Experimental results: Using a monolayer

Due to the relatively high Raman cross section and efficient binding with
the gold, 4-nitrothiophenol (NTP) is used as an analyte monolayer to char-
acterize the sensor. Also, our choice of a monolayer as an analyte supports
many bio-applications from clinical diagnostics, proteomics, genomics and
bio-materials to tissue engineering [20, 24-26]. The same binding recipe as
mentioned in the previous chapter is used to bind the NTP to gold surface.

As discussed earlier, the pump wavelength A, = 785 nm is used for all
report ed results unless it is mentioned explicitly. Raman spectra are mea-
sured from both 100 xm long gold coated and 0.6 mm long bare SizNy slot
waveguides, the latter serving as a reference. The results are presented in
Fig. 6.6. Both chips have been processed so that a monolayer of NTP coats
the gold nanostructures. Indeed, no NTP peak can be seen from the refer-
ence waveguide (free of gold). The spectrum from the plasmonic waveg-
uide shows not only the NTP Raman modes, but also a weaker background
than the reference waveguide. This is because the pump beam is strongly
attenuated in the plasmonic structure and no further Raman background is
generated after it. In the absence of gold, light is much less attenuated
and a spurious background is generated after the sensor. It is interesting to
study the dependence of the SERS signal on the length of the plasmonic
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waveguide (L) and the length of the access waveguide (Ly). In the first
set of experiments, the access waveguide length is kept constant while the
plasmonic waveguide length is varied from 0 to 290 ym. As shown in Fig.
6.6.b, the signal increases with the waveguide length until 15 gm and then
saturates due to the decay of the pump light. Fitting the length factor of Eq.
6.1 gives o, = g = 3.0 &= 1.2 dB/pum, where the large error bar is due to the
limited number of points at short waveguide lengths. This value fits well
to the o, and o, measured using the cut-back method i.e. 2.4 dB/um and
2.1 dB/um respectively (see Appendix C). This interaction length is rather
long for a plasmonic structure and this obviously contributes to the high
Raman conversion efficiency. It is worth mentioning that «,, depends on
the final plasmonic gap (g) i.e. it increases with decreasing plasmonic gap
due to higher modal interaction with gold [27]. In the second set of mea-
surements, the effect of the access waveguide length (L,) is investigated.
As confirmed by Fig 6.6.a, the access waveguide does not contribute to the
NTP spectrum. However, it does generate a broadband background that can
mask the SERS signal of interest if its length is too large [28]. Therefore
8 different access waveguide lengths L, from 10 to 410 um with a step
size of 50 um are measured using the same experimental parameters. As
shown in Fig. 6.6.c, the signal to background ratio decreases with increas-
ing access waveguide length. As a third experiment, we explore the spatial
reproducibility of the SERS spectra by measuring the relative standard de-
viation percentage (RSD %) of the SERS signal of all the Raman modes
of NTP for 24 different waveguides from three different chips (eight each).
Each spectrum is measured using the same pump power, access waveguide
length, CCD settings and integration time. As shown in Fig. 6.6.d, all NTP
modes except 1080 and 1339 cm ™! shows high stability with RSD% < 5%.
This variation is mainly attributed to differences in coupling efficiencies,
random gold roughness and optical alignment inaccuracy. The increased
variability at the 1080 and 1339 cm~! modes is attributed to chemical in-
stability of the NTP exposed to high optical fields and will be discussed
hereafter. This SERS signal variation in our plasmonic slot waveguide is
comparable to the state-of-the-art SERS substrates for free-space excitation
at 785 nm pump wavelength [29, 30].

6.6.1 Broadband Enhancement

In Chapter. 2. we analyzed the enhanced spontaneous emission rate of a
dipole sitting inside a MDM structure that showed an enhanced emission
that is broadband. This is an advantage over a nanoplasmonic antenna,
where the FWHM is limited (< 150-200 nm) due to the resonant nature of
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Figure 6.6: The measured back-scattered SERS signal of a plasmonic slot
waveguide with t o1,0, = 58 nm and t 4014 = 13 nm. a) Raman spectrum measured
from a functionalized plasmonic waveguide (red) and reference waveguide
(black). b) SERS signal at 1339 cm~' NTP Raman modes vs the length of
plasmonic waveguide (Ly). The black curve represents the length factor fit, from
which we extract a, = ag = 3.0 dB/pm. c) Signal-to-background ratio versus
access waveguide length and d) the relative standard deviation percentage (RSD
%) of SERs signal measured from 24 different waveguides on three different
chips. All spectra are extracted using 1 mW pump power (before objective) and 1
sec integration time.
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the localized plasmonic mode. While most plasmonic structures used for
SERS rely on a localized surface plasmon resonance, our plasmonic slot
waveguide uses a gap propagating surface plasmon polariton (PSPP) that
offers broadband and off-resonant enhancement. As a consequence, we ex-
pect a signal enhancement that has a reduced dependence on the excitation-
and emission wavelength. To demonstrate this broadband nature of the field
enhancement, we have taken SERS spectra at two different excitation wave-
lengths. The reported spectra in Fig. 6.7.a, are recorded at identical pump
power (1 mW) and integration time (1 sec) but for a pump wavelength of
632 nm and 785 nm. The spectrum at shorter wavelength is stronger as
compared to the one resulting from 785 nm excitation. However, the spu-
rious background level also increases due to the relative stronger photolu-
minescence of gold at shorter wavelength [31]. This result highlights the
broadband enhancement of our Raman sensor and the fact that it can be
used for any stokes Raman shift contrasting with the field enhancement in
nanoplasmonic antenna where the resonance is limited to ~ 100 nm. To the
best of our knowledge, this is the first broadband SERS demonstration of
an on-chip SERS Raman sensor.

6.6.2 Limitation on pump power

Another common limitation of plasmonic structures for Raman spectroscopy
is the maximum optical excitation power P*** that can be used before de-
grading (or photo-conversion) the sample/analyte under study. Indeed, this
limits the pump power that can be used and therefore the strength of the
Raman signal. Due to the relatively low localization of the electric field as
compared to nanoplasmonic antennas, our propagating plasmon based sen-
sor is expected to have large P."**. When exposed to too large intensity,
NTP molecules start to photo-reduce in a form of dimercaotoazobenzene
(DMAB). In order to find P)"®*, a series of spectra has been recorded at
different pump powers with 1 sec integration time each. The photo degra-
dation of NTP to dimercapotoazobenzene (DMAB) can be monitored using
the SERS intensity at 1339 cm™! vs Py. The power level at which I;339
shows non-linearity against Py corresponds to the photoreduction of NTP
into DMAB. As presented in Fig. 6.7.b, the 1339 cm™! peak starts to de-
cay after P"** = 0.8 mW pump power guided into the access waveguide,
while the peaks at 1145 cm™! due to S(CH), 1383 and 1443 cm~! due to
V(N = N) increases in intensity, that shows the gradual conversion of NTP
to DMAB. The SigNy background at 400 cm™~ ! also scales linearly with
the pump power confirming no photo-damage to SizN4 at higher powers.
Figure. 6.8 shows the same NTP photo-conversion phenomenon using the
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nano-triangles integrated on SizN4 waveguide. In this case NTP starts to
photo-reduce at 0.2-0.3 mW guided power. A similar observation has been
reported before [32, 33], where NTP molecules bind to a SERS substrate
were excited at the pump wavelength of 532 and 632 nm using the free
space optics.
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Figure 6.7: a) The back-scattered Raman spectra measured at pump wavelength
of A\p=632 nm (blue) and \,=785 nm (red). b) The photo induced reduction of
4-NTP into DMAB monitored using integrated counts at 1339, 1145, 1383 and

1443 cm™! vs total guided power. The SisNy background (BG) is also plotted at

400 cm™1.

6.6.3 Waveguide vs free space excitation

Next, we made a comparison between the Raman signal strength obtained
through a metal slot waveguide excitation and collection (waveguide ex-
cited) versus the excitation and collection through a high NA conventional
microscope objective (top-down free space (FS)). A 2 mW pump power be-
fore the objective (Zeiss 100 x /0.9 EC Epiplan NEOFLUAR: c0/0) and
60 sec integration time are used for both cases. The results are shown in
Fig 6.9. First, a reference spectrum is measured through top-down excita-
tion and collection from a position on the sample containing no metal slot
waveguide. No NTP peak is seen in the reference spectrum (red colour).
Next, a spectrum is recorded from a metal slot waveguide (green colour).
The spectrum contains the dominant modes of NTP i.e. 1110, 1339 and
1573 cm~!. Also, both spectra contain the 520 cm~! Raman detuning of
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Figure 6.8: Relative peak strength for the nanotriangle pattern excited through a
waveguide. The photo induced reduction of 4-NTP into DMAB monitored using
integrated counts at 1339, 1080 and 2330 cm™" vs total guided power. Taken
from [34]

the underlying silicon substrate. Finally, the light is butt coupled to the
same metal slot waveguide preceded by 100 pm reference waveguide. The
collected Raman spectrum (blue colour) is shown in Fig 6.9. The waveg-
uide excited and collected spectrum shows all Raman modes of NTP. The
results show that for a fixed pump power before an objective, the Raman
signal strength of a metal slot waveguide is approximately 30 times larger
as compared to that using a 0.9 NA objective. This is attributed to the long
interaction length of the former case . Also, the SNR (Sig/v/ BG) of the for-
mer case is approximately 7 times larger than that of the latter case. This
comparison is based on the signal counts that corresponds to 1339 cm™!
NTP mode.

6.6.4 Comparison with other on-chip SERS substrates

Here, we numerically compare our hybrid plasmonic waveguide based sen-
sor (HPW) with previously published on-chip surface enhanced Raman
sensors, i.e. nanobowties (NB) [28, 35] fabricated using e-beam lithog-
raphy and nanotriangles (NT) [36] fabricated using nanosphere lithogra-
phy. The comparison is presented in Table 6.1 in terms of measured Raman
conversion efficiency (( = Ps/P,), number of molecules (N,,,,;) excited,
resonance behaviour and fabrication technique. The experimental value of
¢ for our nanoplasmonic sensor that is extracted for the 1339 cm~! mode
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Figure 6.9: The Raman spectra measured through excitation and collection from
a metal slot waveguide (blue) and conventional microscope objective (green). All
spectra are extracted using same pump power (2 mW) and integration time (60
sec). The black dotted lines show the position of dominant NTP Raman modes.
The Raman setup depicted before in chapter 3 (Fig. 3.9) is used for both
measurements.

of NTP is (140.057) x 107, This is 3 orders of magnitude higher than
that of nanobowties and an order of magnitude higher than nanotriangles.
The total number of molecules excited (N,,,,;) in each case is calculated
using A, X p, where the A, is the gold surface area and p, = 4.4 x 106
molecules/ym? [37] is the density of NTP molecules on a gold surface.
Another advantage of the reported SERs substrate over others is the ease
of fabrication that consists of ALD assisted DUV photolithography, this
enables mass scale manufacturing. Next, the broadband nature of SERs en-
hancement is compared with the other two devices. NB and NT are highly
resonant i.e. FWHM of resonant enhancement < 100 nm for nanobowties
and < 250 nm for nanotriangles. Our sensor offers a non-resonant enhance-
ment making the SERs enhancement independent of excited and scattered
wavelengths.

6.6.5 Comparison with dielectric waveguide

Here, we numerically compare the signal strength offered by a hybrid plas-
monic waveguide (HPW) based sensor with a standard silicon nitride strip
and slot (gap= 150 nm) waveguide [9, 38] fabricated using DUV pho-
tolithography. Two different cases i.e. a monolayer of NTP and a bulk
Isopropyl Alcohol (IPA) cladding are considered. The results are presented
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Structures | NB [28, 35] NT [36] HPW
(=P,/P, ~ 10712 ~ 10710 (1£0.057)10~°
Nool ~ 0.5 x 107 ~ 1.5 x 10" ~ 8.2 x 10"
Fabrication e-beam Nanosphere litho | ALD + Photolitho

FWHM (nm) <100 <250 non-resonant

Table 6.1: Comparison of hybrid plasmonic waveguide (HPW) sensor with
existing nanophotonic SERs substrates i.e. nanobowties (NB) and nanotriangles
(NT).

in Table 6.2. In the case of an NTP monolayer, for the sake of comparison,
we assume the same NTP Raman cross section (o = 1.8 x 1072? cm?/sr)
and surface density (p = 4.4 x 10° molecules/;zm?) for both sensors. How-
ever, this is rather an artificial assumption because p of a given molecule
strongly depends on the surface of the substrate as well as the binding tech-
nique. But it serves the purpose of comparing different sensors. For an
NTP monolayer, 15 ym long HPW exhibits approximately 14 and 20 times
stronger signal as compared to a 4 cm long silicon nitride slot and a 5 cm
long strip waveguide. Here, we have considered the coupling loss from an
access waveguide to a plasmonic waveguide i.e. 7, and 7y, are 3.95 and 5.1
dB/facet respectively. Similarly, for a bulk analyte, ¢ is computed assuming
a 1.5 pm thick IPA as a top cladding (n;p4=1.37, A, = 785 nm, A\, = 840
nm, o = 8.0 x 1073! cm?/sr and p =787 x 10%! molecules/cm?) [9].
Inspite of the high field enhancement offered by a HPW, ( for the silicon
nitride slot waveguide is still approximately 3 times larger than that for a
HPW due to the absorption intrinsic to the gold. If we compare the Raman
background generated in both kind of sensors we can establish a more rel-
evant benchmarking. In the next section, the Raman background of metal
slot waveguide is compared with SigNy strip and slot waveguide.

6.7 Bulk sensing

SERS substrates are known for their high signal enhancement for the ad-
sorbed analyte because of their huge field enhancement at the surface. In
the case of metal slot waveguide, the geometry is good enough to probe
volume of liquids.

To analyze the SERS performance for a bulk analyte, experiments are
performed using liquid isopropyl alcohol. A pump power of 1 mW after
objective and 1 sec integration time is used. The length of the plasmonic
waveguide is L, = 100p4m. The results are shown in Fig. 6.10. Five dif-
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Structures ¢ = Ps/P, | Effective length
Metal slot 1‘12'0; 1(0)_?0 ~ 15 pm
SizNy slot 37.;?: 1100__1110 ~4cm
SizNy strip ls..loi 1100__1110 ~5cm

Table 6.2: Comparison of a hybrid plasmonic waveguide (HPW) sensor with a
SigsNy strip and slot waveguide for an NTP monolayer (bold) and for a bulk
Isopropyl Alcohol cladding (plain).

ferent access waveguide lengths are taken in account to analyze the back-
ground contribution from SigN4 and gold. As shown in Fig. 6.10, over-
all Raman background does not change as the access waveguide length
gets smaller than 60 pym i.e. L, < 60 ym. That is the waveguide length
when the plasmonic waveguide background becomes dominant over the
SisN4. In the next set of experiments, the signal and background strength
of a plasmonic waveguide is compared with PECVD SizNy strip and slot
waveguides. For the plasmonic waveguide, an access waveguide of 60 pm
is used to avoid any extra SigsN, background. For SizNy strip and slot
waveguides, a 2 cm long waveguide is used. All measurements are done
using 1 mW pump power after objective and 1 sec integration time. The
results are shown in Fig. 6.11.a. The signal strength (Sig) is defined as
the counts at 819 cm ™. Similarly, the Raman background (BG) is defined
as the counts at 819 cm~! (where the background is flat). As shown in
Fig. 6.11.b, the relative signal strength i.e Sigg;, N, siot/Si€metalsiot = 11.5
and SigSigN4strip/Sigmetalslot ~ 4.2. The ratio SigSigN4slot/Sigmemlslot is
approximately 3.8 times higher than what is simulated in Table 6.2. This
variation might be attributed to the fact that IPA could not completely
wet the narrow gap (= 15 nm) of metal slot waveguide. Also, the hy-
drophobic nature of the metallic surface may inhibit full wetting. The ratio
Sigsis Nysiot!S1€5i5 Nystrip corresponds well to the simulated values men-
tioned in Table. 6.2. On the other hand, (;=Sig;/+/BG,; for the metal slot,
SigNy slot and SigNy strip waveguide are approximately 5.0, 5.2 and 17.3,
respectively. This shows that, in spite of bad wettability, the signal-to-noise
ratio of metal slot waveguide is comparable to that of a Si3Ny strip waveg-
uide and =~ 3 times smaller than that for a SigN4 slot waveguide. The wet-
tability of ultra small metallic gaps can be improved by applying different
wetting techniques e.g. application of O plasma before immersion [39] or
two components droplets technique based on solutal Marangoni effect [40].
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Figure 6.10: The Raman spectra of iso-propyl alcohol (IPA) measured through
excitation and collection from a metal slot waveguide for various access
waveguide lengths. All spectra are extracted using same pump power (1 mW) and
integration time (1 sec). The black dotted lines show the position of dominant
ethanol Raman modes.

It is worth mentioning that the analysis presented in this section is based on
1 mW pump power (P,) before objective. However, unlike metal waveg-
uide, SigN, waveguide can withstand high pump powers (> 50 mW). This
will further improve the signal to noise ratio as SNR o /P,
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Figure 6.11: a) The Raman spectra of iso-propyl alcohol (IPA) measured through
excitation and collection from a metal slot (red), SisNy slot (green) and SigNy
slot waveguide. All spectra are extracted using same pump power (1 mW) and
integration time (1 sec). The black dotted lines show the position of dominant

ethanol Raman modes. b) The signal strength (Sig) at 819 cm™" is plotted against

the shot noise associated with Raman background / BG.
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6.8 ALD grown nanotrenches on SizN, slot waveg-
uide

Thus far, we presented the SERS performance of a metal waveguide that
is fabricated using a continuous metal layer deposited using metal sputter-
ing. Due to the random nature of the sputtering process, the control on the
thickness of metal layer is difficult. Also, the metal layer deposited using
the sputtering are not very conformal. At the CoCoon Group, Ghent Uni-
versity, a novel ALD process for gold deposition has been developed using
MesAuPMes and Hy plasma (20% Hs in Ar) as the precursor and reac-
tant. Au is deposited with a new ALD process, using MesAuPMes and Hy
plasma. For the complete details of the ALD Au process readers are sug-
gested to follow [41]. The process leads to the formation of nanotrenches
where the width of the nanotrenches can be tuned by controlling the growth
rate. In this section, we present an on-chip Raman sensor that uses plas-
monic nanotrenches directly defined on a single mode silicon nitride SizNy
slot waveguide using atomic layer deposition. Highly conformal ALD of
Al;0O3 and Au allows defining the nanotrenches in a more controlled and
uniform fashion all along the waveguide width and length. The SERS per-
formance of the resulting sensor is characterized using a monolayer of 4-
nitrothiophenol.

6.8.1 Fabrication

The sensor is fabricated in three steps. In the first step, SigNy slot waveg-
uides are fabricated using 193 nm optical lithography and subsequently
etched by fluorine based inductive coupled plasma-reactive ion-etch pro-
cess [22] to get the final structure as depicted in Fig. 6.4. Then a layer of
AlyO3 is deposited using ALD. Finally, a 100 um window is defined in AZ
5214 photo-resist using DUV lithography followed by an ALD deposition
of gold layer. A home built ALD reactor with a base pressure of 2x 1076
mbar is used to deposit the AloO3 and Au layers [23]. Both layers are de-
posited at a substrate temperature of 100°C. The Al,Oj3 layer is deposited
using TMA and H,O as the precursor and reactant, respectively. The used
pressure for both gases is 6x10~3 mbar. Au is deposited with a new ALD
process, using Meg AuPMe3 and Hy plasma (20% Hs in Ar) as the precursor
and reactant. A pressure of 1 mbar is used for the Au reactant and 6x10~3
mbar for the hydrogen gas.
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Figure 6.12: The SEM images of the fabricated on-chip SERS device using ALD
gold. a) for 12.5 nm gold, b) for 28.4 nm gold and for 39.3 nm gold.
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After the patterning, the chip was thoroughly cleaned with Acetone/I-
PA/DI water and dried with Ny gun. For the monolayer coating, the chip
was immersed in 1 mM solution of 4-Nitrophenol (pNTP) in ethanol. Fi-
nally chips are cleaved such that the access waveguide length is < 60 um.
Three different thicknesses of the gold (ty.;4) are considered i.e. the average
thickness 12.5£2.4 nm (where the gold layer is discontinuous), 28.4+4.5
nm (where the gold layer is semi-continuous) and 39.31+5.8 nm (continuous
layer). The sem images are shown in Fig. 6.12. Also in order to keep a same
slot width, three different Al,O3 layer thicknesses (t;,0,) are considered.
For example 39 nm, 49 nm and 59 nm ALD Aly;O3 layer thicknesses are
used for 12.5, 28.4 and 39.3 nm thick gold layers.

6.8.2 Experimental results

Raman measurements are done using the same setup as mentioned in chap-
ter 3 (Fig. 3.9). A pump power of 1 mW and 1 sec integration time is
used. NTP spectra measured from three different metal waveguides are
shown in Fig. 6.13. The measured spectrum contains all the pNTP Ra-
man modes. Two waveguides on the same chip are measured. NTP spectra
with dashed lines represent the identical waveguide on same chip. The
plasmonic waveguide for the thinner gold layer i.e. tg5q = 12.5 nm shows
remarkably high SERS signal strength. For the integrated counts at 1339
cm~! (dominant NTP mode), the signal strength for tg,q = 12.5 nm is ap-
proximately 1.8 and 15 times stronger as compared to the metal waveguide
with 28.4 and 39.3 nm thick gold layer, respectively.

In order to investigate this large variation, SEM images were taken
close to the metal layer. As shown in Fig. 6.14.a, the 12.5 nm thick gold
layer shows a continuous array of 10 nm wide nanotrenches all along the
waveguide cross section. These nanotrenches induce closely packed and
highly localized hot spots all along the length of the waveguide. These lo-
calized hot spots lead to the resonance dependent high field enhancement
that eventually boosts the SERS signal. On the other hand, the thicker ALD
gold layer (tyo;q = 39.3 nm) shows rather continuous gold layer that is com-
parable to the one deposited using the sputtering. In order to verify the
presence of hotspots, we tried to observe the resonant enhancement. Trans-
mission measurements are done to extract the extinction spectrum. The
measurements are done using a broadband light source. A 10 um long
plasmonic waveguide is integrated with a 5 mm long access waveguide. As
defined before in Eq. 5.6, the normalized extinction (e)) is defined as

e)\[dB] = Tref()‘)[dB] - Tgold()‘)[dB] (6.2)
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Figure 6.13: The back-scattered SERS signal of NTP measured from plasmonic
slot waveguide of t o1,0, = 59 nm/tgo1q = 12.5 nm (red), t p1,0, = 48 nm /tyo1q =
28.4 nm (green) and t o1,0, = 39 nm /tyo1q = 39.3 nm (blue) . All spectra are
extracted using same pump power (1 mW) and integration time (1 sec). The
dotted lines shows a back-scattered SERS signal of NTP measured from another
waveguide on the same chip.

where T,.; and T,yq are the transmission in a reference (no gold) and
a functionalized waveguide (with ALD gold). The measured (e))[dB] is
shown in Fig. 6.14.b. The black and green dotted lines represent the po-
sition of the pump and Stokes wavelength i.e. A, = 785 nm and \g =
877 nm. The extinction spectrum recorded from the metal waveguide with
tgo1q=12.5 nm shows the resonance where the resonance wavelength (A.s)
is around 950 nm. On the other hand, extinction spectrum recorded from
metal waveguide with ty,¢=39.5 nm is relatively flat. This resonance en-
hancement is seen before in the case of nanobowties and arch dipole anten-
nas where extinction spectrum shows a peak at \,.s. This corresponds to
the localized surface plasmon mode of nanoantennas. Here, the localized
mode of plasmonic nanotrenches exhibits the resonance enhancement.
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Figure 6.14: a) The SEM images of the fabricated on-chip SERS device using
ALD gold (for 12.5 nm gold and 39.3 nm gold thickness). 12.5 nm thick ALD gold
layer shows the formation of 10 nm wide nanotrenches along the waveguide. b)
The extinction spectra measured from ALD gold coated waveguides. The
extinction spectrum measured from plasmonic waveguide with an ALD gold
thickness of 12.5 nm(red) shows the resonance behaviour i.e. ;.5 ~ 950 nm.
Black and green dotted lines shows the position of pump and Stokes wavelength
i.e. \p=785nm and \s=877 nm.
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Next, we extract the Stokes to pump conversion efficiency (=P,/P,. ¢
is extracted using 1 mW pump power, 1 sec integration time and experi-
mental factor C,,; introduced before in Chapter 5 i.e. (12 5nmgoid = (2.3 £
0.96) x 1078, (28.4nmgold =(1.03 £ 0.63) x 10~8 and (39,3nmgold =(0.95
4+ 0.3) x 1077, Note that, when the ALD gold layer is thicker then it be-
comes uniform, therefore, ( converges to the value obtained before using a
uniform layer of gold via sputtering i.e. ¢ = (1.0 £ 0.057) x 107°.

These preliminary results show that 10 nm wide nanotrenches are de-
posited on the SigNy slot waveguide without any patterning technique.
Also, the overall SERS signal strength is at least 15 times larger than in
the case of a plasmonic waveguide fabricated using conventional sputtered
gold. However, as shown in Fig. 6.14.b, the localized plasmon resonance
Ares 18 not optimized for 785 nm pump and 877 nm Stokes wavelength.
Ideally, A5 should reside between 785 nm and 877 nm for high field en-
hancement. Therefore, further experimental investigation is needed to ana-
lyze the full potential of these fabrication-less plasmonic nanotrenches di-
rectly grown on SizNy slot waveguide. Also, the power handling capability
of the sensor needs to be investigated. Similarly, reproducibility of SERS
signal also needs to be analyzed from chip to chip as well from run to run.

In this work, we have not done any analytical estimation of (=P4/P,,.
Because of a random distribution of ALD gold patches, it is challenging to
define an identical gold layer in the simulation software e.g. in Lumerical
FDTD. One way is to do the image processing of SEM image and make a
distribution of gold patches size. And then assume a continuous layer of
the average patch size in Lumerical. This will give a good estimation of
(=P,/P).

6.9 Comparison with the free space excited SERS
substrate

In chapter 4, we discussed different free space excited SERS substrates that
offer high SERS enhancement, hence provide high sensitivity. Comparing
the electric field enhancement of SERS substrate is always challenging as
it depends on many factors i.e. the definition of figure of merit or enhance-
ment factor, material, analyte, number of molecules, excitation wavelength
and optics used in the setup etc [42]. Two commonly used enhancement
factors are single molecule enhancement factor (SMEF) also know as local-
ized enhancement factor and SERS substrate enhancement factor (SSEF)
also known as average enhancement factor [43]. SMEEF is calculated at
maximum electric field position that varies from structure to structure. On
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the other hand, SSEF considers an average SERS enhancement. A com-
plete guide about how to measure SSEF can be read from [43, 44]. There
always exist discrepancies when it comes to the SERS substrate’s compar-
ison. Most of the time SERS comparison is benchmarked against Klarite
(commercial SERS substrate). However, there are multiple SSEF values of
Klarite reported in literature i.e 1.5 X 10% [45] t0 3.5 x 10 [46]. Therefore,
great care needs to be taken while comparing SERS substrates.

Unlike free space SERS substrates, on-chip SERS substrates lack a
reference spontaneous Raman signal that can be used to normalized on-
chip Raman signal. Therefore, it is difficult to define a common figure of
merit e.g. SSEF. Nevertheless, here we compare different on-chip SERS
substrates with the free space SERS substrate in terms of Stokes to pump
conversion efficiency. Previously, in Table. 6.1, we compared the pump to
Stokes conversion efficiency of on-chip SERS substrates for the 1339 ¢m !
NTP mode. We compare these on-chip SERS substrates with free space ex-
cited gold nanodomes fabricated using nanosphere lithography [7]. Gold
nanodome platform was chosen based on its high SSEF = 9.8 x 10° [20]
that is comparable to other states of the art reproducible and scalable SERS
platforms [47]. To make a fair comparison, the same gold deposition (sput-
tering) and analyte (NTP monolayer) is used. Also, to minimize the Raman
background contribution of SigN,4 access waveguide, the waveguide length
is limited to 100 um. Results are shown in Fig. 6.15. The vertical and
horizontal axis represents normalized Stokes and Raman background sig-
nal strength, respectively. For the waveguide excited plasmonic structures,
P, represents the pump power guided into the access waveguide. For free
space excited nanodomes, P, represents the pump power after the micro-
scope objective. Clearly, for gold nanodomes (gap = 12 nm) normalized
Stokes power is about 2 orders of magnitude stronger than a metal slot
waveguide (gap = 15 nm). Also, gold nanodomes exhibit a much stronger
Raman background (= X 20) as compared to the metal slot waveguide.
Among all on-chip SERS sensors, ALD gold slot waveguide gives the high-
est pump to Stokes conversion efficiency. That is still off by a factor of 4-5
as compared to free space excited nanodomes.

In the end, it is worth mentioning that there also exist other free space
SERS substrates that offer even higher SERS enhancement. Therefore, the
results presented in this section cannot be generalized to all SERS sub-
strates. To have an overview about other efficient SERS substrates, readers
are directed to [48].
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Figure 6.15: Comparison of SERS background power Ppg (x-axis) and SERS
Stokes power Pgs (y-axis) of different SERS platforms. Both parameters are
normalized on the input power and the integration time. For the waveguide
excited plasmonic structures Pp represents the pump power guided into the

access waveguide. For free space excited nanodomes, P, represents the pump

power after the microscope objective. ”’fs” indicates free-space and "wg” is the
waveguide-based excitation and collection of the SERS signal. The figure is
adapted from [49]. Blue circle represents the SERS signal and Raman
background of an ALD gold slot waveguide.

6.10 Conclusion

In conclusion, we have reported a SERS sensor suitable for on-chip inte-
grated Raman spectroscopy, fabricated using ALD assisted DUV lithogra-
phy and therefore compatible with back-end CMOS fabrication. We have
reported both experimental and numerical characterization of our sensor
demonstrating capabilities that have so far been difficult to combine in a
single sensor: 1) a large Raman conversion efficiency (=~ 1x10~?) thanks
to simultaneous long interaction length, high confinement and plasmonic
enhancement (SMEF = 1.5 x 107), 2) a low background due to the reduced
overlap of the field with the core of the waveguide 3) a good reproducibil-
ity of the Raman spectra (RSD < 5%) across different chips thanks to the
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nanometer fabrication accuracy provided by atomic layer deposition, 4) a
good tolerance to rather large input power due to a moderate local field
enhancement and 5) a broadband enhancement thanks to the use of prop-
agating plasmons rather than localized plasmon (nanoantennae). All these
features make this kind of sensor ideal for the future integration with lasers,
spectrometers, spectral filters and detectors that will constitute a fully inte-
grated Raman spectrometer chip. Given the compactness of our plasmonic
sensor and the other elements, it is easy to foresee a chip capable of con-
taining dozens or hundreds of sensors for performing multiplexed Raman
sensing. Furthermore, we have also reported a SERS sensor for an on-chip
Raman spectroscopy using a novel ALD process of gold. Me3AuPMes and
H, plasma are used as the precursor and reactant, respectively. The forma-
tion of 10 nm wide nanotrenches along the width and length of the SizNy
slot waveguide leads to a large pump to Stokes conversion efficiency of (2.3
4+ 0.96) x 1078 This is the highest on-chip pump to Stokes conversion ef-
ficiency known to the date. However, further experimental investigation
is needed to analyze the full potential of these fabrication-less plasmonic
nanotrenches directly grown on SigN, slot waveguide. Similarly, repro-
ducibility of SERS signal is also needed to be characterized at chip to chip
as well run to run level.
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Conclusion and future outlook

7.1 Conclusion

In this thesis work, we investigated different modalities of on-chip Raman
spectroscopy. Firstly, we presented the bench-marking of four different
photonic platforms i.e. AlyOs, SizNy, TasOs and TiO4 as potential on-
chip Raman spectroscopy platforms. The performance is compared in terms
of pump to Stokes conversion efficiency and Raman background generated
from the waveguide material. A first comparison is made accounting for the
current technological fabrication capability and resulting propagation loss.
A more general comparison is made that factors out the loss therefore look-
ing forward at technological improvements. The analysis shows that TiO,
waveguides exhibit the highest Raman conversion efficiency due to its high-
est index contrast. However, the signal-to-background ratio is relatively
poor due to the high Raman background. On the other hand, Al,O3 waveg-
uides exhibit weak Raman background, but the signal collection efficiency
suffers due to the low index contrast. SigN4 and TaoOs strip waveguides
seem to be nearly equally good platforms for Raman spectroscopy as their
Raman background is rather low but their capability to collect the Raman
signal from the analyte is strong. In practice, the loss in SigNy waveguides
being lower than in TasO5 waveguides, it is presently more advantageous
to use SizN4. With the progress in making low loss waveguides, any of the
investigated photonic platform could become the best one as long as the
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waveguide loss is primarily due to the waveguide itself. In case the loss
is dominated by the analyte, the figure of merit given in Table. 3.2 gives a
definite answer on what technology is ideal.

In the quest for dielectric waveguides better suited for higher Raman
signal collection, we have also studied numerically ALD layer coated PECVD
SizNy slot waveguides. The simulation results for the Stokes to pump con-
version efficiency of a 70 nm thick high refractive ALD layer coated SigNy
slot waveguide shows 7.5 times improvement over an uncoated SigNy slot
waveguide. In the end, we briefly compared Raman background of four
possible ALD coatings i.e. AloO3, HfO2, TiO9 and VO, that can be used
to coat SigNy for an efficient NWERS. The Raman background of ALD
VO, is comparable to TiOs that is about 8 times stronger than PECVD
SigNy4. On the other hand, ALD HfO, exhibits moderate Raman back-
ground that is comparable with PECVD SizNy.

After the benchmarking study of different photonic platforms for NWERS,
we analyzed surface enhanced Raman spectroscopy (SERS) using a nanoplas-
monic antenna integrated on a dielectric waveguide. In a first phase, the
SERS performance of an integrated arch dipole antenna geometry is ana-
lytically compared with the previously reported bowtie antenna. We have
shown that the proposed antenna geometry provides at least one order of
magnitude higher pump to Stokes conversion efficiency as compared to the
previous realization. In the second phase, the effect of PECVD Si3N4 Ra-
man background on the SERS signal is analyzed. Using the back-reflection
configuration and small PECVD Si3N, access waveguide length, SERS
using a single integrated plasmonic antenna is presented. In the end, we
demonstrate the SERS using an antenna embedded into the subwavelength
gap of a waveguide. The result shows that SERS signal with this antenna
configuration is atleast three times stronger than the evanescently excited
and collected SERS (an antenna sitting on top of a waveguide).

Then, we introduced an efficient on-chip Raman sensor, in which plas-
monic antennas are replaced by metal slot waveguides. Raman spectroscopy
using metal waveguide gains both from a strong field enhancement due to
the highly confined propagating plasmon polariton gap mode and a limited
spurious background, thanks to the limited field overlap with the dielectric
material. Moreover, the fabrication avoids any use of electron beam lithog-
raphy and rather relies on the atomic layer deposition (ALD) to create the
nanometer scale gaps required for a large plasmonic enhancement. Un-
like plasmonic nanoantenna, this plasmonic slot waveguide offers few mi-
crometers long interaction length and an off-resonant enhancement hence
a broadband Raman conversion efficiency. We have reported both exper-
imental and numerical characterization of our sensor demonstrating capa-
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bilities that have so far been difficult to combine in a single sensor: 1)
a large Raman conversion efficiency (=~ 1x107?) thanks to simultaneous
long interaction length, high confinement and plasmonic enhancement, 2)
a low Raman background due to the reduced overlap of the field with the
core of the waveguide 3) a good reproducibility of the Raman spectra (RSD
< 5%) across different chips thanks to the nanometer fabrication accuracy
provided by atomic layer deposition, 4) a good tolerance to rather large in-
put power due to a moderate local field enhancement and 5) a broadband
enhancement thanks to the use of propagating plasmons rather than local-
ized plasmon (nanoantennae). All these features make this kind of sensor
ideal for the future integration with lasers, spectrometers, spectral filters
and detectors that will constitute a fully integrated Raman spectrometer
chip. Given the compactness of our plasmonic sensor and the other ele-
ments, it is easy to foresee a chip capable of containing dozens or hundreds
of sensors for performing multiplexed Raman sensing.

Furthermore, we have also reported a SERS sensor for on-chip Raman
spectroscopy using a novel ALD process of gold. MesAuPMes and Hs
plasma are used as the precursor and reactant, respectively. The formation
of 10 nm wide nanotrenches along the width and length of the SizNy slot
waveguide leads to a large pump to Stokes conversion efficiency of (2.3
+ 0.96) x 1078, This is the highest on-chip pump to Stokes conversion
efficiency known to the date. However, this work is preliminary and further
investigation is needed to verify other features of an on-chip Raman sensor
e.g. reproducibilty of SERS signal.
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7.2 Future outlook

In this section, different future directions that came out of this work are
highlighted.

7.2.1 SERS Signal enhancement

7.2.1.1 Optimization of ALD gold nanotrenches directly grown on
Si3Ny slot waveguide

The preliminary result of ALD nanotrenches directly grown on SizNy slot
waveguide shows huge impact in terms of pump to Stokes conversion effi-
ciency (Ps/Pp). These results also show that sub-10 nm wide nanotrenches
can be grown in a narrow SizNy slot waveguide without using any lithogra-
phy technique. However, further experimental investigation is needed to an-
alyze the full potential of these fabrication-less ALD grown nanotrenches.
Similarly, reproducibility of SERS signal is also needed to be characterized
at chip to chip as well run to run level.

Also, in this work, we have not done any analytical estimation of Ps/P,,.
Because of a random distribution of ALD gold patches, it is challenging to
define an identical gold layer in the simulation software e.g. in Lumerical
FDTD. One way is to do an image processing of SEM image and make a
distribution of the gold patch size. And then assume a continuous layer of
the average patch size in Lumerical. This will give a good estimation of
Py/P,,.

7.2.2 Background mitigation techniques
7.2.2.1 Top down excitation technique

The Raman background generated from access SizN, waveguide can also
be mitigated by exciting a plasmonic resonant mode in a metal slot waveg-
uide using a top down pump injection technique, whereby, the access waveg-
uide is only used to collect the Stokes signal. The fundamental longitudinal
mode in a metal slot structure can be excited by adjusting the height and
gap of the slot. Also, this technique offers a high extinction of the pump
light thus relaxes the stringent requirement on an on-chip rejection filter.
This route is the subject of another ongoing PhD project.

7.2.2.2 MMI based Raman background mitigation technique

In this thesis, the back reflection configuration is used to collect the back-
scattered SERS signal. However, the integration with other photonic func-
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tionalities demands a separate path for the pump power (input) and Stokes
signal (output). A device based on multi-mode interference (MMI) can be
employed in this regard. An MMI device is a waveguide designed to sup-
port multiple modes [1]. Based on the interference of these guided modes,
a N x M power splitter can be designed where N and M are the number
of ports at input and output facet, respectively. The schematic of a 2 x 2
MMI device is depicted in Fig. 7.1. Using this scheme, the path of input
pump power (and the Raman background associated to the input waveg-
uide) and back scattered Stokes signal can be decoupled and output port
can be connected to other photonic functionalities e.g. a rejection filter to
remove the Rayleigh line. This configuration may also lead to high SNR as
the port 2 (output port) will only receive a weak pump power that is equal
to P,(Rg1T13T32+R52T14T42+BGy) in the MMI slab region where Ty, is
the transmission from a to b port. Rg; and Rgo are the reflection of pump
light from sensor 1 and 2, respectively. And BG is the Raman background
generated in slab region due to the forward propagating pump light. By re-
ducing the reflection Rg, the total background collected in the output port
can be minimized.

-—
q
-

Ps

Figure 7.1: 2 x 2 MMI based on-chip configuration to collect the back scattered
SERS signal. Port 1 is used for input pump light. Port 3 and 4 are connected to
metal slot waveguides (SERS sensor). And port 2 is the output port and can be

connected to other photonic components.
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7.2.3 Biological applications: on chip enzymatic study of pep-
tides

All experiments done in this work were based on 4-nitrothiophenol(NTP)
monolayer that selectively binds to the gold surface using gold-thiol bond.
NTP is an organic molecule that has a high Raman cross-section and was
used to characterize the SERS sensor. However, the pump to Stokes con-
version efficiency acquired using metal slot waveguide is large enough to
also detect biomolecules that typically have Raman cross-sections at least
two orders of magnitude lower than NTP. Therefore, it is wise to explore
other, biologically relevant analytes. One of the key applications in this
regard is the on-chip SERS analysis of proteases. Proteases are enzymes
that catalyse the hydrolysis of peptide bonds and which, amongst others,
play important roles in various human diseases [2, 3]. Turk et al, recently
demonstrated that the SERS signal of the aromatic amino acids in peptides
can be detected using the proposed metal slot waveguide [4]. Similarly,
other biologically relevant processes i.e. Tyrosine phosphorylation [5] and
multiplexed protease activity [6] analysis can also be studied on a chip us-
ing proposed SERS sensors.
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Raman background of two differently
processed TiO, waveguides

To validate the huge Raman background generated from the titania waveg-
uides, Raman background from two differently processed TiO2 chips i.e.
sample 1 and sample 2 are measured and compared. Sample 1 (same as
used in chapter 3) is fabricated at University of Cornell, USA (Group of
Prof. Jin Suntivich). And sample 2 is fabricated at University of Twente,
The Netherlands (Group of Dr. Sonia Blanco). Fabrication details and re-
sults are mentioned below.

A.1 Fabrication details

To fabricate sample 1, TiO film is deposited on a thermal oxidized silicon
wafer by reactive sputtering. Next, a bilayer stack of anti-reflective coating
and UV—-210 photoresist were applied on the wafer. Then, the patterns are
defined by a deep-ultraviolet stepper (A =248 nm) and transferred under
C,Fs plasma etching with He cooling. The final waveguide has a cross
section (w x height) of 380 x 180 nm?.

The second TiO» chip (Sample 2) is fabricated with the different pro-
cess parameters. A 100 nm thick TiO» layer is deposited using RF sputter-
ing with the following parameters: 20 °C temperature, 6 x 10~2 mbar pro-
cess pressure, 34 sccm Ar flow, 7.5 sccm O flow and 500 W source power.
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After an e-beam exposure and resist development, the TiO5 is etched us-
ing the reactive ion etching in an Oxford PlasmaPro 100 Cobra. The final
waveguide has a cross section (w x height) of 1000 x 100 nm?.

A.2 Results and discussion

Due to different waveguide cross sections of sample 1 and sample 2, a fair
comparison of Raman background demands the normalization with back-
ground conversion efficiency (ngg) and coupling efficiency. As defined
before in chapter 3 (Eq. 3.4), np¢ is given as

n22 ¢|E(r, )\ NE 1
B, A, As) ar (Al
n(w, b, Ap, // [T elB(r, Ap)[2dr Aegr (v, As) (A1)

where unlike analyte signal conversion efficiency 74, the outer integral
in Eq. A.1 runs over the waveguide cross section to estimate npg. Fig-
ure. A.l.a shows npg for sample 1 and sample 2 in the Raman shift span of
0—1600 cm™. Figure. A.1.b shows the normalized Raman spectra of sam-
ple 1 and sample 2. Both spectra were acquired with 0.25 sec integration
time and 10 mW pump power at 785 nm wavelength. As shown in Fig. A.1.
b, for the same input pump power, both spectra are remarkably aligned well
with each other in terms of the spectral features. This result shows that
two differently processed TiO5 chips lead to the same Raman background.
Note that the processing temperature in both TiO5 chips is kept less than
TiOs crystallization temperature. A high—temperature growth of TiOo
layers leads to the crystallization [1] that eventually changes the Raman
background.
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Figure A.1: a) The npq calculated using Eq. A.1. A 785 nm pump wavelength is
assumed. b) The Raman background comparison of two differently processed
TiOs waveguides. For the same input pump power (10 mW) and integration time
(t=0.25 sec), both spectra are remarkably aligned well with each other in terms
of the spectral features






CCD Counts to Stokes power
conversion

In order to correlate the Stokes power at the input facet (in a back-reflection
configuration) of the chip and the actual detected signal in counts per unit
time (C/sec), we need to take into account all optical losses in our setup.
The Stokes power reaching the detector surface is given by

PDS:7inX’YoutXTMOXTspecXFOMXPo (B.1)

where Tpso and Ty are transmissions through microscope optics (fil-
ter, dischoric mirror etc.) and spectrometer (transmission through diffrac-
tion grating and input slit), respectively. Transmission values are Tpro =
0.65 and Tpe. = 0.6 (based on the data provide by supplier).~;, and 7y, are
coupling efficiencies from microscope objective to the waveguide. where
FOM is same as defined in Eq. 3.6):

P. 1 1— 6_(0‘17“"0‘5)[/
FOM = FZ = §X,0><U><?7A(W,h,)\p,)\s) X <Ozp+045> (B.Z)

We can also define Ppg in terms of the quantum efficiency of the de-
tector QE (number of electrons/photon) and CCD sensitivity ¥ (no of elec-
trons/count) and CCD counts per second (Cs/T):
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Cs  he \\
Ppg= — X — X ——— B.3
DS = X 3 QB (vs) (B.3)

Using Eq. (B.1) and (B.3), one gets

C As E(\s
TS:FOMXPOXhcxcgél)xfﬁnxf}/outXTMOXTspec

= FOM x Ce:rt
(B.4)

For an input pump power of P,= 0.5 mW, the coupling efficiency ~;,, =
Yout = 0.351, microscope transmission and Tp,s = 0.65, if we consider e.g.
the 1340 cm™! (4-nitrothiophenol dominant mode) line then QE(\g)/¥ =
0.35 counts/photon and Ty = 0.6 (using data supplied by the manufac-
turer) then Ce,p=3.33 x 10'3 counts/sec. This factor can be used to convert
experimental data to the simulated one (FOM). The quantum efficiency of
the CCD using in this thesis is shown in Fig. B.1.

100
90
80
70
60
50

QE (%)

40

30

20

10

0
200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure B.1: The Quantum efficiency (QFE) of the CCD camera installed on the
confocal Raman system used in this work.(Copied from Andor documentation)
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Also, for the sake of information to readers, the dark counts of the CCD
are also shown in Fig. B.2.
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Figure B.2: The dark counts of CCD as the function of temperature.(Copied from
Andor documentation)






Characterization of plasmonic
waveguide loss

C.1 Plasmonic waveguide loss

The waveguide loss is measured using the cutback method. The cutback
method is often used for measuring the total attenuation of optical waveg-
uides. The cutback method involves comparing the optical power transmit-
ted through the waveguide of different lengths.

To measure the waveguide loss of plasmonic waveguide, a chip con-
taining different plasmonic waveguide lengths is fabricated. And power
transmission through the plasmonic waveguide of three different lengths
i.e. 3, 12.5 and 25 pum is measured using the setup presented in Fig. C.1.
A tunable Ti-Sapphire laser is used. An objective (40X/0.6NA) is used to
couple the light into the waveguide. The polarization is set such that only
the TE mode is excited. The power from the output facet is collected using
a lens fiber that is further connected to a power meter.

The transmitted power at pump (A, = 785 nm) and Stokes (As = 877
nm) wavelength is shown in Fig. C.2. The plasmonic waveguide loss (for
Al>O3 thickness ~ 58 nm and gold = thickness 14 nm) at A, = 785 nm and
As =877Tnmis o = 2.4 £ 0.5 dB/pm and og = 2.1 &= 0.5 dB/pum. Further
more, the photonic to plasmonic mode coupling extracted from Fig. C.2 is
vp = 3.97 £ 0.35 dB/facet and v = 5.1 & 0.38 dB/facet.
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Figure C.1: The schematic of the optical setup used to measure the waveguide
losses. Top inset shows the top view of the chip.
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Figure C.2: The transmission measurements for three different lengths of
plasmonic waveguide (L,) at the pump wavelength()\, = 785 nm) and the Stokes
wavelength (As = 877 nm).
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Figure C.3: A 3-D description of a gold slot waveguide connected with ALD
AlyO3 - PECVD Si3Ny slot waveguide. The image is extracted directly from
Lumerical EME perspective window.

C.2 Dielectric to metal slot waveguide coupling effi-
ciency

In this section, we analyze the light coupling efficiency from ALD Al>O3
coated SizgNy slot waveguide to a gold slot waveguide. Lumerical EME
solver is used to calculate the transmission and reflection at the dielectric-
metal interface. The schematic of the device is shown in Fig. C.3 (image is
extracted directly from the perspective window of Lumerical EME).

For the realization of experimental conditions, we used a refractive in-
dex value of 1.9 for the PECVD Si3N, (width = 700 nm and height h =
220 nm), 1.45 for the SiO2 under cladding and 1 for the top cladding (air).
Similarly, the refractive index of 1.6 is assumed for ALD Al,Os Built-in
refractive index models for Au (Johnson and Christy29) is used. We used
ultra-refined mesh (2 nm). The reflection and transmission are calculated
for two different combinations of ALD Al,Og and gold thicknesses in the
wavelength range from 700 to 900 nm. For example in one case a thick
gold layer (58 nm) and a thin ALD Al»,Og layer (12 nm) is assumed. Sim-
ilarly, in another case a thin gold layer (12 nm) and a thick ALD Al;O3
layer (58 nm) is considered. A fundamental TE mode of an arbitrary power
P; is injected into the waveguide from port 1. The transmitted power P is
then calculated at port 2. Similarly, the reflected power P coupled back to
the waveguide mode is recorded at port 1. A fixed distance of 900 nm (=
1 )) is considered from the metal-dielectric transition to port 1 and port 2.

For the plasmonic waveguide loss «, the light transmission from dielec-
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tric waveguide to metal slot waveguide is calculated using

P 1
Transmission = 10 x logig (P? X eaL) (C.1)

Similarly, the reflection is calculated using
: Pr
Reflection = 10 x logig B (C.2)
I

As shown in Fig. C.4, the device exhibits broadband transmission and
reflection. In the case of a thin gold layer (12 nm) and a thick ALD Al,Og
layer (58 nm), the transmission reaches to -2.11 dB and -2.49 dB at the
pump (785 nm) and Stokes wavelength (877 nm), respectively. The reflec-
tion in this case is minimal i.e -38.69 and -38.78 dB at 785 and 877 nm,
respectively. On the other hand for the thicker gold layer (58 nm) and thin-
ner ALD Al,O3 layer (12 nm). The transmission drops to -12.5 dB and
-12.31 dB at 785 and 877 nm, respectively. Also, there is a considerable
gain in the reflection i.e. -22.7 dB and -22.61 dB at 785 and 877 nm, re-
spectively.



APPENDIX C C-5

0

Py
Py

__-10}

m ___________________________________

)

>

o_

| OO SRR

S

® 3o 7

700 750 800 850 900
wavelength (nm)

Figure C.4: Transmission (black) and reflection efficiency (red) of an ALD AlyOs3
coated PECVD SisN, slot waveguide to a gold waveguide. Transmission and
reflection are defined in Eq. (C.1) and (C.2), respectively. The continuous line

corresponds to a thin gold layer (12 nm) and a thick ALD Al;Og3 layer (58 nm).

The vertical dashed line corresponds to a thicker gold layer (58 nm) and a thinner

ALD Al;Og layer (58 nm). Two vertical dashed lines (green) correspond to pump
(785 nm) and Stokes wavelength (877 nm) used in our Raman measurements.






