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Nederlandse Samenvatting

Ramanspectroscopie is erg in trek omdat het gedetailleerde informatie geeft over
de chemische structuur, fase en kristalliniteit van onderzochte moleculen. Het laat
toe om de trillingen van de moleculen op een niet-invasieve manier te onderzoe-
ken en de onderzochte monsters hebben geen voorbereidingswerk nodig. Het is
daarnaast ook compatibel met nabije-infrarood golflengtes waardoor het populair
is in het chemisch, biomedisch en farmaceutisch onderzoeksveld. Ramanspectro-
scopie is ondanks zijn vele kwaliteiten nog altijd voornamelijk beperkt tot een
labo-omgeving. De oorzaak hiervoor ligt bij de intrinsieke zwakte van het Raman-
verstrooiingsproces waardoor de Raman-apparaten (zoals hoog-vermogen lasers en
diep-gekoelde detectoren) duur en omvangrijk zijn. Hierdoor is er recent een grote
interesse ontstaan voor silicium fotonica waarbij het doel is om alle elementen van
het Raman spectroscopisch systeem (lasers, detectoren, Raman sensoren, filters
en spectrometers) op een optische chip van enkele millimeters groot te integreren.
Omdat deze chips via CMOS-compatibele technologie gefabriceerd worden, zijn ze
daarnaast ook compact, goedkoop en massaal produceerbaar. Een geintegreerde Ra-
man sensor werd voor het eerst in onze groep gedemonstreerd (Dhakal et al.| Optics
Letters, 2014) in de vorm van nanofotonische golfgeleiderspectroscopie (NWERS)
waarbij er een druppel isopropanol gedetecteerd werd met een single-mode Si3Ny
strip golfgeleider. NWERS zorgt voor een versterking van het Raman signaal
t.0.v. een Raman microscoop omdat het gebruik maakt van het versterkte optische
veld nabij het oppervlak van de golfgeleider en de lange interactielengtes mogelijk
gemaakt doordat het licht gevangen is in de golfgeleider. Ondanks dat NWERS vele
voordelen heeft, zijn er momenteel ook nog twee voorname nadelen aan verbonden:
1) de versterking van het Raman signaal is niet voldoende om niet langer gebruik te
moeten maken van diep-gekoelde detectoren (deze zijn moeilijk te integreren op
een chip) 2) in de kern van de diélektrische golfgeleiders wordt er een ongewenste
fotonische achtergrond gegenereerd die het ratio van het signaal-tot-achtergrond
(SBR) verslechtert.

Deze fotonische achtergrond kan drastisch gereduceerd worden door een na-
noplasmonische slot golfgeleider i.p.v. een di€lektrische golfgeleider te gebruiken
zoals Raza et al. (APL Photonics, 2018) aangetoond hebben. Deze slots laten toe
om de interactielengte tot een fractie te verkleinen omdat ze gebruik maken van
plasmonische versterking waardoor ze nog steeds Raman signalen van dezelfde
sterkte kunnen genereren als in NWERS. Omdat de sterkte van de fotonische
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achtergrond proportioneel is met deze interactielengte leidt dit tot een sterke reduc-
tie van de achtergrond. Als we deze oppervlakte-versterkte Ramanspectroscopie
(SERS) sensor gaan integreren met een circuit dat in staat is om het verstrooide
Raman licht te analyseren, is het natuurlijk ook belangrijk dat er geen verdere
achtergrond gegenereerd wordt in dit circuit. Helaas hebben fotonische componen-
ten zoals filters en spectrometers een lengte van meerdere millimeters waardoor
deze een sterke achtergrond genereren. Daarom werd er in vorige metingen op
de nanoplasmonische slot golfgeleider enkel gebruik gemaakt van een minimale
toegangsgolfgeleider als het enige element tussen de SERS sensor en het chip-facet
waar het laser licht op gefocust wordt. Helaas laat zo een circuit-layout niet toe
om andere spectroscopische componenten te integreren omdat de achtergrond sterk
athankelijk is van de lengte van deze toegangsgolfgeleider. Daarom heb ik in deze
thesis een alternatief circuit onderzocht op basis van een multi-mode interferometer
(MMI). Ik heb aangetoond dat dit circuit erin slaagt om het Raman verstrooide
licht van de SERS sensoren efficiént te verzamelen en het laat daarnaast ook om de
integratie van spectroscopische elementen toe op zijn outputgolfgeleider zonder dat
deze een grote achtergrond bijdrage genereren.

input wavequide

mode
converter! wg

output waveguide —_— o

Figuur 1: MMI-nanoplasmonische slot configuratie waar het voorwaarts-propagerende
excitatielicht (groene pijl) van het achterwaarts-propagerende Raman signaal gescheiden
wordt (rode pijl). Grijze elementen zijn van SizN4 gemaakt terwijl de gele elementen
voornamelijk uit goud bestaan. Herprint van Reynkens et al. (Optics Express, 2020).

Onze architectuur met een 2x2 MMI en achterwaartse collectie van het Raman
verstrooide light wordt getoond in Fig.1. De MMI zorgt ervoor dat het excitatielicht
van de input naar de sensor kan propageren en dat het Raman-verstrooide licht
daarna van de sensor naar de outputgolfgeleider kan propageren. Het excitatielicht
en de bijhorende achtergrond blijven voorwaarts propageren en worden in de sensor
geabsorbeerd. De afwezigheid van het excitatielicht in de outputgolfgeleider laat
toe om lange (~ mm) spectroscopische elementen te integreren zonder dat deze een
extra achtergrond bijdrage leveren. Door het Raman licht van de twee Raman sen-
soren (bedekt met 4-Nitrothiophenol (NTP)) te collecteren in de outputgolfgeleider
hebben we in deze thesis aangetoond dat de MMI-plasmonische slot configuratie
effectief werkt. Verder hebben we bepaald dat de achtergrond in deze configuratie
voornamelijk in de toegangsgolfgeleider (& Raman sensor) en de outputgolfgeleider
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gegenereerd worden en dat de MMI en de inputgolfgeleider geen grote bijdrage
hebben. De achtergrond die in de outputgolfgeleider gegenereerd wordt heeft zijn
oorsprong in de reflecties die de excitatielaser op zijn pad tegenkomt naar de SERS
sensors. Deze zorgen ervoor dat er een beetje excitatielicht in de outputgolfgeleider
teruggekoppeld wordt (simulaties tonen aan dat de reflectie aan het plasmonische
slot facet de grootste is). Het feit dat de MMI geen grote achtergrond bijdrage heeft,
is te verwachten omdat deze redelijk kort is (112 pum) en multi-mode zodat het
meeste van de achtergrond gegenereerd in de MMI naar buiten uitgestraald wordt
en niet naar de outputpoort koppelt. De sterkte van de achtergrond gegenereerd
in de output- en toegangsgolfgeleider is van dezelfde grootorde ondanks dat de
outputgolfgeleider veel langer is (11mm vs 43.5 pm). Er is dus maar een minimale
kost in achtergrond tussen deze configuratie en degene die in een gewone meting
van de SERS sensor gebruikt wordt (met alleen maar de toegangsgolfgeleider).
Finaal hebben we ook een theoretische berekening gemaakt die aantoont dat onze
MMI-configuratie een superieur signaal-tot-achtergrond ratio heeft (voor de rele-
vante outputgolfgeleider lengtes) t.0.v. een simpele transmissie-configuratie en een
directionele koppelings-configuratie die alle twee ook in staat zijn om dezelfde
circuit functionaliteit uit te voeren. De MMI-plasmonische slot configuratie is
dus een goede kandidaat voor de verdere integratie met andere spectroscopische
componenten.

In het eerste deel van de thesis hebben we gefocust op het mitigeren van de
foton achtergrond. In het tweede deel focussen we op het versterken van het Raman
signaal zodat we niet langer diepgekoelde detectie nodig hebben. We weten dat
door het gebruik van de plasmonische slot, de achtergrond door de diélektrische
kern sterkt onderdrukt wordt. Helaas hebben de plasmonische slots net als NWERS
het probleem dat hun gegenereerde Raman signalen niet sterk genoeg zijn om het
gebruik van diep-gekoelde detectoren te vermijden. Daarom hebben Zhao et al.
(Optics Letters, 2018) gestimuleerde Ramanspectroscopie (SRS) onderzocht op
een SizNy strip golfgeleider (met CW lasers en een lock-in detectie schema). Het
gebruik van SRS op de chip zorgt voor een toename van het gegeneerde signaal
met vijf grootteordes t.o.v. NWERS, hierdoor kan de detectie op kamertemperatuur
gebeuren. Op zijn beurt heeft SRS dan weer last van de achtergrond die gegenereerd
wordt door het gebruik van diélektrische strip golfgeleiders (~ mm). Daarom is de
volgende stap voor de Raman sensor, de combinatie van plasmonische versterking
en SRS zodat de interactielengte tot een fractie kan herleid worden en ondertussen
de detectie op kamertemperatuur kan uitgevoerd worden. Het tweede doel van
deze thesis is dus om oppervlakte-versterkte gestimuleerde Ramanspectroscopie
(SE-SRS) en oppervlakte-versterkte coherente anti-Stokes Ramanspectroscopie
(SE-CARS) te onderzoeken (CARS is een veelvoorkomend alternatief voor SRS).
In dit werk hebben we eerst een theoretische vergelijking gemaakt tussen de ver-
schillende Raman technieken waarbij we voor elke techniek dezelfde onderzochte
stof (NTP) en hetzelfde gemiddelde Pump (en Stokes) vermogen genomen hebben.
Onze berekeningen hebben aangetoond dat SE-CARS en SE-SRS beide zorgen
voor een toename van het Raman signaal met meer dan drie grootteordes t.o.v.
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SERS op de plasmonische slot. Deze verbetering komt ten koste van een meer com-
plex excitatie/collectie schema (i.e. gepulseerde lasers voor SE-CARS en lock-in
detectie voor SE-SRS) maar maakt een detectie op kamertemperatuur mogelijk. Op
hetzelfde moment zorgen SE-CARS en SE-SRS er ook voor dat er een verbetering
is in signaal-tot-achtergrond ratio van minstens drie grootteordes t.0.v. SRS op de
diélektrische strip golfgeleider. In dit werk verkiezen we SE-SRS boven SE-CARS
omdat het veel gevoeliger is voor de detectie van relevant biologische stoffen. Deze
stoffen kunnen gemakkelijk een concentratie hebben die drie grootteordes lager ligt
dan de monolaag van NTP die we in onze berekeningen gebruiken. Onder deze
voorwaarden zal SE-CARS een signaal generen dat drie grootteordes onder dat van
SE-SRS ligt omdat het een kwadratische afhankelijkheid heeft met de concentratie
t.o.v. lineair voor SE-SRS. Daarom is SE-SRS gevoeliger voor de detectie van ver-
dunde stoffen en stoffen met een lage concentratie. Voor een geintegreerde Raman
sensor in de context van een labo-op-chip is de detectie van relevante biologische
stoffen zeer belangrijk waardoor SE-SRS op dit gebied een duidelijk voordeel heeft
t.o.v. SE-CARS.
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Figuur 2: Ongewenst SRS signaal gemeten op de nanoplasmonische slots met ALD goud
(vol blauw & linker as) en gesputterd goud (gestippeld blauw). Variatie van de extinctie
coéfficiént dk/dT van goud met de golflengte (rood & rechter as). Verwachte NTP spectrum
voor de SE-SRS meting (grijs & linker as [a.u.]). Herprint van Reynkens et al. (Optics
Letters, 2021).

We hebben in deze thesis aangetoond dat de experimentele demonstratie van
SE-SRS op de nanoplasmonische slot uitdagend is. De intrinsieke opwarming van
de nanoplasmonische slot (die veroorzaakt wordt door de lineaire absorptie) zorgt
voor een thermo-optisch effect dat het Stokes signaal zodanig beinvloedt dat het
Raman signaal van de onderzochte stof (NTP) volledig overschaduwd wordt. Dit
thermo-optisch effect is niet alleen twee grootteordes sterker dan onze geschatte
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Raman response, maar het heeft ook zijn eigen niet-triviale spectrum dat overeen-
komt met dat van de thermo-extinctie coéfficiént van goud in de literatuur (zie Fig.
2). Om de oorsprong van dit ongewenste achtergrondsignaal te begrijpen, moeten
we eerst kijken naar het feit dat in SE-SRS de Raman gain zich manifesteert als
een kleine toename van de Stokes intensiteit. Door de pump laser te moduleren,
zal de Raman imprint ook gemoduleerd worden zodat het opgepikt wordt door een
lock-in versterker. Helaas zorgt het gebruik van een gemoduleerde pump er ook
voor dat er een gemoduleerde opwarming in het goud gebeurt door zijn absorptie.
De periodische opwarming zorgt voor een verandering van de absorptie en bre-
kingsindex van het goud wat leidt tot een extra parasitaire modulatie van de Stokes
laser. De verandering in de brekingsindex en absorptie worden beschreven door de
thermobrekingscoéfficiént (dn/dT) en thermo-extinctie coéfficiént (dk/dT) en onze
berekeningen tonen aan dat dk/dT het sterkste parasitaire signaal veroorzaakt. In
Fig. 2 zien we dat dk/dT een sterke spectrale overeenkomst toont met onze spectra.
Het is niet triviaal om dit thermo-optisch effect waar te nemen (met één laser) omdat
de geinduceerde niet-lineaire verandering in transmissie (door een toename van
het vermogen) te zwak is om in een simpel transmissie experiment geobserveerd
te worden. We hebben de thermische oorsprong van ons parasitair signaal verder
bepaald door aan te tonen dat het duidelijk zwakker wordt bij een toename van
de modulatie frequentie, wat wijst op een traag proces zoals het thermisch effect.
Verder hebben onze berekeningen aangetoond dat er enkel een milde temperatuur-
modulatie nodig is in de plasmonische slot (2.5 K) om zo een sterke parasitaire
achtergrond te genereren. Thermische simulaties op een 3D model van de plas-
monische slot hebben daarnaast meer inzicht gegeven in de opwarmingsdynamiek
en ondersteunde de experimentele data. Deze simulaties volgen daarnaast ook het
bi-exponentiele frequentie gedrag van het parasitair signaal wat zijn oorsprong
heeft in de snellere hitte verspreiding in het goud t.o.v. de omliggende materialen.
Deze elementen tonen aan dat ons parasitair signaal van thermische oorsprong is.
We hebben finaal ook nog verschillende strategie€n besproken om deze thermische
achtergrond in de toekomst te onderdrukken.






English Summary

Raman spectroscopy is a powerful sensing tool that provides detailed information
on the chemical structure, phase and crystallinity of the probed molecules. In
Raman spectroscopy, the vibrational modes of molecules are probed in a non-
invasive manner without the need for additional sample preparation. Furthermore,
its compatibility with NIR wavelengths allows for the analysis of a wide range
of molecules in the chemical, biomedical and pharmaceutical field. Despite these
qualities, Raman spectroscopy has been mainly limited to laboratory environments.
This can be understood from the inherent weakness of the Raman scattering pro-
cess itself which requires the use of expensive and bulky instrumentation such
as high power lasers and deeply-cooled CCD detectors. In order to overcome
this limitation, silicon photonics has recently emerged which holds the promise
of integrating the components of a conventional Raman spectroscopic system (i.e.
lasers, detectors, Raman sensors, spectrometers and filters) onto a millimeter-sized
chip. Furthermore, these chips are fabricated using CMOS-compatible technology
and are therefore compact, cheap and mass-producible. Our group (Dhakal et al. |
Optics Letters, 2014), for the first time demonstrated an integrated Raman sensor
by performing nanophotonic waveguide enhanced Raman spectroscopy (NWERS)
on a single mode Si3Ny strip waveguide covered with isopropanol. In NWERS, the
Raman signal is boosted (compared to a conventional Raman microscope) by taking
advantage of the field enhancement near the dielectric waveguide surface and the
long interaction lengths enabled by confining the optical mode to the waveguide
core. Despite its advantages, NWERS still has to deal with two main challenges: 1)
the provided signal boost is still not strong enough to avoid the use of deeply-cooled
CCD detectors (which are difficult to integrate on a photonic chip) 2) an undesired
photon background is generated in the dielectric waveguide core which lowers the
signal-to-background ratio (SBR) of any acquired Raman spectra.

Concerning the background, Raza et al. (APL Photonics, 2018) showed that
this photon background can be drastically reduced by using nanoplasmonic slot
waveguides over dielectric waveguides. The plasmonic field enhancement of those
slots allows for the interaction length to be reduced to a fraction of that required
in NWERS while still proving the same signal enhancement. Of course, when
integrating such a plasmonic sensor with a circuit capable of analyzing the Raman
scattered light, it will be vital that no further background is generated in the circuit
surrounding the sensor. Unfortunately, for photonic components such as spectral
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notch filters and arrayed waveguide gratings, the photon background contribution
becomes significant as their lengths can easily exceeds millimeters. That is why
previous characterizations on the plasmonic slot used a minimalistic access waveg-
uide as the only interface between the facet of the chip (where an external excitation
beam is focused) and the Raman plasmonic sensor itself. However, such a circuit
layout does not allow for the integration of spectroscopic elements after the sensor
since the strength of the background is critically depended on the length of that
access waveguide. This is why I explored an alternative circuit layout based on a
multi-mode interferometer (MMI). I showed that this circuit is capable of capturing
the Raman scattered light of the surface-enhanced Raman spectroscopy (SERS)
sensor while simultaneously allowing for the integration of spectroscopic elements
on its output waveguide without inducing neither a large background penalty nor a
large signal penalty.

input wavequide

mode
converter! wg

output waveguide —_— o

Figure 3: Schematic of the configuration relying on two SERS sensors and a MMI separating
the forward-propagating excitation beam (green arrow) from the backward-propagating
Raman scattered light (red arrows). Grey elements are made of SizNy4, while yellow elements
are primarily made of gold. Image reprinted from Reynkens et al. (Optics Express, 2020).

In Fig. 3, our designed architecture is shown which relies on a 2x2 MMI and
backward Raman collection. We can see that the MMI lets the excitation beam
propagate from the input facet to the sensor and then lets the Raman back-scattered
light propagate from the sensor to the output waveguide. The excitation beam and
associated background from the entrance waveguide keep on forward propagating
in the plasmonic sensor and are finally absorbed. The absence of a strong excitation
beam in the output waveguide allows for the integration of mm-long spectroscopic
elements without a strong background penalty. In this work, we experimentally
demonstrated that the MMI-plasmonic slot configuration works effectively by col-
lecting the Raman response of the two 4-Nitrothiophenol (NTP)-coated SERS
sensors at the output waveguide. By varying both the access waveguide and output
waveguide lengths we determined that the background in our circuit mainly origi-
nates from the back-scattered photon background in that short access waveguide
(& the Raman sensor) and from the output waveguide. Other background sources
due to the MMI and the input waveguide do not play a major role. The background
generation in the output waveguide is due to forward-Raman scattering process
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of the remaining excitation beam which is reflected at the (plasmonic slot) inter-
faces and coupled to the output waveguide. The absence of a strong background
contribution of the MMI is expected since it is short (112 pm) (therefore induc-
ing little background) and highly multimode such that most of the background
photons generated in the MMI will be radiated out and not collected at the output
port. The background contributions of the access waveguide and output waveguide
are of the same order despite the output waveguide being significantly longer (11
mm vs 43.5 um). The penalty in terms of extra photon background generation
compared to a common SERS measurement on the plasmonic slot (with only the
access waveguide) is thus minimal. Finally, we made a theoretically estimate that
showed that for typical output waveguide lengths (mm to cm), our MMI-based
configuration performs significantly better than an alternative configuration relying
on forward-Raman scattering and a directional coupler-configuration which are
both able to perform the same functionality.

Having mitigated the presence of the photon background in the first part of this
thesis, the second part focuses on increasing the Raman signal in order to avoid
the use of a deeply-cooled CCD. While we know that the plasmonic slot greatly
suppresses the photon background contribution of the dielectric waveguide core,
its enhancement is not strong enough to avoid the use of expensive deeply-cooled
detectors. For this reason, on-chip stimulated Raman spectroscopy (SRS) has been
explored by Zhao et al. (Optics Letters, 2018) using CW beams, a lock-in detection
scheme and a Si3Ny strip waveguide. The stimulation with a Stokes beam results in
a signal enhancement of more than five orders of magnitude compared to NWERS
which allows for room-temperature detection. However, it suffers on its turn from
a significant background contribution by making use of mm-long dielectric strip
waveguides. Compared to the latter demonstration, using a plasmonic slot over
a dielectric strip is expected to provide major advantages since it would greatly
reduce the background contribution while at the same time allowing for room-
temperature detection. Therefore our second goal in this PhD is to explore on-chip
surface-enhanced stimulated Raman spectroscopy (SE-SRS) and surface-enhanced
coherent anti-Stokes spectroscopy (SE-CARS) on the nanoplasmonic slot (where
CARS is a common alternative coherent Raman technique to SRS). In this work we
made a calculation comparing the different on-chip Raman techniques assuming
the same analyte (a monolayer of NTP ) and the same average pump (and Stokes)
power. This calculation showed that both SE-CARS & SE-SRS provide a signal
enhancement of more than three orders of magnitude compared to SERS on the
nanoplasmonic waveguide. This improvement comes at the cost of a more complex
excitation/detection scheme (i.e. pulsed lasers for SE-CARS and lock-in detection
for SE-SRS) but allows for room temperature detection. Compared to on-chip
SRS, SE-CARS and SE-SRS provide an improvement in the signal-to-background
ratio of (more than) three orders of magnitude (thereby drastically reducing the
background contribution of the waveguide core). SE-SRS is preferred over SE-
CARS in this work since it is much more sensitive to biologically relevant analytes.
For these analytes, the concentration to be detected could easily drop by three
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or more orders of magnitude compared to the monolayer of NTP assumed in our
calculations. In that regime, the generated signal levels of SE-CARS drops an
additional three orders of magnitude compared to SE-SRS because of its quadratic
dependence on the concentration (compared to linear for SE-SRS). This thus makes
SE-SRS more sensitive to diluted analytes and better equipped to detect low analyte
concentrations. As the detection of biologically relevant concentrations will be very
important for an integrated Raman sensor in a lab-on-chip context, waveguide-based
SE-SRS provides a clear advantage over SE-CARS in this aspect.

In this work, we showed that the experimental demonstration of SE-SRS on
the nanoplasmonic slot is challenging. The heating intrinsic to linear absorption in
the gold nanostructure induces a thermo-optic effect that affects the Stokes beam
overshadowing the Raman signature of the analyte (NTP in the present case). Not
only is this thermo-optic effect two order of magnitude stronger than our estimated
Raman response, but it also presents its own non-trivial spectrum because of the
spectral variation of the thermo-extinction coefficient of gold (see Fig.4). To better
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Figure 4: Recorded spurious SRS spectra for our nanoplasmonic slots made with ALD gold
(bold blue & left-axis) and sputtered gold (dotted blue). Wavelength dependence of the
extinction coefficient dk/dT of gold (red & right-axis). Expected NTP spectrum for our

SE-SRS measurement (grey & left-axis [a.u.]). Image reprinted from Reynkens et al. (Optics

Letters, 2021 ).

understand the origin of this spurious signal we need to consider that the Raman gain
is imprinted as a small intensity increase on-top of the already present Stokes beam.
By modulating the pump beam, this gain is imprinted as a shallow modulation on the
Stokes beam that is picked up by a lock-in amplifier. Unfortunately, this modulated
pump beam also leads to a modulated heating of the gold via its absorption. This
periodic heating affects the absorption and refractive index of the gold that in turn
leads to a parasitic modulation of the Stokes beam. The change of the refractive
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index and absorption with temperature are quantified via the thermorefractive
coefficient (dn/dT) and thermo-extinction coefficient (dk/dT) (where we calculated
that the parasitic effect due to the dk/dT will be dominant). The wavelength
dependence of dk/dT is presented in Fig. 4 and shows a clear similarity to our own
measured spectra. Note that this thermo-optic effect is not trivial to observe (with
a single laser) as the induced non-linear change in transmission (with increasing
power) is too weak to be observed in a simple transmission experiment. We further
confirmed the thermal origin of this spurious SRS signal by demonstrating its
decline with the modulation frequency which points at a slow process like the
thermal effect. Supportive calculations show that only a mild (2.5 K) thermal
modulation in the plasmonic slot is sufficient for such a strong spurious background
to be present. Thermal simulations on a 3D model of the plasmonic slot gave
more insight into the dynamic of this heating and supported the experimental data.
Furthermore, these thermal simulations recreated the bi-exponential frequency
behaviour of the spurious SRS signal we deduced in our measurements which
can be attributed to the faster heat flow in the gold compared to the surrounding
materials. All this evidence points towards the fact that our captured spurious SRS
signal has a thermal origin. Finally, we proposed several mitigation strategies to
suppress this thermal background.






Introduction

1.1 Background and rationale

Raman spectroscopy is a non-invasive sensing technique used to detect and analyze
a wide range of molecules in chemistry, biology, physics and life sciences [1-9]. In
Raman spectroscopy, the vibrational frequencies of molecules are probed result-
ing in a distinct spectral fingerprint which allows to distinguish a diverse set of
molecules in a chemically complex environment [10]. Furthermore, the compati-
bility to perform Raman spectroscopy in the NIR region allows for the detection
of biologically-relevant molecules in aqueous solutions. Raman spectroscopy has
however been mainly limited to in-lab applications because of the inherent weak-
ness of the Raman scattering process and the resulting need for expensive and bulky
optical instrumentation. Recently, there has been a push to miniaturize the Raman
spectroscopic system to cheap handheld devices that can be used on-site [11]. In
this context, integrated photonics has emerged which holds the potential to integrate
the full Raman spectroscopic system on a single photonic chip (i.e. lasers, detectors,
Raman sensors, spectrometers and filters). These photonics chips are fabricated
using CMOS-compatible techniques (i.e. already existing standard process tech-
nology in a state-of-the-art CMOS fab) and are therefore cheap, mass-producible,
robust and reliable [12]. Concerning the Raman sensor itself, in our group, Dhakal
et al. [13] were the first ones to demonstrate nanophotonic waveguide enhanced
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Raman spectroscopy (NWERS) using a single mode Si3Ny strip waveguide. This
on-chip Raman sensor makes use of the evanescent field around the dielectric
waveguide to probe the analyte over long optical path lengths (beyond the diffrac-
tion limit). Furthermore, the high index contrast between the waveguide core and
cladding leads to a large enhancement of the evanescent field near the waveguide
surface. Therefore waveguide-based Raman spectroscopy is accompanied with a
large signal enhancement compared to a conventional (confocal) Raman micro-
scope [14]. However, two main challenges still remain for NWERS. Firstly, an
expensive deeply-cooled detector is still required as the provided signal enhance-
ment is not strong enough for room-temperature detection. Chip-integration of
such detectors will be challenging and therefore hinder the demonstration of a
fully-integrated Raman spectroscopic system. Secondly, an unwanted photon back-
ground [15] is generated in the dielectric waveguide core that leads to a reduction
of the signal-to-background ratio and thus lowers the detection sensitivity.

In order to reduce this photon background contribution, the nanoplasmonic
slot waveguide has been proposed [16]. This plasmonic slot makes use of plas-
monic field enhancement and surface-enhanced Raman spectroscopy (SERS) to
drastically reduce the background generation while maintaining the same level of
(broadband) Raman enhancement as NWERS. Besides the Raman sensor itself, it
is also important that the analysing circuit surrounding the sensor does not have a
major background contribution (since this would lead to a further deterioration of
the signal sensitivity). However, spectroscopic elements such as spectral filters [17]
or arrayed waveguide gratings (AWG) [18] typically have dimensions in the order
of several millimeters which would results in a significant background contribution
from their dielectric waveguides. In previous characterisations on the plasmonic
slot, the access waveguide connecting the plasmonic slot to the chip facet was
simply minimized in order to avoid an additional background penalty. However,
increasing that access waveguide to the lengths required for the integration with
other spectrosopic elements is not that trivial since the signal-to-background ratio
(SBR) will quickly deteriorate [16]. Therefore, such a circuit layout does not allow
for the integration of the Raman sensor with other spectroscopic elements. In this
PhD project, we will explore an alternative circuit layout based on a multi-mode
interferometer (MMI). We will investigate if this circuit is capable of efficiently
capturing the Raman scattered light of the SERS sensor while simultaneously allow-
ing for the integration of spectroscopic elements on its output waveguide without
inducing a large background penalty.

Concerning the Raman sensor itself, while the nanoplasmonic slot greatly
reduces the Si3N4 background contribution, it still requires deeply-cooled detectors
in order to capture the Raman scattered light. Therefore, alternatives Raman
techniques such as coherent Raman spectroscopy (CRS) can be employed to further
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boost the Raman signal by many orders of magnitude (in CRS the molecular
vibrations are coherently driven by the addition of an extra driving laser). Note that
CRS is commonly implemented in two modalities: stimulated Raman spectroscopy
(SRS) & coherent anti-stokes Raman spectroscopy (CARS). In [19], an on-chip SRS
measurements has been demonstrated on a SizNy strip waveguide using CW beams
and a lock-in detection scheme. In this measurement, a signal enhancement of
more than five orders of magnitude has been shown compared to NWERS allowing
for room-temperature detection. However, dielectric waveguides suffer from the
photon background that superposes itself onto the Raman spectrum. Therefore,
in this PhD project we will explore the obvious next step for the Raman sensor
which is to combine plasmonic enhancement with coherent Raman spectroscopy
on the waveguide platform. In this way, we can combine the advantages of both
techniques (i.e. a low photon background contribution and room-temperature
detection). We will first theoretically determine if surface-enhanced stimulated
Raman spectroscopy (SE-SRS) or SE-CARS is the most suited candidate for sensing
before proceeding to the experimental demonstration of SE-SRS or SE-CARS on
the nanoplasmonic slot waveguide.

1.2 Thesis outline

In Chapter 2, I provide the theoretical basis of Raman scattering based on classical
theory. First, I introduce the concept of spontaneous Raman scattering followed
by a discussion on the Raman cross section and selection rules. Next, I give the
theoretical background on coherent Raman scattering. Afterwards, I detail two
coherent Raman techniques: CARS and SRS and give a small discussion on the
differences between both. Finally, I give an introduction on plasmonic physics and
quickly touch upon the enhancement mechanism in surface-enhanced (coherent)
Raman scattering.

In Chapter 3, I firstly introduce the concept of waveguide based Raman spec-
troscopy and discuss its advantages over free-space Raman spectroscopy. After-
wards, I will review the general formulas to calculate the generated Raman signal
for waveguide-enhanced (stimulated) Raman spectroscopy (which we will use in
Chapter 4). Finally, I give an overview of the experimental work that has already
been done on NWERS together with its remaining challenges (i.e. a limited signal
generation and a strong background contribution due to its guiding material).

In Chapter 4, I will go into detail on the alternative on-chip Raman techniques
to NWERS that can (partially) overcome its challenges. I start by giving a summary
on the experimental work that has been performed on on-chip SERS & SRS together
with their remaining challenges. Next, I will give an overview of the existing
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literature on SE-SRS using free-space excitation (and collection). Then, I will make
my own theoretical calculation of the expected signal strength and photoemission
background for on-chip SE-SRS and compared those results to on-chip SERS &
SRS. Afterwards, I discuss the literature on SE-CARS and I make a comparing
calculation of on-chip SE-CARS to on-chip SE-SRS. Finally, I motivate why I
prefer to explore SE-SRS over SE-CARS in this work and provide an overview
table of my theoretical comparison.

In Chapter 5, I discuss the design and experimental demonstration of a analysing
circuit surrounding the plasmonic waveguide sensor based on a MMI. Firstly, I dis-
cuss the MMI-design and its fabrication and continue with details on the followed
measurement procedure. Then, I discuss the experimental results obtained and de-
termine the origin of the extra background generation compared to a common SERS
measurement on the plasmonic slot. Finally, I compare our MMI-configuration
to alternatives architectures such as a simple transmission-configuration and a
direction coupler-configuration and discuss possible improvements to the device .

In Chapter 6, I experimentally explore SE-SRS on nanoplasmonic waveguides.
Firstly, I discuss the sample fabrication followed by the description of the mea-
surement setup and the experimental verification of it is correct functioning by
performing SRS measurements on a optical fiber and a dielectric slot waveguide.
Then, I present the result of our SE-SRS measurements on the nanoplasmonic slot
waveguide and demonstrate that a combined photothermal and thermo-optic effect
in the gold material induces a strong spurious signal that constraints the detection
limit for the analyte. Next, these experimental results are supported by theoretical
estimates on the strength of the photothermal effect and further confirmed by ther-
mal simulations for which a 3D model of the nanoplasmonic slot is build. Finally, I
propose several methods to reduce or counteract this background.

In Chapter 7, I summarize the most important conclusions of this PhD project
together with some possible future improvements.

In Appendix A, I give additional details on the simulations of the reflections in
the MMI-plasmonic slot configuration

In Appendix B, I show additional illustrations of the 3D thermal simulations

In Appendix C, I give a short summary on the research project that encom-
passed the first two years of my PhD. In this project, the focus was on performing
a CARS-like measurement on 22-nm polystyrene beads that were dropcasted on
top of a silicon nitride slot waveguide. The ultimate goal was to demonstrate
that the on-chip Raman sensor is capable of detecting the acoustic vibrations of
(viral) nanoparticles. Unfortunately, experimental results did not follow and it was
concluded that it was no longer fruitful to continue this line of experimental work.
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Introduction to Raman spectroscopy

Raman spectroscopy is a sensing technique that probes the vibrational frequencies
of molecules resulting in a distinct spectral fingerprint without the need for extra
labeling. In Raman scattering, the incoming pump photon is inelastically scattered
by a molecule resulting in an energy loss (or gain) of the scattered photon compared
to the incident photon. This type of Raman scattering is called Stokes (anti-Stokes)
Raman scattering (see Fig. 2.1). The energy difference between the incident and
scattered photon corresponds to the energy of a vibrational mode. The observed
frequency shifts in the Raman spectra are then linked to the vibrations of the probed
molecules in order to do sensing.

In the rest of this chapter we will provide the theoretical basis of Raman
scattering based on classical theory. Firstly, we introduce spontaneous Raman
scattering and discuss the Raman scattering cross section and selection rules. Then,
we describe coherent Raman scattering and show how it originates from the third-
order susceptibility. Afterwards, we detail on two coherent Raman techniques:
coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering
(SRS). Finally, we give an introduction on plasmonic physics and the enhancement
mechanism in surface-enhanced (coherent) Raman scattering.
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Figure 2.1: Energy level diagram of Stokes and anti-Stokes spontaneous Raman scattering.
The vibrational (virtual) energy states correspond to the full (dotted) lines.

2.1 Spontaneous Raman scattering

In this section we make use of the classical theory of light-matter interaction to
describe Raman scattering. A complete description involving all the energy levels
of the molecules requires quantum theory and is out of the scope of this thesis (a
detailed quantum based description of Raman scattering can be found in [20-22]).
Firstly, we derive the vibrational modes of a simple biatomic molecule as a harmonic
oscillator. Then we describe the Raman response at the Stokes and anti-Stokes
wavelength generated by the interaction between the incoming light wave and the
probed molecule. The classical theory in this section largely follows [23-25].

m,
my
L e
1 Center of
mass x=0

Figure 2.2: The simple diatomic molecule used as a model for the vibrational modes.

Let us now consider the vibration of the diatomic molecule (with mass m; and
my) shown in Fig. 2.2, where the molecular bond can be modeled as a spring with
a spring constant K and the origin is placed at the center of mass. When an external
(optical) force is applied on these molecules the atoms are displaced by a distance
61 and 6, respectively while the center of mass is conserved such that:

01 =—=0 2.1

Let us now assume that the restoring force of the spring (F;) is linear with the
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displacement (which is valid for small displacement from the equilibrium position).
Such that the restoring force becomes:

Fg = -K(91 +d2)
mp + myp 51

my (2.2)
mp + myp

=-K—=6,
mj

=K

By filling in Newton‘s second law we get the harmonic oscillator equation:

mjpmy d251 d2(52 _
pep— ( e + e =-K(61 + Jp) 2.3)
2
gd Q. ko (2.4)

e

Where ( = rg:ﬂ:‘rfz , the displacement Q = ¢; + J, and the differential equation

can be solved as:

Q=QyEe ' +cc.) (2.5)

Which is an harmonic oscillation with an angular frequency wy = 271y, Where
the fundamental vibrational frequency vy corresponds to:

1 /K
1 /K 2.
w\C (2.6)

Dy
The potential energy V for this harmonic oscillator now corresponds to a
parabolic well:

v =1k @7
2

Fig.2.3 shows the vibrational energy levels calculated for our diatomic molecule

in the harmonic oscillator approximation. For real molecules, the Morse potential is
a better approximation since it takes into account the repulsion between nuclei and
the fact that the bond between the atoms will break at the dissociation energy (De)
for too large displacements between the nuclei. We can see that in the harmonic
approximation the energy levels are equally spaced (hwy) while in the Morse
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approximation the energy levels between the higher order modes decreases. The
spacing between the ground state (v = 0) and (v = 1) is almost the same in both
approximations.

Dissociation Energ

—

Harmonic
Morse

Energy

Te
Internuclear Separation

Figure 2.3: Harmonic oscillator potential well (green) and Morse potential well (blue) for a
diatomic molecule. The different vibrational energy levels correspond to the tie lines [26].

Next, we consider the effect of the electromagnetic wave on our diatomic
molecule, where the electric field corresponds to:

E = Ege ) 4 c.c. (2.8)
Which induces a dipole p in the molecule corresponding to:

aE 2.9)

i

With « the polarizability, which indicates how easily an external electric field
can induce a dipole moment p in the molecule. Besides the specific molecule, o
is also dependent on the frequency of the incoming light field. Since electrons
are bound to the nuclei, the presence of vibrational modes will also have an effect
on the electron motion. Therefore, the polarizability can be expressed as a Taylor
series with a static component that is also present in the hypothetical absence of the
nuclear modes (o) and a variable first-order component that includes the effect of
the vibrational mode(s) on the polarizability:

a~a +(8“> 0+ (2.10)
~ O aQ 0 eee .
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Where (g—g)o corresponds to the coupling strength between motion of the

electron cloud and the molecular vibrations. The induced dipole can now be
expressed as:

oo ~
n~ayg+ | =— E
: ( 0 (3Q)0Q)
~ agEge 2.11)
oo

. dar o
+( 2= ) QEpedrwvity () QEge I ent 4 ¢ ¢,
<3Q>o 9Q/

Which thus can be separated in three frequency contributions:

i = fuwp)® + filwp — wn)® + filwp + wy)S (2.12)

The first term corresponds to a dipole that oscillates and re-emits radiation
at the same frequency as the incident light wave (wp). This process is called
Rayleigh scattering and is classified as an elastic scattering process since the light
is re-emitted at the same energy (frequency) as there is no energy exchange with
the molecule. Rayleigh scattering is the most common form of scattering and
is typically 3-5 orders of magnitude stronger than Raman scattering. The other
two terms in Eq. 2.12 correspond to Raman scattering and are inelastic scattering
processes since the light is radiated at a frequency wp — wy (Stokes scattering)
and at wp + wy (anti-Stokes scattering). From quantum theory it is shown that
Stokes scattering is much stronger than anti-Stokes Raman scattering. This can
be understood from the Maxwell-Boltzmann distribution law which states that at
room temperature the ratio between Stokes and anti-Stokes scattering intensity
corresponds to [27]:

— 4 hws
Py _(wp—wy ekl (2.13)
Pas wp + Wy

Where ky, is the Boltzmann constant, h the reduced Planck constant and T is
the temperature. Since at room temperature the population ratio of the first excited
state (v = 1) is much smaller than the ground state (v = 0) of the vibrational
states (see Fig. 2.3), Anti-Stokes scattering is less likely to occur than Stokes
scattering. At room temperature, the conversion ratio of the scattered intensity to
incoming intensity roughly corresponds to 10,1078,107!! for Rayleigh, Stokes
and anti-Stokes scattering respectively assuming a Raman shift of 2500 cm™!.
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For more complex molecules Eq. 2.11 can be extended to:

i = agEge 1"

- Oa T O = , (2.14)
+Ep Z {() Q;e Jlopwit 4 <> Q;e J(WP“"‘”} +c.c.
i 8Qi 0 aQ' 0
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Where we can see that complex molecules have multiple vibrational frequencies
corresponding to different vibrational modes. For a nonlinear molecule there exist
3N-6 vibrational modes (3N-5 for linear molecules), where N is the number of
atoms. Each of these vibrational modes has a distinct frequency associated to
it (however there can be degenerate normal modes) and the complex molecular
vibration can be resolved into this set of 3N-6 simple harmonic motions. By linking
theses vibrational frequencies to the frequency shift observed in the Raman spectra
we can thus identify chemical species where the spectra can be seen as a molecular
fingerprint. Note however that not all these 3N-6 modes are Raman active (i.e.

scatter Raman light) since we can see from Eq. 2.11 that ( gé“ )0 needs to be

nonzero for there to be a Raman scattering component. This means that for a
vibrational mode to be Raman active there needs to be a change in the polarizability
during the molecular vibration. Analogously, in IR-absorption spectroscopy a
vibrational mode is IR active if the dipole moment of the molecule is changed
during vibration. Therefore, certain vibrational modes can be Raman active but not
IR active and vice versa (see Fig. 2.4 ), both spectroscopic techniques can thus be
complementary.

Let us now express the total emitted power by the dipole at the Stokes frequency

Wwg = wP — Wy as:

wg
42

Pylw) = — | |2Q 2ceg|Eol* (2.15)

Which can be expressed in function of the intensity I of the incoming beam as:

w4

Pyw) = 42| ~ 2

(2.16)

=0l

Where o [rnz] is defined as the scattering cross-section. We can see that our
classical model correctly predicts that the amount of Raman scattered power scales
as 1/)\;‘. Therefore, shorter wavelengths will result in a higher Raman response.
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Figure 2.4: Theoretical Raman and IR spectra for a molecule of CO,. We can see that
different vibrational modes (frequencies) are active in both techniques [28].

Note that in experiments typically an excitation wavelength of 785 nm is preferred
since it provides a sweet spot between on one hand a sufficiently short wavelength
(and hence increased signal generation) and on the other hand avoiding parasitic
effect such as auto-fluorescence and (bio-)sample degradation which are typically
present for shorter wavelengths [29]. Additionally, we see that the scattered power
scales with |g—8 |2 again showing the importance of a non-zero change of the
polarizability along the nuclear coordinate. Furthermore, we can see that the phase
of the emitted Stokes light is determined through Q and is thus dependent on the
phase of the vibrational mode. Since this phase will differ between molecules the
emitted Raman scattered light will be uncorrelated between the different dipoles.
Spontaneous Raman scattering is therefore an incoherent Raman technique. The
total scattered power for M molecules thus simply corresponds to: Pts"tal(ws) = Mol.

It is interesting to note that Raman spectroscopy is a relatively weak sensing tech-
nique compared to alternative spectroscopic techniques such as IR absorption spec-
troscopy and fluorescence spectroscopy (ora. ~ 1027 [em?), OR. ~ 10710[cm?],
OR|. ~ 10_16[cm2] for rhodamine 6G [25, 30]). Therefore, typically enhanced
Raman techniques are employed to further boost the signal strength like coherent
Raman scattering and surface enhanced Raman scattering as will be discussed
in Section 2.2 and 2.3. Raman spectroscopy however provides several inherent
advantages over the other two techniques. In fluorescence spectroscopy, fluorescent
labels are often needed to detect the molecule of interest [31]. However, these
labels can change the intrinsic properties of the analyte and furthermore experience
photobleaching (loss of the fluorescent properties). In contrast, Raman scattering
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is a noninvasive technique that directly probes the molecular vibrations and does
not require the use of labels. In IR absorption spectroscopy, the same molecular
vibrations are probed as in Raman scattering by using IR radiation that is absorbed
when the frequency of the incoming light matches the transition energy between
two vibrational modes. Typically, these IR-absorption transitions occur in the
mid-infrared range. A drawback of IR-absorption spectroscopy is therefore that it
is challenging to probe biological samples since it suffers from the strong absorp-
tion of water in the mid-infrared range. For these reasons Raman spectroscopy is
preferred over the other two techniques in this work.

2.2 Coherent Raman scattering

Coherent Raman techniques are closely related to spontaneous Raman techniques.
In these nonlinear Raman techniques, the Raman active molecules are efficiently
driven into resonance by the beat frequency of two incident fields (pump, Stokes)
instead of one field like in the spontaneous equivalent (pump). The radiation
that follows, maintains a well defined phase relationship with the driving fields
leading to coherent Raman signals and thus constructive interference between the
contributions of the different Raman scatterers [32,33]. In contrast, for spontaneous
Raman scattering the phase of the emitted radiation from different molecules is
random relative to each other (and hence it is an incoherent Raman technique).
Coherent Raman techniques thus enhance the strength of the light-matter interaction
thereby resulting in much stronger Raman signals.

In order to further describe these coherent Raman techniques let us first intro-
duce the electric dipole moment p(t) that is formed by the interaction between the
electrons of a molecule or material and the electric field of the electromagnetic
radiation (in this section we follow the classical theory as given in [24,34,35]):

pu=—er(t) 2.17)
Where e is the electron charge and r(t) the displacement of the bound electrons

from their equilibrium position. By adding up all the N electric dipoles per unit
volume we come to the expression of the macroscopic polarization :

P(t) = N p(t) (2.18)

In case the externally applied electric field is weak compared to the binding
field of the electrons to their nuclei, the polarization can be expressed as being
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directly proportional to the electric field such that:

P(t) = eoxE() (2.19)

where ¢ is the electric permittivity in vacuum and x the susceptibility of
the material. Hence we can see that in the limit of a weak field there is a linear
relationship with the electric field. When applying stronger fields, this linear
dependence is not strictly valid as the electron binding potential can no longer be
assumed to be harmonic because there are also anharmonic effects that become
more important. In case the anharmonic contributions are relatively small, the
polarization can be described as a power series of the electric field to include these
nonlinear effects:

P = eo[x'VE®) + YPE*t) + VB3 (0) + ...] (2.20)

With X(l), X(2>’ X(3) the linear, second- and third-order susceptibility. The
coherent Raman effects described here originate from the third-order susceptibility.
Note that besides the Raman nonlinearity (X%3 )), which emerges from the interaction
between the molecular vibrations and external fields, there are also other third-order
nonlinear effects such as four-wave mixing [36] that originate from the almost
instantaneous electronic non-resonant response to the external fields which we will
characterize as Kerr nonlinearities (Xg)) [34]. Second-order nonlinear effects do
not play a major role in silicon (nitride) photonics since they are centrosymmetric

materials for which the second-order susceptibility disappears [12].

In order to have a more intuitive interpretation of coherent Raman scattering
lets us provide a classical description of the scattering process. We know that if the
beat frequency of the two incoming fields (pump and Stokes) corresponds to the
vibrational resonance frequency of the probed molecule it will induce oscillations
of the molecular electron cloud that will result in the nuclear modes being actively
driven. These modes lead to a spatially coherent modulation of the refractive index
of the medium at the beat frequency. A third beam that propagates through the
medium will experience this modulation in the refractive index and form sidebands
that are shifted by the modulation frequency. Note that in our experiments this third
beam simply corresponds to the pump beam as our coherent Raman experiments
are performed in a degenerate configuration.

So now we consider the incoming light fields as:

Ei(z,t) = Eje®imwi) o ¢, (2.21)
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Where Ep, E; correspond to field due to the pump and Stokes beam respectively
with frequencies wp and ws. Note that these frequencies are far from the vibrational
resonance frequency (wy) such that they will not efficiently drive the nuclear mode.
In contrast, we will further assume that their difference frequency Q = wp —ws
is close to wy such that it can actively drive the vibrational mode since it is in
resonance. The driving force exerted by the incoming fields on the molecule along
the vibrational degree of freedom Q can now be expressed as:

Rt = % (gg) B’ (2.22)
0

If we now fill in E = Ep +E; we can see that the exerted optical force will consist
of many frequency contributions (DC, 2wy, 2ws, wp + ws and wp — ws). However,
only wp—ws will efficiently drive the nuclear mode as the other contributions are too
far of resonance to have a considerable influence. Therefore, F(t) can be expressed
as:

F(t) = (gg) [EpE: (o k)z=00 4 ¢ ¢ ] (2.23)
0

It is interesting to note that the electron motions are coupled to the vibrational
modes through a nonzero (3—8)0 (the basis of the Raman selection rules). Therefore,
a modulation of the electron cloud at a frequency €) by the time-varying optical
force will be felt by the nuclear mode. This force (F(t)) can be linked to the nuclear
displacement Q(t) as:

d2Q dQ N
03+ L snin="0 (2.24)

Where m is the reduced mass of the nuclear oscillator, 7 is the damping constant,

wy is the resonance frequency and we again model the molecular vibration as a
harmonic oscillator like in the previous section. Such that Q(t) corresponds to:

Q(Q, ) = Q()el ke k)220 | ¢ ¢ (2.25)

with the amplitude of the molecular vibration:

1 /O« E,E*
0= (2=} P )
A m(aQ>ow%—92—2jm @26)
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The electric dipole moment can now be expressed as:

1(t) = a(tE(z, t) = (ao + (aa) Q(Q, 1) + > E(z 1) (2.27)
aQ/,

where we included the effect of the nuclear modes on the polarizibility. Since
the polarizability is a measure of how easily the electron cloud is distorted by an
electric field, the presence of the nuclear mode also needs to be accounted for.
Varying nuclear coordinates lead to a variation of the adiabatic electronic potential
felt by the electron and hence affects the motion of the electrons when an external
field is applied. Now we can express the macroscopic polarization as:

P(t) =N (ao + <aa> Q(Q, t)) [Ep(z,t) + Eg(z,1)] (2.28)
9Q/,

We will now consider the terms proportional to (g—g) 0 since they describe the

third-order nonlinear polarization contribution (Pyy ) due to driven Raman mode
(while the terms proportional to oy correspond to the linear polarization (Pr)).
Such that:

PNL(D = P(was) + Plwes) + P(ws) + P(wp)
= P(wps )el((ZKpks) z-wast)
+ P(weg el (Pkshp) 2=t (2.29)
+ P(wg)elks Z7sh
+ P(wp)e‘.(kp'z*wpt) +c.c.
With wes = 2ws — wp the coherent Stokes frequency and wys = 2wp — ws the anti-

Stokes frequency. The amplitude of the polarization at the anti-Stokes frequency
corresponds to:

N [da\? 1 5
P = (=) ——  E2E*=6 O)EZE* 2.30
(Was) m <8Q> 0 w\z] _ Qz _ ZJQ’)/ prs EOXR( ) ps ( )

With the nonlinear Raman susceptibility:

N /[da\? 1
) < Do _ 231
RED= e (aQ)ow%—m—zjm @30
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which can be split into a imaginary and real component as shown in Fig. 2.5.
We can see that the real and imaginary part of the susceptibility only have a strong
contribution in the vicinity of the Raman resonance (wy). At resonance ({2 = wy),
the susceptibility becomes purely imaginary.

2

_ImXR
1.5' _ReXR |

El

205}

D

- )
0

-200 -100 0 100 200
Q- w, [a.u.]

Figure 2.5: Real and imaginary part of the Raman susceptibility xr(£2). Where
Q = wpump — Wsiokes and wy the Raman resonance frequency.

The other frequency components can now be written as:

P(wes) = 660X (VEZE;, (2.32)
P(ws) = 6egX R ()|Ep|*Es (2.33)
P(wp) = 6eXR(Q)[Es|*Ep (2.34)

Where coherent anti-Stokes Raman scattering (CARS) originates from P(wys),
coherent Stokes Raman scattering (CSRS) from P(wcs) and P(ws), P(wp) are respon-
sible for the Stimulated Raman gain (SRG) and loss (SRL) respectively. We can
see that each frequency component is proportional to the cube of the electric field
thereby highlighting that they are third-order nonlinear processes. In the following
two sections we will use these expression to describe the evolution (with distance)
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of the optical fields at the (anti-)Stokes frequency by the CARS and SRS processes.
CSRS will not be discusses in this work since it is less common used as CARS
as it is an anti-Stokes scattering process that starts in the less populated excited
vibrational states which is a disadvantage [37].

2.2.1 Coherent anti-Stokes Raman scattering

In order to come to a workable expression that describes the evolution of the anti-
Stokes beam by the coherent anti-Stokes Raman scattering process, let us introduce
the nonlinear wave equation for (quasi-)CW excitation (i.e. laser linewidth <<
linewidth Raman resonance) [34, 35, 38]:

1

(2.35)

E B 2CI’1i €0

Which links the nonlinear polarization (P{\IL) to the optical field (E;). We can
see that only if PNy, # 0 (hence the light is propagating through a nonlinear medium)
there will be variation in the electric field along the propagation direction.

Recall from Eq. 2.29 that for CARS the nonlinear polarization corresponds to:

PNL (wass 1) = P(wgg)el PRk zwat) ¢ ¢ (2.36)

‘Which we can reorder as:

PNL (was, ©) = P(wag)el (KoK kas)- D) gikaszwast) 4 ¢ ¢ (2.37)
Such that it can be filled in eq. 2.35 and we get:

dE j
as _ . Was P(was)e]((zkp—ks—kas)-z) (2.38)

dz ] 2cngg€

which (using Eq. 2.30) can finally be written as:

dE 3 ;
dzaS =1 CL:HS XR(Q)EgE:ej(Ak'Z) = KasEg (2.39)
as

With the phase mismatching term Ak = (2, — ks — Kp).Z and the nonlinear
coupling efficient k¢ defined as:

3 .
8 RE)EZ A (2.40)

Kas =]
Cllgg
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Note that in CARS efficient signal generation at the anti-Stokes frequency only
occurs when Ak =~ 0. In case Ak # 0, the spatial dependence of the nonlinear
source term (right side eq. 2.39) differs of that of the propagating wave at the anti-
Stokes frequency. Therefore, depending on the location in the nonlinear medium,
any newly light generated by the nonlinear interaction between the dipole and
the driving fields can be in/out of phase with the already propagating wave at the
anti-Stokes frequency. The power at w,s Will hence increase or decrease depending
on the exact location in the medium. In contrast, when there is phase matching,
the different contributions in the nonlinear medium will add constructively and the
propagating wave will experience gain.

If we now assume that the Pump and Stokes beam are undepleted by the CARS
interaction over a distance L we can write:

3was 2y @D 1)
Eas(L) = OEESL——F— 241
as( ) Jcnas XR( ) pts ]Ak ( )
and using the fact that the intensity I; corresponds to:
Ii = ZniG()CE;kEi = Znieoc|Ei|2 (242)

such that the generated intensity at the anti-Stokes frequency corresponds to:

9w§s

., AKL
Ins(L) = R |XR|ZI§ISL2smc2(T) (2.43)

4nl%nasnsc4e0

Where we again see that the CARS intensity is strongly dependent on the
amount of phase mismatch through the term sinc>(AkL/2). Besides that, there is
also a quadratic dependence on the pump intensity that can be understood from the
energy level diagram shown in Fig. 2.7 as there are two pump photons required for
the CARS process. Moreover, since the CARS intensity scales quadratic with the
susceptibility it also scales quadratic with the analyte concentration and is therefore
more sensitive to majority constituents. Furthermore, through this susceptibility it
is also prone to a non-resonant background contribution [39]. Up to now we have

not considered the Kerr nonlinearity (XE)) which is also a relevant nonlinear source

besides the Raman nonlinearity (Xé3 )). Since CARS is a parametric process (no
energy is transferred to the probed sample but between optical fields, see Fig. 2.7)
other four-wave mixing (FWM) processes can also occur without the presence of
the resonant molecules. Hence both the Kerr-induced and Raman-induced FWM
process will generate a frequency contribution at wys. In contrast to CARS, the

Kerr-induced FWM process is a nonresonant electronic nonlinearity that originates
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from the response of the bound electrons to an external optical field [34]. Since the
Kerr response only involves virtual processes (see Fig. 2.7) it will be an almost
instantaneous process where CARS will have a more delayed resonant response
since it involves the excitation of molecular vibrations. Therefore, we also have the
include the influence of (Xg)) on I, such that:

Ls o X&) + PP = [\ 12 + &P + 20 PRe () (2.44)

Where |X(3) |2 is a constant over the considered frequency range since it is the

nonresonant (NR) background contribution and |X >|2 has a lorentzian line shape.

We can see that there is a third contribution (ZX(3)Re{ X(3) }) which is responsible
for the asymmetric distorting of the CARS spectra compared to the spontaneous
Raman and SRS spectra. The presence of this NR background becomes particular
challenging if Xg) >> XS) which is often the case for diluted analytes such that:

Ls o [ X' + 2x Re ('} (2.45)

And I,5 becomes proportional to Re{xR) } (instead of Im{x } like in SRS ).
This will lead to a dispersive lineshape on top of the non-resonant background (see
Fig. 2.6 ) which makes it difficult to interpret the CARS spectra without additional
data-analysis [40—43].

1.02

1.011

CARS signal [a.u.]

0.98— : : : -
-20 -10 0 10 20
Q- w, [a.u.]

Figure 2.6: Measured CARS spectrum in presence of a strong nonresonant background
contribution ( Xi{ ).
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Note that through the Kerr nonlinearity there is also an additional contribution
to the phase matching term of Eq. 2.43:

L
Ls sin&(%) (2.46)

Where the net phase mismatch term « corresponds to [38]:

7y is the nonlinear parameter and kny, = 2yNL.Ppump accounts for the contribu-
tion of self-phase modulation and cross-phase modulation to the phase mismatch.
In general, a large contribution of the Kerr nonlinearity compared to the signal
generation is thus to be avoided since it will make it challenging the separate the

relevant Raman information from the Kerr-induced contributions [24].
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Figure 2.7: Energy level diagram of stimulated Raman scattering (SRS), coherent anti-Stokes
Raman scattering (CARS) and the nonresonant degenerate four-wave mixing process
(NR-DFWM). The vibrational (virtual) energy states correspond to the full (dotted) lines.

2.2.2 Stimulated Raman scattering

Let us now derive a workable expression for SRS. If we use Eq. 2.29, where we
derived that the nonlinear polarization at Stokes frequency corresponds to:

PNL(ws, ) = P(wg)el®s 70 4 ¢ ¢ (2.48)
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Such that eq. 2.35 becomes:
G

= P 24
dz J2<:nseo (©s) 2.49)
and by using eq. 2.33 we now get:
dEs . 3ws 2
E = JTMXE(QMEpl Es = —OZSES (250)

Where the gain coefficient of the Stokes wave is defined as:

. 3w
as = 5 XR(EO)[Ep|? 2.51)
S

Since we know that at resonance (2 = wy), xg(£2) is a negative imaginary
number we can actually see that the Stokes beam will experience gain since o will
be a negative real number. Therefore, the Stokes beam will grow with distance by
the nonlinear Raman interaction and this phenomena is therefore called Stimulated
Raman gain (SRG). In contrast, for the pump beam xR ({2) at resonance is a positive
imaginary number such that the propagating pump beam will experience loss and
this phenomena is thus labeled Stimulated Raman loss (SRL).

dEp _3wp 9
v =JaXR(Q)|Es| Ep = —apE, (2.52)
3wp 2
ap = ——xr(Q)|Es| (2.53)
CIlp

The difference between the pump and Stokes beam can also be understood from
the energy level diagram of Fig. 2.7. Since a pump photon is converted to a Stokes
photon through the SRS process the propagating Stokes beam will experience gain
while the pump beam will experience loss. Furthermore, the newly generated
Stokes photon is generated at a field mode that is already occupied by the incoming
Stokes beam such that it will have the same frequency, phase and polarization [24].
Therefore SRS will be automatically phase matched.

Eq. 2.50 can now be solved if we assume that the pump will not be depleted
by the SRS process over a distance L. The electric field of the Stokes beam after a
distance L then becomes:

E(L) = By(0) & e XR(EIE 'L (2.54)
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Since SRS is a weak process this equation can be further approximated to:

Bws
Es(L) = Es(0)(1 +J'Cfc:XR(Q)IEp|2L) (2.55)

The Stokes intensity Ig(L) now corresponds to:

I5(L) = 2n;e0cEYEg

2
6w 3wy (2.56)
=I§O)<l4—ngFLInﬂXR}+-(pr2L> |XRF>
ngC ngC

Since the Raman interaction is weak Im{xgr} >> |xr|? the third term can
be neglected. The intensity increase of the Stokes beam by the nonlinear Raman
interaction can then be expressed as:

3wsIm{ xR}

AIs =I(L) - L5(0) = B
NgNpC€q

LIpL = gI,L (2.57)

Where gj is the stimulated Raman gain [m/W]. We can see that SRS has a linear
dependence on the length, pump and Stokes intensity. Furthermore, since Al is
depended on Im{ xR } the SRS spectra will have the same lorentzian lineshape as
the spontaneous Raman spectra [24]. Therefore, the SRS spectra can easily be
compared to spontaneous reference spectra without the need for extra data-analysis
unlike the CARS spectra. Moreover, through its linear dependence on Im{ xR },
SRS has a linear dependence on the concentration. Therefore, SRS still generates
reasonable signal levels for low analyte concentrations. In contrast, for CARS
the generated signal levels will drop more drastically because of its quadratic
dependence. SRS also does not suffer from a nonresonant background contribution
like in CARS since SRS is a energy transfer process between the analyte and the
optical field (see Fig.2.7). SRS(-like) processes can thus only occur if the beating
frequency of the pump and Stokes beams matches the energy difference between
the vibrational energy levels. SRS is also automatically phase matched since the
intensity gain and loss is generated on top of the incoming Stokes and pump beams.
One disadvantage of SRS over CARS is that its detection is more challenging since
the intensity increase Al is usually a couple orders of magnitude smaller than
input Stokes beam I(0). Therefore, a more complex lock-in detection scheme is
required and special care is needed to suppress the shot noise contribution of the
Stokes beam in detection.
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2.3 Surface-enhanced Raman scattering

In surface-enhanced Raman scattering (SERS) the inherently weak Raman scatter-
ing process is enhanced by many order of magnitude by the highly localized field
in close vicinity (~ nm) to the surface of a plasmonic nanostructure. In order for
molecules to experience this enhancement they thus need to be in close proximity
to the surface (explain the SE in the term SERS). This strong electric field near
the metallic surfaces originates from localized surface plasmon resonances (or
propagating surface plasmon polaritons) that are optically excited and can be seen
as the collective (resonant) oscillations of the free electrons at the frequency of the
incident light. The incoming light wave will drive these motions of the electrons
which on their turn will generate an electromagnetic field . In this section, we
will discuss the theory of plasmonic physics making use of classical theory. We
will give more details about the physics of localized surface plasmon resonances
(LSPR) and propagating surface plasmon polariton (PSPP) which are responsible
for the enhancement of Raman scattering near the surface of metallic nanopar-
ticles (smaller than the wavelength of light) and longer metallic nanostructures
respectively. Finally, we give a short discussion about the enhancement factors
playing a role in SERS. In this section we largely follow the classical theory as
given in [30,44,45]

2.3.1 Plasmon physics

Let us first provide the definition of a surface plasmon polarition. A plasmon is a
quantized oscillations of the electron density in a metal, while at the metalic surface
a surface plasmon polarition can be formed which is a quasi-particle created by the
coupling of a photon and a plasmon.

Let us now start with a metal-dielectric interface (see Fig. 2.8) where the plas-
mon mode is propagating along the x-direction such that its propagation constant
Kjp is orientated along the interface. For TM polarized light ( (Ex,0,Ez) and (0,
Hy,0) ) the dispersion relation is given by:

w EDEM
Ko =—4/ 2.58
P C €Ep + EM ( )

According to the generalized Drude theory the permitivity of a metal with a
perfectly free electron gas corresponds to:
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Figure 2.8: Schematic representation of the field of a surface plasmon polariton (SPP) at the
metal-dielectric interface. ep and ey are the dielectric and metal permittivity respectively.

2

@) = 1— Z%l (2.59)

Where wy,, is the bulk plasma frequency corresponding to:

2
w2 = D€ (2.60)

pl €pMe

We can thus see that the plasma frequency depends on the electron charge e,
the density ne and the effective mass me. The dispersion relation for a metal-air
interface (ep = 1) can now be expressed as:

Kop(w) = % (2.61)

If we now plot the solution to Eq. 2.61 in Fig. 2.9, we can see that there are
two types of solutions. In the 0 < w < 0.707wy,, frequency range the solution
is a surface plasmon mode. The other solution in the w > wp. frequency range
corresponds to the bulk plasmon mode. In the 0.707wp. < w < wp), frequency
range there are no solutions. From the dispersion curve we can see that for low
Kjsp, the SPP acts like a photon but for higher Ksp the dispersion curve bend away
from the ligth line and reach the surface plasmon frequency (wp; / V/2). Since the
disperison curve of the SPP is to the right of the light line, the SPP has a shorter
wavelength than the free-space light.

The field decay length of the SPP now corresponds to :
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Figure 2.9: Dispersion graph of the surface plasmon polariton for a metal-dielectric
interface [45].

_ ¢ €D + €m
Li=— /? (2.62)

Where it can either correspond to the metal or the dielectric (air in the case
considered here). Since the dielectric constant of a metal is typically larger than
that of the dielectric, the decay length will be shorter for the metal than for the
dielectric. As an example, at 600 nm for a silver-air interface L,;; = 390 nm and
Lgilver = 24 nm. For large Kp, L o< 1/Kgp leading to highly concentrated fields
near the surface.

From Fig. 2.9 we can see that the light line does not intersect with the surface
plasmon polariton line. Thus light incident on the metal surface in a arbitrary
direction cannot excite surface plasmons since there is a momentum mismatch
between the incoming light and the plasmon. Therefore, special configurations are
needed such as using a prism coupler [46] or a periodic corrugation [47]. In the
Kretschmann configuration, a prism is used to excite the surface plasmon where one
side of the prism is coated with a thin metal layer. The metal-dielectric interface
is then illuminated at an angle greater than the total internal reflection angle. The
coupling of the incoming light with the surface plasmon occurs when the in plane
component of the wavevector matches with Kgp:
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w .
;\/%sm(esp) = Kgp (2.63)

At resonance (6 = 0p) a sharp minimum will be observed for the reflectively.
The glass prism thus acts as a medium through which the wavenumber (and hence
momentum) of the incoming light beam is increased to match that of the surface
plasmon.

So let us now summarize a bit, surface plasmons polaritons are propagating elec-
tromagnetic waves at the metal-dielectric interface coupled to the electron plasma of
the metal. They have high field intensities and a compact optical confinement near
the surface since their wavelength is shorter than that of the incident optical field.
Alternatively to SPP, there are also localized surface plasmon resonances(LSPR).
These LSPR are non-propagating and are excited by the interaction between sub-
wavelength conductive nanoparticles and the electromagnetic field. The electric
field then induces the collective oscillations of the electron cloud of the particles.
Since the surface of the particles is spatially confined, a restoring force will act
on the electrons that leads to a resonance of the electron cloud. The resonance
frequency will depend on the geometry of the particle and its material and that of
the environment. One important thing to note is that LSPR is a stationary mode
that is confined to a particle and occurs at a single frequency. In contrast, SPP
are propagating modes along a metal-dielectric interface and occur in a frequency
range as shown in Fig. 2.9.

X(|r|cos8, |r| sin 0)

Figure 2.10: Metal particle placed in a electrostatic field (Eg), with ep the permittivity of the
surrounding dielectric.



CHAPTER 2 2-23

Let us now assume a conducting nano-sphere (with size d) that is smaller than
the wavelength of light d << A. The sphere is surrounded by a dielectric medium
(ep) without dispersion and loss (see Fig. 2.10). Furthermore, we assume that the
EM wave has a constant phase over the nanoparticle. In extracting the spatial field
distribution we can thus apply a quasi-static approximation. For V x E = 0, the
electric field can be extracted from the gradient of the electric potential VE:

E=-VVg (2.64)

From Gauss law, we can now write:

VE = V(-VVEg) = -V?>VEg =0 (2.65)
The general solution of Eq. 2.65 now corresponds to [48]:

o0

VE(r, 0) = Z[Anr“ + By ™DIP, (cosh) (2.66)
n=0

With Py(cosf) the Legendre Polynomials of order n and 6 the angle between
the position vector r and the z-axis. Now since VE(r, #) must remain finite at the
origin, Eq. 2.66 can be split in a solution inside the sphere (r < d):

(o.)
VEin(r,0) = > Anr"Py(cost) (2.67)
n=0

and outside the sphere (r > d):

[e.9]

VEout(0) = Y [Bar" + Cur ™ V1P (cos) (2.68)
n=0

We can now apply the boundary conditions to determine B, such that for
r — o0, By = -Eg and B, = 0 for n # 1 . Furthermore, at r=d the tangential
component of the electric field demands that:

1 aVE,in — 1 8VE,out
d 06 d 06

(2.69)

and the continuity of the normal components of the displacement field that:
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OVein __ OVEou (2.70)

€o€ 761‘ = €0€ED 81‘
Such that Ay, Cy = 0 for n # 1 and for n=1 Vg corresponds to [48-50]:
3ep
VE,in(1, 0) = —————Er(cosf) (2.71)
’ eM + 2€p
- 0
VE ou(r, 6) = ~Eqgr(cost) + 1D g, g3 %2 2.72)
’ eM + 2€p 2

Where it is interesting to note that the second term for the field outside the
sphere corresponds the field of the dipole located at the origin. The response of the
particle to the static electric field is thus an induced dipole moment. By combining
2.64,2.71 and 2.72 it can now be seen that the internal and external dipolar field
(Ein, and Eqyt) show a resonance effect where the following condition applies:

R(em) = —2¢p (2.73)

For a metal who follows the Drude model the frequency at which this field
enhancement due to the plasmon resonance occurs corresponds to:

[ 1
WLSP = Wpl, m (2.74)

Where the resonant mode of the nanoparticle is called the dipole localized
surface plasmon mode. We can see that wy gp is depended on the surrounding
material and will experience a red-shit for increasing ep.

Finally, let us have a look at the field enhancement provided by the metal
particle. We know that at resonance the dipole mode of the spherical particle is
efficiently excited. If we now consider an isolated gold particle such that only the
dipole moment can be coupled to the external EM radiation and no higher order
modes can be excited because of their vanishing dipole moments. Then the total
field enhancement |E,| of the dipole mode over the electric field of a tightly focused
Gaussian beam |Eg| can be expressed as [50]:
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po [Bol (Y’
|EG| d+x

e ()
VIQ +2x33ep )2 + 62 \XF X

(2.75)

Where Q is the quality factor which corresponds to Q = % with ~ the non-
radiative decay rate. ¢§ is the normalized excitation detuning and Y, x4 are the
normalized radius and distance from the sphere respectively (x4 = 2md/)\q). Gold
particles have a Q ~ 10 and therefore their field enhancement corresponds to
F ~ 14 at resonance near the surface. Q is larger when the non-radiative decay
rate -y is small. Gold and silver have a large Q in the NIR range with silver the
best plasmonic material in the visible (see Fig. 2.11). However, silver quickly
oxidizes in ambient atmosphere and therefore gold is usually preferred for sensing.
Note that discussion provided above is only valid for small particles. For larger
particles and complex geometries the quasi-static approximation is no longer valid
and geometrical parameters need to be accounted for to determine F and wy gp [51].

—&— Ag (silver)
®— Al (aluminum)
\ 1 | —a— Au(gold)
?\V/@\\ \ -w— Cu (copper)
i O Li (lithium)

h -O— Pd (palladium)
] —</— Pt (platinum)

Quality factor

T

600 800 1000 1200
Wavelength [nm]

Figure 2.11: Quality factor of different metal nanoparticles interfaced to air [30].

2.3.2 SERS enhancement mechanism

Let us now consider a molecule in vacuum (with angular vibrational frequency wy)
for which an external EM field ( frequency wg) will induce a dipole p ( see Eq.
2.27) [25]:
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f(wp +ws) = ag(wo, wo + ws)Eg(wp) (2.76)

If we now place the molecule in close vicinity of a plasmonic structure where
the surface plasmon is efficiently excited in the selected wavelength range, then the
induced dipole becomes:

fm(wWo + Ws) = am(wWo, wo + ws)Em(wo) (2.77)

Where the presence of the plasmonic structure increases the electric field in-
tensity at the location of the molecule, changes the electron structure and hence
the polarizability or vibrational frequency of the molecule and increases the local
density of states which will increase the probability of spontaneous emission. For
these reasons the power emitted by the dipole will increase. Furthermore, from the
optical reciprocity theorem it is shown that this enhanced emission is proportional
to the electric field intensity [52]. Since the power radiated by the dipole (P) is
proportional to |f1|2 the ratio of the total Stokes power scattered by the dipole near
the plasmonic structure compared to vacuum corresponds to:

Chemical factor Field enhancement  Radiation enhancement

—= - T
proPm_ [amt ‘Em(%) ‘Em(wo +ws) (2.78)
Po Qg Eq(wo) Eo(wo + ws)

where we can see that there is a chemical factor which is present because the
polarizability of a molecule can change due to the chemical binding of the molecule
and the plasmonic structure. This effect is called chemical enhancement and the
molecule may experience a moderate enhancement to a 100-fold because of it [53].
The second and third term of Eq. 2.78 are usually referred to as the electromagnetic
enhancement and are the main contributors to the SERS enhancement. The EF
is reported on different positions at the plasmonic structure depending on the
application. When talking about single molecule detection usually the EF at the
hotspot (maximum electric field point) is reported. For a monolayer absorbed
on the surface of the plasmonic structure the average EF is used that averages
the enhanced field points over the surface (see Fig. 2.12). Since the frequency
difference between the Stokes and pump is usually relatively small compared to the
FWM of the plasmonic resonance, the electromagnetic enhancement factor is often
written as:

4
(2.79)

y -
Qm Em(wp)
EFsgrs/spRr = ‘ X ‘

ap E(wp)
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And we can see that the SERS enhancement scales to the fourth power with the
electric field enhancement [54]. Note that SERS itself is however a linear process
since it scales with Ipymp.

| AD Average EF
% 10 Hotspot EF
o
i 10°
o=
£
8
o 10
Q
c
2 10
c
L
10° @
& &°
L 2 & O
o\ o\_@o c-,'bQ R &00 o'bQ (‘)‘\o\ﬁo C’QQ
\’*606‘ V:\ & &
I\ Q G

Figure 2.12: Theoretical hotspot and average enhancement factor of SERS for three different
plasmonic structures [55].

In order to further increase the molecular detection sensitivity it is also possible
to combine plasmonic enhancement (SERS) together with coherent Raman scatter-
ing (CARS, SRS). In this way the generated signal provided by coherently driving
the molecular vibration at resonance can be further enhanced by the local fields of
the excited plasmonic modes (assuming that the input and generated frequencies
in CARS and SRS are in resonance with the collective modes of the plasmonic
structures). If we consider SECARS, then the electromagnetic EF factor compared
to CARS corresponds to [56,57]:

4 2

Iém (was)
EO (wWas)

E(ws)
Eq(ws)

1ém (Wp)
EO(UJp)

4 2 2
= |gp| |&s]”|8as]

2
EFsgcars/cARS = ‘

(2.80)

where we see that strong enhancement of SECARS over CARS is due to the
eight power dependence. Furthermore, we can also see that there is a additional en-
hancement of ~ |g, ?|g,s | of SECARS over SERS. Theoretically, EFSEcARS/CARS
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and EFsgcars/sers in hotspots can reach values of ~ 108 - 102* and 1019 — 1018
respectively [58]. In practice, single molecule detection has experimentally been
demonstrated together with an enhancement of 11 orders of magnitude over sponta-
neous Raman scattering [56]. Analogously, the enhancement factor for SESRS can
be expressed as [32]:

Fgm(wp)
2% (wp)

2 = 2
% (Em(WS)) (2.81)

EFsgsrs/srs = Eo(w)
0\Ws

Where intensity enhancements of ~ 10% — 106 compared to normal SRS have
been reported [59,60]. Furthermore, detection sensitivity up to the single molecule
level has recently been demonstrated [61]. A more detailed discussion about
SECARS and SESRS will follow in Chapter 4 .



Waveguide-based Raman spectroscopy

In this chapter I will firstly introduce the concept of waveguide-based Raman
spectroscopy on nanophotonic chips (Section 3.1). Afterwards, I will review the
general formulas to calculate the generated Raman signal for waveguide-enhanced
(stimulated) Raman spectroscopy (which we will use in Chapter 4) (Section 3.2).
Finally, I give an overview of the experimental work that has already been done on
nanophotonic waveguide-enhanced Raman spectroscopy (NWERS) together with
its remaining challenges (Section 3.3). In Chapter 4 we will then go into detail
on on-chip SERS, SRS, SE-SRS and SE-CARS as they (partially) try to solve the
issues of NWERS, namely the strong photon background contribution and weak
signal generation.

3.1 Raman spectroscopy via photonic integrated cir-
cuits

As discussed in Chapter 1, Raman spectroscopy typically relies on bulky and expen-
sive instrumentation to overcome the inherently weak nature of Raman scattering.
A typical Raman spectroscopic system consists of a (confocal) microscope, a high
power laser and deeply-cooled CCD cameras. Since a Raman microscope suf-
fers from small interaction volumes and poor signal collection, their conversion
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efficiencies (ratio of the generated Stokes power to pump power) are typically
poor. Furthermore, the high cost and bulky instrumentation limits the broader
application of Raman spectroscopy outside the lab environment. To overcome
these limitations, waveguide-based Raman spectroscopy has been proposed where
the evanescent field of a guided waveguide mode excites and collects the Raman
signal of an analyte of interest [62]. Optical waveguides consist of a high index
core surrounding by a low index cladding region (which contains the analyte). The
high index contrast leads to a reduced mode area and a large enhancement of the
evanescent field near the waveguide surface. Furthermore, it enslaves the optical
mode to the waveguiding structure such that its interaction length can be greatly
enhanced beyond the diffraction limit (~cm). In [14] it is shown that a single-mode
waveguide enhances the Raman signal by a factor 10-1000 per cm compared to a
confocal microscope system.

Another major advantage of on-chip Raman sensors is that they are CMOS-
compatible i.e. they are manufacturable by the standard process technology in a
state-of-the-art CMOS fab [12]. This allows for the fabrication of cheap, mass
producible Raman sensors with a small footprint (i.e. meaning more chips per
wafer). Currently, the most prominent photonic integrated circuits (PIC) platform
is the silicon-on-insulator platform (SOI) since it is mature and provides high
yields, reproducibility and robustness [63]. However, in this work silicon nitride
is preferred over silicon as the waveguiding material since (unlike silicon) it is
transparent for wavelengths below 1.1um (till at least 500 nm). This corresponds
to the relevant wavelength range for Raman spectroscopy due to the reduced
photo-damage, (aqueous) absorption and fluorescence of biological samples [14].
Furthermore, the pump wavelength at 785 nm allows for a relative strong signal
generation (because of the A dependence of Raman scattering) and low-cost, high
performing silicon-based detectors are available in the 800 nm-1000 nm wavelength
range (unfortunately it is this strong absorption that limits the use of silicon as the
waveguiding material in this wavelength range). Just like the silicon-on-insulator
technology, SizNy is also CMOS-compatible allowing for the fabrication in fabs
that use manufacturing technology that already exists for electronic integrated
circuits. Silicon nitride provides a moderate index contrast (compared to silica),
while silicon has a very high index contrast (Angjn = 0.55 vs. Ang; = 2.25). This
leads to a less tight confinement of the mode (and hence a reduced enhancement of
the evanescent field and larger circuits footprints) but this effect is largely offset
by the use of shorter wavelengths which leads to a comparable size of the single-
mode waveguides of both materials [25]. Furthermore, a less high index contrast
leads to reduced scattering loss and thus a reduced propagating loss (which is
on the order of 2 — 3 dB/cm for SizNy waveguides [12, 64]). A range of high-
performance photonic components have been developed on the Si3Ny-platform
such as: spectrometers [18, 65, 66], lasers [67, 68], spectral filters necessary to
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remove the strong excitation radiation [17] and Raman sensors that boost the
Raman response (as will be discussed in Section 3.3). These open the door to a
complete Raman spectroscopic system on a single chip.

Y[
X
Air z Air
hI SigN, hI SizNy | g |SisN,
|
«— ) «— .
3um w Si0, % w Si0,
Strip Slot

Figure 3.1: Air-cladded strip and slot waveguides sitting on top of a thick buried oxide layer
[BOX]. Typical waveguide dimensions correspond tow X h: 700 nm x 220 nm (with a gap
g: 150nm).

In this thesis we will use two types of waveguides: strip waveguides and slot
waveguides (i.e. a double strip waveguide, see Fig. 3.1). Strip and rib waveguides
are the most widely used waveguide structures because they display low propagation
loss, tolerance to fabrication errors and efficient mode coupling [45, 69]. The
waveguide core is made of silicon nitride, which is deposited on top of a thick
silica layer (often referred to as the buried oxide layer [BOX]). Waveguides are
defined using reactive ion etching and deep-UV lithography [13]. Typical layer
thicknesses of the silicon nitride layer correspond to 150nm, 220nm or 300 nm.
Waveguide widths typically vary from 300 nm-1,5 um depending on the application
and wavelength. The BOX layer needs to be ~ 3um thick in order to prevent
leakage of the waveguide mode in the silicon substrate. Both the slot and strip
waveguide can support a multiple set of discrete modes. We can separate these
modes into two categories. The modes of the first category are called TE-modes
and refer to those modes where the electric field is mainly polarized along the
horizontal-direction (x-axis). The modes of the second category are called TM-
modes and refer to those modes where the electric field is mainly polarized along
the vertical-direction (y-axis). Fig 3.2 shows an example for both types of modes
in a strip waveguide. Note that the guided modes in this strip waveguide are not
strictly TE-or TM-polarized but are hybrid modes. The guided modes are however
nearly linear and therefore they are referred to as quasi-TE and quasi-TM modes.
For simplicity we will refer to them as TE-and TM-modes for the remainder of
this thesis. In the rest of this chapter we will first provide the theory on waveguide-
based Raman scattering before summarizing the work that already has been done
on nanophotonic waveguide-enhanced Raman spectroscopy.
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o
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Figure 3.2: Simulated (a) TE fundamental mode and (b) TM fundamental mode for a SizNy
strip waveguide with an ethanol top cladding. The strip waveguide has dimensions of width
X height: 550 nm x 220 nm .

3.2 Waveguide-enhanced Raman scattering

In Chapter 2, we used classical theory in order to describe Raman scattering which
fails to recognize the inherent similarities between spontaneous and stimulated
Raman scattering. From a quantum perspective, spontaneous Raman scattering
can be seen as a type of stimulated Raman scattering that is stimulated by vacuum
fluctuations. By Heisenberg’s uncertainty principle, even in vacuum there will be
some electromagnetic radiation present which stimulates the atom to relax and
emit a Stokes photon. Therefore, spontaneous emission can be described as a
form of stimulated emission [70-72]. A lot of work has already been done on
waveguide-based spontaneous Raman scattering [14, 25, 73] and therefore it will be
interesting to come to an expression of the signal evolution for waveguide-based
spontaneous and stimulated Raman scattering that follows a unified treatment. In
this section we largely follow the theory presented in [35,45].

3.2.1 Raman scattering in free-space

Before starting we can first make a simplification on our theoretical model. Since
Raman scattering is a complex 3D process, in principle we need to keep track of the
polarization and propagation directions of the optical waves involved. Luckily we
only consider isotropic materials (e.g. silicon nitride), which means that for Raman
scattering in these materials, the scattering field intensity will be independent of the
propagating direction.Therefore, it is sufficient to consider the angle between the
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polarisations of the participating optical fields to determine the optical power of the
scattered field and we do not have to worry about most of the vectorial character.
In the rest of this chapter the denotations || and L refer to the polarisation of light
parallel and perpendicular to the pump beam.

Let us now consider spontaneous Raman scattering in a bulk medium with
free-space excitation and collection. We can assume that a pump beam (with power
P;) is propagating in the +z direction, has a optical frequency wyp and polarisation
along a direction ep. The total Raman scattered photons (with a total power Pg) from
a unit volume dV = dAdz that propagates within a solid angle dv and a frequency
range [ws, ws + dws] then corresponds to:

Py = 2 p,Rdvdzduws 3.1
“p

Where R is the proportionality factor which is given by:

__ b n 3 2 .2
= 327r2he%c4 Ilp Wpwy [MH(|Q\)COS 0 +M | (|Q])sin“6)]h(£2, T) (3.2)

With wp and ws the pump and Stokes frequency and Q = wp — ws, h is the
reduced Planck‘s constant, np and ng are the refractive indices at the pump and
Stokes frequency and 0 is the angle between the pump beam polarization e, and
Stokes beam polarization es. M (/2| and M (/2] are the materials Raman response
for the different polarizations and h({2, T) is the Boltzman factor that is described
as:

_ hQ g
h(QLT) = (line KT ) 1 TfQ >0 (Sto.keS) (3.3)
(exr —1)~" if < 0 (anti — Stokes)

We can see that Eq. 3.2 scales with w* just as in the classical case. Furthermore
the Stokes scattered power is also stronger then the anti-Stokes power by a factor

-hQ
eli%T which can be obtained from h({2, T).

We can now consider stimulated Raman scattering in a bulk medium where
a pump and Stokes beam are incident on the Raman medium. Both the pump
and Stokes beam are assumed to be infinite plane waves with an electric field
polarization ep, and es respectively. We assume the Stokes beam to be propagating
in the z+ direction and no assumption is made about the pump beam propagation
direction. We can decompose the Stokes beam polarization (es) in a component
parallel e and perpendicular e to the pump. If we now consider the change in
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Stokes intensity A| () (with the same polarization as the pump beam and within
the frequency range [ws, ws + dws]) then its evolution can be described as:

E = gHIpAH(Z) (34)

Where I, is the pump intensity and the stimulated Raman gain g|| defined as:

Q s Ws

=T Y M0
0] #2232 npn, b (3.5)

&l

The parameters are the same as those defined in Eq. 3.2. An equivalent solution
is obtained for the perpendicular polarised Stokes component (simply replacing
the subscript || by L). We can see from Eq. 3.5 that there is no limitation on the
sign of |Q2| and therefore for 2 > 0 the signal is Stokes-shifted from the pump and
experiences stimulated Raman gain and vice versa for {2 < 0 where the signal will
experience stimulated Raman loss. This is equivalent to the result obtained using
classical theory.

Since the laser linewidth is usually much smaller then the linewidth of the
Raman modes (assuming a CW or quasi-CW condition) we can see g|| and I as
being roughly constant over the linewidth of the Stokes beam Aws. Therefore, Eq.
3.4 can be written as:

dl,
T /Aws g IpA (@) = g Ipls (3.6)

With I the Stokes beam intensity. It is interesting to note that both spontaneous
Raman and stimulated Raman scattering are connected through M|| Mp). In
this way the stimulated response can be estimated from the spontaneous Raman
response of an analyte.

3.2.2 Raman scattering near waveguides

We will now consider SRS and spontaneous Raman scattering when using waveg-
uides. Unlike the free-space description of Raman scattering, for waveguide-based
Raman the excitation field and collected field are confined to the waveguide. There-
fore, not all of the guided pump light will interact with the analyte as a part of it
is confined to the waveguide core and does not overlap with the Raman medium
(as an example see Fig. 3.2). This is thus a difference between free-space and
waveguide-based Raman.
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If we now assume that the waveguide mode is confined to the xy-plane, that the
Stokes beam is propagating in the +z direction of the waveguide (in the forward
direction, see Fig. 3.4) and that its polarization is parallel to that of the pump
beam, then the evolution of the Stokes intensity I'j|(z) (within the frequency range
[ws, ws + dws]) can be described as:

dI‘H(Z) _

Ws
a2 = o RIPe gL @Pp
p N—_——

3.7

spontaneous stimulated

We can see that there is a contribution for both spontaneous Raman scattering
and Stimulated Raman scattering. With R the probability that a pump photon is
converted to a Stokes photon within a distance dz and where the scattered photon
will preserve its original polarization, will have a frequency in the [wy, ws + dws]
range and propagates along the +z direction. For the SRS-term, g /Pp describes the
gain of the Stokes beam over dz. The gain coefficients of the (stimulated) Raman
scattering processes correspond to:

R I wpws
[
8h6002 Npng

hem [[ M (QDI6PIE axdy  (3.8)
Raman region

S L // 2 2
81l = 1] 30222 ngns M, QDI 6 Pdxdy (3.9
17190 4222 npng J Jraman region | [2DIEp|[fs] 3.9)

Where nyp, ng are the effective indices and fj(x, y), fs(x, y) are the normalized
transverse mode profiles of the pump and Stokes beam. Note that to obtain g |
and G |, not only M | needs to be replaced but also the effective indices and their
mode profiles. We can also see that the gain coefficients of waveguide based Raman
mainly differ with the free-space alternative through the integral:

/] My (DI I 2dxay (3.10)
Raman region

Where this integral is determined by the waveguide geometry as will be dis-
cussed in the following subsection. Since we will mainly be interested in TE-modes
for both the pump and Stokes beam in this work (as they provide the best signal
enhancement in a slot waveguide with low loss) we will use g|| in the remainder of
this chapter which we will name g for simplicity.

Before further discussing the effect of the waveguide geometry on the gain
factors let us first connect the Raman response function to the scattering cross-
section o as defined in Eq. 2.16. In this way M(f2) can be obtained from the
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experimentally captured o. In [35] it is shown that the material response function
can be written as:

o > pN, 327%hedc? np 3.11)

M, (€)) = <8w619

Where M, is the molar mass of the analyte, p the density of the analyte, N,

w§  ng

Avogadro‘s number and ( o 619) the spectral density of the differential Raman
scattering cross-section. If we now assume that we have a Raman mode with a
Lorentzian lineshape then the max(MH) can be written as a function of do/dv:

- 12
59 (3.12)

w

2 do N, 32m2hec* n
maX(M|)=7rAR( >P a-em o~ Tp

ng

where Ag is the full-width-half-maximum (FWHM) of the Raman peak. Note
that differential cross section %[cmz/sr] is often reported over o in literature
since in most configurations only a fraction of the scattered light is captured and
furthermore the radiation pattern of dipoles is not uniform and depends on its
environment and the orientation of the molecule compared to the light polarization.
Therefore, it is more correct and practical to report 3 [25].

3.2.2.1 Geometrical factor

We can now have a look of the effect of the waveguide geometry on the spontaneous
and stimulated Raman gain coefficients. We can simplify Eq. 3.10 by assuming that
the analyte is homogeneous such that M, ( |2]) is a constant in the cladding region:

My [/ Py Paxdy G.13)
Raman region

If we now assume that the mode profile of the pump and Stokes beam are similar
such that [f,| ~ .|fs| and:

K
// |f[*dxdy = (3.14)
Raman region Aett

Where A [m?] is the effective mode area and is defined as:

1 +00
i // |f|*dxdy (3.15)
€ —00
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And x is the confinement factor:

4
_ ffRaman region ‘fl dxdy (3.16)

S5 |f*dxdy

We can see that Aq¢ characterizes the size of the guided mode and a smaller
mode area will hence lead to higher signal generation. The confinement factor on
its turn is dimensionless and can be seen as an indication of the percentage of light
of the waveguide mode that effectively is propagating in that analyte. Therefore,
we can see from Eq. 3.14 that the Raman signal is maximised if the mode is
tightly-confided and has a good overlap with the probed analyte. Furthermore, if
we include the effective indices at the pump and Stokes frequency we can define
the geometrical coefficient:

1
GC = r

3.17
Npng Aetr ( )

For a silicon nitride strip waveguide covered with IPA (width x height = 400 nm
x 300 nm), the geometrical coefficient for the fundamental TE-mode corresponds
to GCtg = 0.25 and GCpp = 0.45 for the fundamental TM-mode [35]. The
waveguide width (and height) are typically designed to maximize GC such that it
provides a trade-off between having a small mode area A and a large confinement
factor k. Making the waveguide width bigger then the optimal value (for a fixed
height) will result in an increase of A.¢ and less overlap with the analyte and hence
adecrease in . In contrast, if the width is too small the waveguide mode will not be
properly guided which results in an increase of Aq¢ which offsets any improvement
in k. For a strip waveguide, the TM-mode has a larger geometrical coefficient since
it has a more extensive overlap with the analyte while A.¢ is comparable for both
polarisation modes. It is important to note that the TM-mode typically also has
a larger propagation loss and therefore not always leads to better results than the
TE-mode [74].

Finally, the Raman gain coefficients can now also be expressed in function of
Aefr and k such that we get:

1 5

R = $hdct =B on. T)MH(|Q|>— (3.18)
Q

g| = i M (|2 \)— (3.19)

12 4h262c2 npng
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It is interesting to note that besides the geometrical factors, the other parameters
of the gain coefficients are constant or set by the used analyte and technology
platform.

3.2.2.2 Linking the spontaneous and stimulated gain

It is now interesting to link the spontaneous Raman gain (G), as will be defined
below, to the stimulated Raman gain (g) since a considerable amount of work has
already been performed on calculating G for a diverse set of waveguide geometries
and materials [14].

So in order to come to a workable expression, we will first rewrite Eq. 3.7 such
that it describes the evolution of the Raman scattered power over the whole Raman
mode. The signal evolution in the spontaneous Raman case then corresponds to:

S5 =GPy (3.20)

With G| the spontaneous Raman gain coefficient for Ps which corresponds to:

+oo 1 wpts K +oo
wp 8h€ (¢ npns Aeff J-o

For simplicity we will use G instead of G in the remainder of this chapter.

If we now assume that we are using (quasi-) CW lasers, such that their linewidths
are much smaller than the Raman linewidth, then we can assume that the stimulated
Raman gain g is constant over the laser linewidth. We can then describe the signal
evolution in the stimulated Raman case as:

dPg
= apy, (3.22)

where g corresponds to (see Eq. 3.19 ):

Q T

ST 4h26202 npng

\(IQD— (3.23)

And if we now assume that we have a Lorentzian lineshape for the Raman
response function M;|(|£2), we can find that:
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h +00
G h(, T)¢

max(g) 2rmax(M)) o

hw
M= —Fh@DAx (324

With Ag the full-width-half-maximum of the Raman response and where
h(€2, T) is close to unity at room temperature.

3.2.2.3 Alternative definition of the spontaneous gain

In [75] and [64] an alternative definition of the spontaneous Raman gain coefficient
G is given namely:

1
G= 3 X px o X nw,h, Ap, Ag) (3.25)

With p, o the molecular density and differential Raman cross section of the ana-
lyte and 7 the Raman conversion efficiency which depends on the modal properties
of the waveguide (a.o. the width (w) and height (h) of the waveguide). Eq. 3.21 and
3.25 are basically two sides to the same coin as the two definitions of G calculate
the same numerical value for the spontaneous Raman gain factor. In the rest of this
work we will use both definitions depending on the situation to make estimates on
the spontaneous Raman gain.

A complete derivation of Eq. 3.25 is out of the scope of this thesis and can be
found in [45,73]. We will quickly give a bit more detail on 7 since it encompasses
the effect of the waveguide on spontaneous Raman scattering.

ngAd |E(ro, Ap)|? L
n= —— 5= dr (3.26)
n JI EBE ApIPAE A (., A)

Where the outer integral runs over the analyte (e.g. to estimate the amount of signal
generation for an analyte on top of the waveguide this area corresponds to the top
cladding of the waveguide). Furthermore, we can see that n for a given waveguide
geometry depends on the model profile where Aéff (assuming a dispersionless
medium) is defined as:

‘ 2¢0€|E(F, \g)|?) df
Ap=d (2eo]EC *)|2) (3.27)
606|E(I‘0, /\S)|

If we now assume that a molecule can be approximated as a dipole emitter,
then the enhanced ratio of the spontaneous emission rate for a dipole emitter near
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a waveguide (where part of the emission will radiate into the waveguide mode at
arate wg while the rest will decay into radiating modes) compared to free-space
(7p) corresponds to:

’ng(f”,w) _ 3 ¢ )\g
YoEw) 4T vend Al

(3.28)

Where v, is the group velocity of the waveguide mode, )g the Stokes wavelength
and n; the refractive index of the surrounding medium in which the dipole emitter
is placed. We can thus see from Eq. 3.28 that in order to enhance the spontaneous
emission rate, the waveguide needs to support a mode with a small A;ff (increases
local intensity) and vg (increases local density of states). Therefore, typically slot
waveguides are designed with small slot gaps because the high field confinement in
the narrow gaps is attributed to an efficient excitation and collection of the scattered
signal (for a dielectric slot in air with a 40 nm gap % ~ 4). Plasmonic slots on their
end, combine high field intensities in the gap together with a large group index of
the gap plasmonic mode. Therefore, % for the plasmonic slot is about two orders
of magnitude stronger than a dielectric slot with the same gap width. Eq. 3.28 can
also be written as:

P
Twg _ Fwg (3.29)
7%  Po

Where Py is the power coupled into the waveguide mode and Py the power
radiated in a homogeneous medium. And the dipole strength of the dipole excited
by a waveguide E(r, Ap) with power Py, corresponds to:

&[E(ry, Ap)|?

d(F, As|? = a®ngPp———= P2
4G5 Ad EP [ EEE, Ap)|2di

(3.30)

Where « is the molecular polarizability, in [73] it is shown that by using
71'2062
Xt

from dipoles lying uniformly over a waveguide of length L corresponds to:

o= the total power coupling into a waveguide mode in backward direction

G
—_—
|| (3.31)
" )
—=2 = _x pXxoxnxLF
P, ~ 2 pXaoxn

We thus see the appearance of our gain factor of Eq. 3.25 and where LF is the
length factor which will be discussed in the next section.
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Typically values for n5 (where A indicates that we integrated over the analyte
cladding region) corresponds to n/T\E =0.075 and n/T\M = 0.16 for the strip waveg-
uides shown in Fig. 3.2. The fundamental TM-mode for the strip waveguide has a
higher na due to the higher modal overlap with the analyte and higher field intensity
at the analyte location which originates from the discontinuity of the electric field at
the core-top cladding interface (owing to the high width-height aspect ratio). Note
that for the TM mode, since the electric field is only discontinuous in the perpendic-
ular direction, only varying the waveguide height will have a substantial effect on
the field enhancement near the waveguide surface. For the slot waveguides shown
in Fig. 3.3, nj{E =0.31 and n/{M = 0.13. This shows that the slot waveguide with a
excited fundamental TE-mode has an improved 75 due to the tightly confined slot
mode. The light for the TE-mode is mostly confined to the gap and thus provides a
good overlap with the analyte together with a large field enhancement due to the
discontinuity of the refractive index at the core-slot interface leading to a better
na compared to the TM-mode. In contrast, for the TM-mode the electric field is
continuous in the gap and therefore there will be a much smaller enhancement. For
decreasing slot gaps, the enhancement of the TE-modes will further increase and
thus lead to a better UXE~ In general, small slot gaps and a high refractive index
of the waveguide material will lead to high Raman conversion efficiencies [45].
Higher index contrasts lead to smaller mode area‘s, higher field intensities of the
mode and high field discontinuities which results in stronger evanescent fields and
also lead to a reduced overlap with the waveguide core which lowers its background
contribution. In [75], it is experimentally shown that slot waveguides have about a
six-times more efficient signal generation compare to the strip waveguide, where in
both cases the fundamental TE-mode is excited and the same guided pump power
is assumed. Note that the effective improvement of a slot waveguide over a strip
waveguide is not as big, as slot waveguides typically experience more loss than
strip waveguides depending on the analyte and the fabrication which also needs to
be accounted for (with upper bounds in the propagation loss of 10 dB/cm) [35].

3.2.3 Collection Schemes

Let us now consider the different collection schemes to collect the spontaneous
(stimulated) Raman scattered light. Afterwards, we can come to workable expres-
sions that describes the evolution of the generated Raman power as a function of
the gain factors as defined in the previous section, the interaction length L and
propagation loss . We will not take into account other contributions to the sig-
nal beam such as the Kerr effect, free carrier effects and dispersive effects since
these contributions are expected to be negligible in the (quasi-) CW power regime
considered here.
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(b)

Figure 3.3: Simulated (a) TE fundamental mode and (b) TM fundamental mode for a Si3Ny
slot waveguide with an ethanol top cladding. The slot waveguide has dimensions of width X
height: 700 nmx 220 nm and a 150 nm gap.

3.2.3.1 Spontaneous Raman scattering

Pump Pump Pump Pump
— E— —p E—
—_— —

Stokes Stokes

(a) Forward-collection (b) Backward-collection

Figure 3.4: (a) Forward-collection scheme and (b) backward-collection scheme used to
collect the Raman scattered light in waveguide-based spontaneous Raman spectroscopy.

Let us first start with spontaneous Raman scattering. We can now consider a
waveguide where the pump light is injected at z=0 such that it propagates in the
+z direction (see Fig. 3.4). Due to the isotropic nature of the dipole emission an
equal amount of the Stokes light will couple in the forward direction (+z) as in the
backward direction (-z). Therefore, we a make distinction in the collection scheme
that collects the forward-propagating Stokes light (i.e. the forward-collection
schemes) and the backward-propagating Stokes light (i.e. the backward-collection
scheme). It is interesting to note that although the generated forward- and backward-
propagating Stokes light will experience the same gain G over the interaction
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length L, the amount of Stokes power collected at the opposite end-facets might
differ. In order to better understand this let us first consider the forward-collection
configuration (3.4a). Since the generated Stokes beam (s) is propagating in the
same direction as the pump beam (p) (namely in the +z direction) the evolution of
the Stokes beam can be expressed as:

I GPy2) - asPu(2) (3.32)
dz
With oy the propagation loss at the Stokes frequency (due to material absorption
and surface roughness) and G the spontaneous Raman gain. Since the Raman
interaction is only a weak phenomena its effect on the pump beam can be neglected
and the evolution of the pump beam corresponds to Pp(z) = Pp(0)e™*?* with ap
the propagation loss at the pump frequency. If we now use the boundary boundary
condition that Pg(0) = 0, the generated Stokes beam after a length L can be
expressed as:

LFg
| el(@apl 3.33)
Py(L) = GPy(0)e vl ——S "~ (
as — oy

Where we introduce the length factor (LFp). In case the propagation loss at the
pump and Stokes frequency is the same (a5 = ayp) this length factor will reduce to
LFp =L x e L,

If we now consider the alternative backward-collection, where the pump is
propagating in the opposite direction (+z) as the Stokes beam (-z), the evolution of
the Stokes beam can be expressed as:

dp
d—s =-GPp(z) + asPs(z) (3.34)
z
If we again use the boundary condition that there is no Stokes beam present
at z= L such that Pg(L) = 0, the generated Stokes beam after a length L can be

expressed as:

LFp

—_—~
1 — e~(@pras)l (3.35)
Ps(0) = GPp(0) ——————

ap + Qs

The signal generation in both detection schemes thus differs through the length
factors. If we now plot LFgorward & LFBackward assuming a loss of o = ap = as =
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2 dB/cm (see Fig. 3.5) we can see that LFF first increases, reaches a maximum and
then decays after a certain waveguide length (Lg = 1/), while LFg will increase
and then saturate. For the forward-collection scheme there thus exist an optimal
waveguide length which needs to be accounted for when doing experimental work.
This becomes especially problematic when the analyte is the main loss contributor,
such that this optimal length changes between analytes and different waveguides
need to be used. In contrast, for the backward-collection scheme Lg corresponds
to the threshold length for optimal signal generation. Furthermore, we can see
that LFp is approximately 1.4 times stronger than LFg. The difference between
both configurations lies in the fact that in the forward-configuration, the generated
Stokes signal at the beginning of the waveguide (where the signal generation is the
strongest signal due to the limited effect of o on the pump power) has to propagate
over the whole waveguide length before it is collected. Therefore, the generated
signal in the backward-configuration will be stronger (and will saturate after a
certain length) since it does not experience this extra propagation loss. Note that Eq.
3.34 and 3.35 have been experimentally verified in [13] and [16] and show good
agreement with theory.

1.2 T

— Forward-propagating
— Backward-propagating

0 1 1 1 1
0 2 4 6 8 10

Waveguide lenght [cm]

Figure 3.5: Comparison of the length factor (LF) for a forward- (blue) and backward- (red)
propagating Raman signal.

It is also interesting to compare Eq.3.35 to the pump to Stokes conversion
efficiency of a diffraction limited Raman microscope [76]:
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E =2po <£) (3.36)
Py n

Where we can see that for a diffraction limited system, the pump to Stokes
conversion is only dependent on the excitation wavelength, the Raman cross sec-
tion and molecular density of the analyte (where n is the refractive index of the
immersion medium). In contrast, for waveguide enhanced Raman spectroscopy
the pump to Stokes conversion scales with the waveguide length L. Therefore,
the interaction length can be increased by many-fold and combined with the high
index contrast leads to strong signal enhancements compared to the conventional
Raman microscope. In [76] it is shown that for a lossless waveguide the ratio
of the generated Stokes signal for the waveguide compared to diffraction limited
microscopy corresponds to:

ng n L
=& _1 3.37
© PDL 2 <)\e/n> ( )

Where for a 1-cm long strip and slot (with A¢ = 785nm) this ratio theoretically

corresponds to Ogyip = 500 and O = 2000. In practice this ratio is an order of
magnitude smaller since (a.o. the waveguide loss also needs to be included).

3.2.3.2 Stimulated Raman scattering

Pump Pump Pump Pump
— | — — Sl
— E—— — —
Stokes Stokes Stokes Stokes
§ Lz | |z
0 L 0 L
(a) Co-propagating (b) Counter-propagating

Figure 3.6: (a) Co-propagating configuration and (b) Counter-propagating configuration
used to collect the Raman scattered light in waveguide-based stimulated Raman
spectroscopy.

Analogously, we can make a comparable analysis for stimulated Raman scatter-
ing. In SRS we couple in two lasers (i.e. the pump and Stokes beam, see Section
4.2 for more details). If we assume that the Stokes beam is coupled in at z=0 and
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propagates in the z+ direction then there can be two different configurations for
SRS. In the first configuration the pump beam is injected at the same facet (z=0)
and co-propagates along the Stokes beam in the z+ direction, this configuration
is therefore called the co-propagating configuration (see Fig. 3.6a). In the second
configuration the pump beam is injected at the opposite facet (z=L) and is counter-
propagating to the Stokes beam in the z- direction, this configuration is therefore
labelled as the counter-propagating configuration (see Fig. 3.6b).

If we now consider the co-propagating configuration, then the evolution of the
Stokes beam can be expressed as:

dp
5, = P@Py(@) — aPy(2) (3.38)
Where we can again assume that the pump power will not be affected by the
Raman interaction such that its evolution is expressed as Pp(z) = P,(0)e™“*? and
the generated Stokes beam after an interaction length L can be solved as:

1 —e ol
Ps(L) = Ps(0) exp ( g Pp(0) T asL) (3.39)
P

Where we can define the effective length as:

1- e—apL
Leff= ——— (3.40)
Qp
Such that Eq. 3.39 becomes:
Py(L) = Ps(0) exp (g Pp(0) Lefr — L) (3.41)

If we now consider the alternative counter-propagating configuration, then the
Stokes beam will still be injected at z=0 (propagating in the z+ direction) while the
pump beam is injected at z=L (propagating in the z- direction). The evolution of
the Stokes beam then corresponds to:

% = gPs(2)Pp(2) — asPs(2) (3.42)

With the evolution of the pump beam (ignoring Raman loss) corresponding to:

Py(z) = Pp(L)e 02 (3.43)
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The generated Stokes beam after an interaction length L, then can be solved as:

e—apL(eapL -1
Ps(L) = P5(0) exp < gPp(L) S aSL> (3.44)
p
Which can be written as
Py(L) = Py(0) exp ( g Pp(L) Legr — L) (3.45)

Where L corresponds to the definition given in Eq. 3.40. We can thus see
that (unlike spontaneous Raman scattering), for stimulated Raman scattering the
collected Stokes power at the opposite end-facets is the same for both configura-
tions. Therefore, in experiments we can choose the most practical configuration
without being confronted by a less optimal signal generation. Note that the co-
propagating configuration might have a slightly higher Stokes beam intensity when
other nonlinear effects such as the Kerr effect are taken into account [77].

Since Raman is only a weak effect Eq. 3.45 can be further approximated as:

Py(L) = Ps(0)(1 + g Pp(L) Legr) exp(-asL)
= P5(0) exp(-asL) + P(0) g Pp(L) Lefy exp(—asL) (3.46)
—_———

Leff,tol

Where we used exp(x) ~ 1 + x for x — 0. We can thus see that the Stokes
beam at the output facet consists of a strong term on the left side which does not
contain any Raman information (and simply corresponds to the attenuated input
Stokes beam) and a second much weaker term on the right-side where the Raman
information is embedded in the stimulated Raman gain factor (g). This result is to
be expected since, unlike in spontaneous Raman, in stimulated Raman the signal
generation occurs on top of the already present Stokes beam. Therefore, special
detection techniques such as a lock-in detection scheme are needed to extract the
Raman information in SRS (see Section 4.2 for a detailed discussion).

3.3 Nanophotonic waveguide enhanced Raman spec-
troscopy

Nanophotonic waveguide enhanced Raman spectroscopy (NWERS) was for the first
time demonstrated in our group by Dhakal, et. al. [13], where a bulk liquid (IPA)
was detected on top of a single mode PECVD silicon nitride waveguide. Since
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then detection of alternative analytes (e.g. organic compounds [78,79], gasses [80],
DNA [14] and hemoglobin [81]), alternative waveguide materials (e.g. tantalum
oxide waveguides [82] and titania waveguides [83]) and waveguide structures (e.g.
slot waveguides [75]) have been demonstrated.

Despite the successful demonstration of NWERS, two main challenges still
remain when performing spontaneous Raman spectroscopy on dielectric waveg-
uides. First off, the signal enhancement provided by the waveguides is still too low
to avoid the use of deeply-cooled detectors. This hinders the demonstration of a
fully integrated Raman-on-chip spectroscopic system [19]. As an example, when
measuring a bulk liquid (IPA) on 4-cm a long Si3Ny4 slot waveguide, the conversion
efficiency (i.e. ratio of the generated Stokes power to the incoming pump power)

P

corresponds to ¢ = PTS, =3.4 x 10710 [16]. If we assume a guided pump power of 6

mW [75], signal levels in the order of 3 x 10~13W need to be detected by the detec-
tor after chip (6 x 1073 [W] x 3.4 x 10710 x 10798 where the last term corresponds
to the -8 dB coupling loss from the waveguide to free-space). Unfortunately, for
those signal levels (< 10~'>W) the use of expensive deeply-cooled camera cannot
be avoided. Furthermore, the generated signal power can easily drop two or more
orders of magnitude when detecting biologically relevant concentrations instead of
bulk liquids [84].

Secondly, there is a background contribution due to the Raman-like scattering
of the waveguide core itself (since part of the optical mode overlaps with it). This
undesired photon background will ultimately reduce the signal-to-background (and
signal-to-noise) ratio of any acquired Raman spectrum. On our Si3Ny-platform,
the present background is broadband and decreases with longer Raman-shifts
as is shown in Fig. 3.7. Note that this background changes between different
types of Si3Ny and even depends on the exact deposition parameters within the
same Si3Ny-type [85]. Furthermore, it scales linearly with the intensity of the
excitation beam and with the propagation length (just like the generated Stokes
signal from the probed analyte) and is generated in both the forward and backward
propagation direction. There is evidence that this background originates from
localized thermal fluctuations [86]. The presence of this background will strongly
increase the shot noise since the shot noise is proportional to the square root of the
total intensity (of background and analyte signal combined) [25]. Since the shot
noise leads to random fluctuations of the incoming intensity it will compromise the
minimal detectable signal levels. The background shot noise contribution will be
the dominant noise source for sufficiently strong pump powers and weak signals
relative to the background [87]. For long integration times (~ min) and high
pump power powers, this shot noise contribution will however be sufficiently low
(since the signal-to-noise ratio scales with /Pptin; [88]) such that it will not be
the main limiting factor on the signal sensitivity. In that case, the strength of the



CHAPTER 3 3-21

24 . . - -
20| —Si3N4 Background

161
1471

Counts

087
06

500 1000 1500 2000
Raman shift [cm'1]

Figure 3.7: Raman spectrum of a SizNy strip waveguide.

background itself will be the limiting factor since there is a practical limit in the
accuracy of the background subtraction as the the background needs to be estimated
from algorithmic extrapolation or from reference measurements [87]. In practice
getting an exact knowledge of the background is challenging because changes
in the cladding, small variations in the optical alignment or waveguide alter the
overall slope and small features of the background. Furthermore, the background is
inherent to the material and does not improve with increased power or integration
time. Therefore, in the remainder of this thesis we will use the signal-to-background
ratio (SBR) as the figure of merit (over the signal-to-noise ratio) since it is does not
depend on the measurement conditions (i.e. integration time and power) and sets
the sensitivity limit on the overall strength of the background instead of its shot
noise.

One possible solution to get rid of this background contribution could be to
change the waveguiding material itself [64,86,89]. Let us now consider the two
main parameters of the NWERS sensor, i.e. the Raman conversion efficiency and the
amount of Raman background generation from the guiding material itself. In [64]
it is shown that TiO, waveguides posses a high conversion efficiency (because of
high index contrast) but suffers from a large background which deteriorates its SBR.
In contrast, Al,03 waveguides suffer from a poor conversion efficiency (because
of a low index contrast) but exhibit a weak Raman background. SizNy4 and Ta;Os5
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waveguides on their turn seem to be nearly equally good as the guiding material
since they both exhibit a rather low Raman background while still proving a strong
conversion efficiency. Therefore, the Si3Ny platform considered here is already
a good choice for the guiding material so the solution for now must be found
elsewhere. Another solution is to change the waveguide structure itself such that
there is less overlap of the optical mode with the waveguide core and it is pushed
into the cladding. In [75] it is shown that a TE-mode slot waveguide exhibits a
five (two) times lower background generation compared to the TE-mode (TM-
mode) strip waveguide, furthermore in Section 3.2.2.3 we already discussed that the
conversion efficiency of a TE-mode slot waveguide is a factor six (two) times bigger
than a TE- (TM-) mode strip waveguide. Despite these improvements, dielectric
slot waveguides still suffer from the cm-long interaction length which inevitably
will result in the generation of a strong background contribution. Therefore, the
obvious solution is to decrease the amount of background generation by reducing
the interaction length and overlap of the optical mode with the dielectric core,
while still maintaining the same conversion efficiency (and hence a good signal
generation).

In the next chapter, we show that the plasmonic slot waveguide provides exactly
these qualities as it provides strong signal levels, supports a optical mode with
a limited overlap of the waveguide core and the interaction length is reduced to
mere ~ um'‘s. Furthermore, since the enhancement provided by the plasmonic
slot is still not enough to avoid the use of deeply-cooled detectors we will discuss
the potential of combing plasmonic enhancement together with coherent Raman
scattering (which will enhance signal levels to room temperature detection levels).
By performing surface-enhanced coherent Raman scattering on the plasmonic slot
we can thus overcome the main challenges of NWERS on dielectric waveguides
(i.e. a limited signal generation and a strong background contribution).



Comparing waveguide-based Raman
techniques

In the last chapter, we discussed the improved Raman signal brought by NWERS
but also the challenges it poses in terms of background noise and low signal
levels. Alternative waveguide based Raman spectroscopic techniques have been
demonstrated to address these challenges. Waveguide based surface-enhanced
Raman spectroscopy (SERS) provides similar broadband signal levels as NWERS
while drastically reducing the interaction length (and hence the photoemission
background [16]). Stimulated Raman spectroscopy (SRS) on its turn provides
a sufficient enhancement of the Raman response such that cooled detection is
no longer needed [19]. However, further improvement are still possible as on-
chip SERS still requires cooled detectors and on-chip SRS makes use of dielectric
waveguides with a non-negligible photon background. Surface-enhanced Stimulated
Raman spectroscopy (SE-SRS) & surface-enhanced Coherent anti-Stokes Raman
spectroscopy (SE-CARS) are interesting candidates to achieve this goal as they
combines the advantages of both techniques.

In this chapter we will compare the performance of these alternative on-chip
Raman techniques (i.e. on-chip SERS, SRS, SE-SRS and SE-CARS) to NWERS. I
first start by reviewing the work on waveguide-based SERS & SRS together with
their reported experimental performance and remaining challenges (Section 4.1 &
4.2). Then, I give an overview of the existing literature on SE-SRS using free-space
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excitation/collection (Section 4.3.1), followed by my own theoretical estimates on
the expected strength and photoemission background of on-chip SE-SRS (Section
4.3.2). Afterwards, I compare those results to that of on-chip SERS & SRS (Section
4.3.3 & 4.3.4). Then, I discuss the existing literature on SE-CARS using free-
space excitation/collection followed by my own phase matching calculation for
the nanoplasmonic slot (Section 4.4.1). Next, I make my own calculation of the
expected signal strength and background for on-chip SE-CARS and discuss why
I prefer to explore SE-SRS over SE-CARS in this work (Section 4.4.2 & 4.4.3).
Finally, I provide an overview table of my theoretical comparison (Section 4.5).

Section 4.3 of this chapter has been adapted from my published paper [90].

4.1 Surface-enhanced Raman spectroscopy (SERS)

4.1.1 Introduction to on-chip SERS

Despite its advantages, the provided enhancement of NWERS is still relatively
low compared to what is possible in SERS [88,91-93]. Furthermore, they suf-
fer from the presence of a non-negligible photon background due to scattering
in the waveguide core which ultimately sets a limit on detection (as discussed
in Section 3.3). Therefore, it is tempting to combine plasmonic enhancement
with photonic integrated circuits (PICs) as the plasmonic structure leads to large
Raman scattering enhancements while the use of PICs to excite and collect the
Raman response from the plasmonic structures allows for the integration with
other Raman spectroscopic components. This combination has been explored
using nanoplasmonic gold bowties antennas together with a single mode SizNy
waveguide which excites and collects the SERS response [73,94-97]. However, the
patterning of these antennas required electron beam lithography which is both time-
consuming, resource-intensive and inhibits the exploitation of the full functionality
of the matured integrated photonics platform. A later study made use of an alterna-
tive nanosphere lithography approach to fabricate gold nanotriangles and showed
greater SERS enhancement compared to the bowtie antennas [98]. Yet the signal-to-
background ratio (SBR) of both the integrated bowties and antennas suffer from the
background of their underlying Siz;N4 waveguides [88]. Alternative structures have
been reported such as the combination of PICs with metallic nanoparticles but they
lack in their capability of quantitatively reproducing their Raman spectra [99, 100].
In that context, nanoplasmonic waveguides have recently emerged [16] (see Fig.
4.1) which are capable of further increasing the SERS enhancement of the waveg-
uide based SERS platforms [84, 88]. These nanoplasmonic slots rely on Si3Ny
photonic circuits and are fabricated by making use of deep-UV lithography and
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atomic layer depositions which are mass-scale fabrication techniques. They dis-
play a non-resonant (broadband) enhancement [101, 102] (unlike the antennas and
bowties) without suffering from a significant photon background from a waveguide
dielectric like in NWERS. Furthermore, they have a rather long interaction length
(in comparison to the interaction length in common SERS substrates) which leads
to a large Raman scattering enhancement so that the required pump and Stokes
fields can be of very low power and hence integration on a photonic integrated
circuit (PIC) becomes easier. They therefore appear as the ideal option for a full
Raman integrated system [88].

Si0,

10

Figure 4.1: (a) 2D cross-section of the nanoplasmonic slot (using SEM) with the different
material layers indicated. (b) Simulation (using COMSOIl multiphysics) of the highly
confined propagating plasmon polariton gap mode, where the slot gap (g) corresponds to 19
nm.

In this work we aim to achieve a gold thickness of ty, ~ 5.5 nm in the
plasmonic slot together with an alumina thickness of ta;,0, &~ 60 nm, where
the two Si3Ny cores are 150 nm apart (see Section 5.1.2 & 6.1.1 for additional
details on the plasmonic slot dimensions). In [16] it is shown (through simulations
using COMSOL multiphysics) that the ratio ¢ = Pggrs/Ppump of the generated
SERS power (Psgrs) to the incoming pump power (Ppump) is optimized for those
layer dimensions (see Fig. 4.2). Note that ( is the highest (and nearly constant)
for tgor + tal,0, = 65 nm indicating on one hand that the nanoplasmonic slot
has the highest field enhancements for narrow slots and on the other hand that
there is flexibility in choosing the thickness of the gold and alumina layer as long
as their combined thickness is 65 nm. Here we target a thicker alumina layer
(ta,0, ~ 60nm) and a thin gold layer tg, ~ 5Snm because the thickness of the
alumina layer is better controlled (as it is deposited with ALD vs sputtering for the
gold layer). Furthermore, a thin gold layer also results in less back-reflection when



4-4 COMPARING WAVEGUIDE-BASED RAMAN TECHNIQUES

transitioning from the access waveguide to the plasmonic slot waveguide (compared
to a thick gold layer and a thin alumina layer, resulting in a -16 dB reduction in
reflection [45]). Alumina is preferred as a filler layer since it only has a very limited
background contribution and can be well controlled since it is fabricated with ALD.
Note that the thickness of the gold layers on top and next to the plasmonic slot are
less relevant since most of electric field enhancement is situated in the plasmonic
slot itself as can be seen from Fig. 4.1. Therefore, varying those gold layers does
not have much impact on the pump to Stokes conversion.
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Figure 4.2: Simulated dependence of ( = Psgrs/Ppump on the alumina thickness ta1,0, and
gold thickness in the plasmonic slot tgo.. Image adapted from [16].

4.1.2 Operation

Figure 4.3 illustrates the operation of the nanoplasmonic waveguide as used in the
experimental demonstration of [16] where a fraction (Psgrs/Ppump = 10’9) of the
incoming pump beam is converted in the Stokes beam through the SERS process.
The measurement is done in back-reflection (i.e. the exit waveguide from which the
Stokes light is collected is the same as the access waveguide that provides the pump
beam to the plasmonic slot). The back-reflection configuration is preferred over the
transmission configuration (i.e. the access waveguide is not the same as the exit
waveguide and the forward-scattered Raman light is collected behind the plasmonic
structure) since the backward-scattered Raman light can be more easily separated
from the excitation beam. Due to the isotropic nature of the dipole emission an
equal amount of the Raman scattered light couples in the backward as the forward
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direction. In this way, the Raman signal can be efficiently collected in the backward
collection while the the pump light keeps on propagating in the forward direction.
The pump light can therefore not generate any additional photon background in the
analyzing circuit after the Raman sensor (which would otherwise deteriorate the
SBR, Chapter 5 will give an in depth discussion on this topic).

As mentioned in Section 3.2.3.1, the (plasmonic) slot length should at least
corresponds to Lyjas = Vapys = 1.8 um (where appyg = -2.4 dB/pm [16] is
the plasmonic slot loss) in order to generate the strongest possible backward-
propagating Raman signal in the plasmonic slot. In experimental demonstrations
the plasmonic slot length is fabricated to multiples of Ly, as the signal strength of
the backward captured Raman signal saturates and is not additionally effected by
further increasing the plasmonic slot length. This is because the strongest Raman
signal generation occurs in the beginning of the plasmonic slot while the extra
propagation loss offsets any additional Raman signal generation further away. This
eases fabrication and assures that the pump excitation field and any associated
background from the access waveguide are completely absorbed in the plasmonic
structure.

For other on-chip Raman techniques that make use of the plasmonic slot such
as SE-SRS and SE-CARS (discussed in Section 4.3 & 4.4) the generated signal
needs to be collected in the transmission-configuration (in CARS, to satisfy the
phase matching condition as Stokes, pump and anti-Stokes need to propagate
in the same direction and in SRS because the signal generation is on top of the
already present Stokes beam). Therefore, in those cases the plasmonic slot length
is fabricated with a length of L, = 1.8 um as in the transmission configuration
the forward-collected Raman signal will deteriorate instead of saturate above this
length (as shown in Section 3.2.3.1). This can be understood from the fact that in
the transmission-configuration the signal collection occurs in the exit waveguide
which is situated behind the plasmonic sensor (e.g. see Fig. 4.7 ) such that if
the plasmonic slot length is > L, any signal generated in the beginning of the
plasmonic slot will be offset by the propagation loss if the plasmonic slot length is
too long. On the other hand, the signal generated within a length Ly, of the exit
waveguide will be efficiently captured by the exit waveguide but the excitation field
will be attenuated before it reaches this part of the plasmonic slot and hence results
in a lower signal collection in the forward direction.
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Figure 4.3: Schematic of the nanoplasmonic slot were a fraction of the incoming pump beam
is converted in the Stokes beam through the SERS process. The measurement is done in
back-reflection (i.e. the exit waveguide from which the Stokes light is collected is the same as
the access waveguide that provides the pump beam to the plasmonic slot).
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4.1.3 Performance

Table 4.1 (obtained from [16]) shows the simulated Raman conversion efficiency n =
Pstokes/Ppump Of the nanoplasmonic slot for a 4-Nitrothiophenol (NTP) monolayer
and for a bulk isopropyl alcohol (IPA) cladding. These values are numerically
compared to the two NWERS demonstrations on a standard SizNy strip and slot
waveguide (gap=150 nm) together with the effective lengths needed to achieve that
result [75]. Note that NTP does not bind to SizNy4 such that the presented value is
only artificial and serves the purpose of making a comparison with the plasmonic
slot. The NTP values for NWERS are calculated by taking the experimental results
obtained with IPA and adjusting those for the Raman cross section and the spatial
overlap with the analyte.

Structure Pstokes/Ppump  Effective length
Metal slot 1x107° ~ 1.8 um
1.2 x 10710
Si3Ny slot [75] 7 x 1071 ~4cm

34 x 10710
Si3Ny strip [75] 5x 1071 ~5cm
1.1 x 10710

Table 4.1: Comparison of the simulated conversion efficiencies (Psiokes/Ppump) for SERS on
the nanoplasmonic slot waveguide to a Si3Ny strip and slot waveguide sensor for an
4-Nitrothiophenol (NTP) monolayer (bold) and for a bulk isopropyl alcohol cladding (italic).
Data from [16].

We can see that the nanoplasmonic slot provides an improved (comparable)
conversion efficiency for the NTP monolayer (bulk IPA) compared to the two SizNy
waveguides, while drastically reducing the interaction length. This reduction is
important for two reasons: firstly, because of their long interactions length the
dielectric waveguides cannot accommodate lossy materials as they will induce
too much loss. Secondly, the interaction length also has a major effect on the
spurious background generation in the SizN4 waveguide core which ultimately
sets the detection limit of the Raman sensor. The nanoplasmonic slot itself only
has a modest spurious background contribution due to its small interaction length
(this effect is partially offset by a larger background generation in the plasmonic
slot per unit length due to the presence of higher field intensities). In [45], it is
shown that the spurious background contribution of the plasmonic slot configuration
is generated in the access waveguide (which can be minimized since it does not
contribute to the signal generation unlike the dielectric waveguide Raman sensors)
and in the plasmonic slot itself. For access waveguide lengths < 60 um, the
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background is mostly generated in the plasmonic slot itself and its background
strength is equivalent to the background generated in a 200 pm access waveguide.
Therefore, in our calculations we will represent the background contribution of
the plasmonic slot as a 200 um access waveguide, while we assume that the
contribution due to the actual access waveguide itself is small enough to not have a
major influence. Note that the experimentally captured conversion efficiency for a
NTP-coated plasmonic slot corresponds to the simulated value reported in Table
4.1, while the experimentally captured value for IPA on the plasmonic slot is an
order of magnitude smaller (Psokes 1PA/Ppump = 3 ¥ 10-11) [45]. This discrepancy
could originate from a imperfect fabrication and/or surface wetting issues resulting
from the small sputtered slot gap (g= 19 nm) and the hydrophobic nature of the
gold surface due to the accumulation of a.0. organic contaminants [103]. In
the future, oxygen plasma [104], two-component droplets (with different surface
tensions) [103] or ALD plasmonic slots (which have lower aspect ratios) [45] can be
employed to ensure a better wetting of the slot. Special care thus needs to be taken
with liquid analytes on the plasmonic slot to avoid a mismatch between theoretical
estimates and practically measured values.

Now, we can compare the background generation between on-chip SERS and
NWERS. Using eq. 3.2.3.1 we can calculate the background ratio of the plasmonic
slot compared to the two dielectric waveguide demonstrations of Table 4.1 :

BGplas _ NslotOSiN X Ppump X Lace. _ Lace.
BGgot  7stotBsiN X P, pump X LFgor  LFgot

~ 0.08 A.1)

BGplas _ NslotBsin X P pump X Lacc. _ Mslot X Lace.
BGstrip nstripBSiN X Ppump X LFstrip Nstrip X LFstrip

~0013  (4.2)

Where (gin corresponds to the scattering efficiency of the particles in the
waveguide core . 7510, strip are the conversion efficiencies of background generated
in the waveguides core(s) of a Si3Ny slot and strip waveguide respectively (7)sysip =
3 X Mglot [105]).Lace.(= 200 um) represents the background contribution due to the
plasmonic slot and LFyp, LFg) are the length factors that include the effect of
the waveguide loss, ayip and agjor, on the background generation (where LF =
e b1 —e(@p)ly/ (g — ap)). Since the access waveguide length is much shorter
the effect of the loss on the background generation is ignored.

From eq. 4.1 & 4.2, we can clearly see that the amount of spurious background
due to the waveguide core is reduced in the nanoplasmonic slot waveguide compared
to their dielectric waveguide alternatives.
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4.1.4 Improvements

Firstly, while the scattering enhancement provided by these plasmonic waveguides
is nearly on par with the best surface enhanced Raman spectroscopy (SERS) sub-
strates, this is still not enough to avoid the use of a bulky and expensive deeply
cooled camera. Therefore, alternative Raman techniques such as surface-enhanced
Stimulated Raman spectroscopy (SE-SRS) & surface-enhanced Coherent anti-
Stokes Raman spectroscopy (SE-CARS) can be used as they have the potential
to boost the Raman signal by many orders of magnitude which enables room
temperature detection. Furthermore, by making use of the nanoplasmonic slot
waveguide these techniques avoid a significant spurious background generation in
the waveguide core unlike other coherent Raman techniques as SRS which still
needs cm-long dielectric waveguides in order to generate a strong Raman response
(as will be discussed in Section 4.2).

Secondly, when integrating the plasmonic sensor with a circuit capable of
analyzing the Raman scattered light it demands that no further inelastic scattering
or photoluminescence occurs in the circuit surrounding the sensor. Unfortunately,
the Raman-like background from the silicon nitride waveguides becomes significant
over propagation distances that can easily exceed millimeters for spectral filters
[17] or AWG. This ultimately limits the concentration of analytes that can be
probed because of the shot noise associated to it. Therefore, in practical SERS
experiments the access waveguide length before the plasmonic slot is minimized and
the measurement is done in back-reflection (see Fig. 4.3). In [16] it is clearly shown
that the signal-to-noise ratio was critically dependant on the length of that access
waveguide so that it could not be combined with a ”conventional” spectral notch
filter such as Bragg gratings [17] placed after the sensor. Furthermore, integrating
such a notch filter on the access waveguide will also prevent the excitation field
(pump) to reach the plasmonic sensor. In Chapter 5 we will provide an alternative
circuit based on a multi-mode interferometer (MMI) to overcome this issue.

4.2 Stimulated Raman spectroscopy (SRS)

4.2.1 Introduction to on-chip SRS

Coherent Raman scattering (CRS) is an alternative Raman technique to spontaneous
Raman scattering which holds the potential of sufficiently increasing the Raman
signal such that deeply cooled detectors are no longer needed. As discussed
in Section 2.2, CRS makes use of two laser sources, a pump laser with a fixed
wavelength and a Stokes laser with a varying wavelength such that the difference
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frequency between both lasers can resonantly excite the molecular vibrations of the
probed analyte. Specifically, in Coherent anti-stokes Raman scattering (CARS) the
newly generated anti-Stokes (blue-shifted) frequency is probed while in Stimulated
Raman scattering (SRS) the intensity increase (decrease) on the Stokes (pump) laser
is detected (see Fig. 4.4). Both techniques have been extensively studied in literature
for Raman microscopy [33, 106—112]. The potential of waveguide-enhanced SRS
has been explored on hollow-core photonic crystal fibers (HCPCFs) [113—-116]
using milliwatt CW lasers with the hollow core containing gas (H,, CO,). Such a
hollow core provides a good modal overlap with the analyte resulting in a strong
signal but compared to nanophotonic waveguides, the probing of liquid analytes
is complex. Furthermore, on-chip Raman allows for a much more convenient
integration with microfluidics [117] and the detection of thin films and monolayers.

Input Spectrum Output Spectrum
Stokes Pump Stokes  Pump  Anti-Stokes
f—
Q
g 0,

Figure 4.4: In CARS, the newly generated anti-Stokes frequency (was) is detected, while in

SRS we detect the intensity increase on the already present Stokes laser (ws). wp is the pump

Sfrequency, Q) = wp —ws and SRG, SRL corresponds to the stimulated Raman gain and loss
respectively. [118].

SRS on the waveguide platform has lead to applications such as optical am-
plification and lasing in silicon waveguides [119-123] (a complete overview of
SRS in micro (nano)structures can be found in [124]). Later, SRS enhanced by a
nanophotonic integrated circuit has been for the first time demonstrated using a 8
mm long dielectric strip waveguide covered with a droplet of dimethyl sulfoxide
(DMSO) and sub-10 mW excitation beams on the chip [19] (see Fig. 4.5 for an
illustration). It shows an enhancement of the Raman signal close to five orders of
magnitude compared to the NWERS using the same waveguide and pump power
(Psrs/PNwERs ~ 107). The generated Stokes signal is sufficiently strong ( ~ nW )
to avoid the use of cooled detection and instead is detected by employing a lock-in
detection scheme which follows a detection protocol as described in Fig. 4.6 (a
detailed discussion on the lock-in setup is presented in Section 6.2.1). The mod-
ulation of the pump laser is imprinted as a modulation of the signal beam, in this
way the SRS signal can be separated from other varying parameters (e.g. coupling
loss to the chip, laser noise, etc.) that influence the Stokes power. The lock-in
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amplifier can be regarded as extremely narrow band RC filter that can efficiently
reject the local oscillator (DC Stokes contribution) while only detecting the SRS
signal (RF Stokes contribution). The lock-in is sensitive to variations in the Stokes
power of APg/Pg = 108 with the SRS modulation depth in the order of ~ 1076
(while fluctuations on the DC Stokes power are in the order of ~ 10‘3, but unlike
SRS they are broadband). We can thus see that the improved signal generation of
SRS comes at the cost of a more complex detection scheme compared to SERS
& NWERS. In Section 4.5, we will give an overview table of the most important
advantages and disadvantages of each technique.

(a) (b)

Figure 4.5: (a) Schematic of the SRS interaction on the dielectric strip waveguide were an
intensity increase is generated on the Stokes beam in the strip through the SRS process b)
illustration with the DMSO top cladding included.

In the case of a rib waveguide, on-chip SRS is preferred over CARS due to
its automatic phase-matching while CARS needs complex dispersion engineering
in order to achieve phase-matching over a large bandwidth [35]. Silicon nitride
waveguides possess a strong chromatic dispersion over the therapeutic window (700
nm-900 nm) which makes it difficult to efficiently generate the anti-Stokes signal for
a cm-long waveguide. Even then, challenging fabrication of the strip waveguide is
needed (i.e. underetching the waveguide) to tune the waveguide dispersion such that
the CARS signal can be efficiently generated. However, this solution is only valid
for a gaseous top cladding while efficient phase matching cannot be achieved for
liquid top claddings [35]. Since detection of bio-samples in a liquid environment is
essential for a Raman sensor, this limits the application of on-chip CARS. The most
straightforward solution to satisfy the phase matching condition is to reduce the
interaction length (i.e. waveguides of much shorter length) but this inevitably leads
to a loss of the generated signal. This is the reason why a technique such as SE-
CARS holds potential, as plasmonic slot waveguides only have a short interaction
length (~ pm) while still providing reasonable signal levels. Of course the added
dispersion of the plasmonic waveguide can offset any advantage of reducing the
interaction length. In Section 4.4, we will make an estimate on the amount of
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Figure 4.6: Basic lock-in detection scheme used to detect the (SE-)SRS signal. The (SE-)SRS
interaction between the analyte, the modulated pump beam and Stokes beam imprints a
modulated RF increase on the Stokes beam. A balanced detector combined with a reference
beam is then used to remove the majority of the DC contribution of the Stokes beam.
Afterwards, the remaining Stokes wave is send to a transimpedance amplifier. Finally, the
lock-in filters out the remaining DC contribution and detects the (SE-)SRS signal.

phase-mismatch encountered when performing SE-CARS on the nanoplasmnic
slot.

4.2.2 Improvements

The on-chip SRS demonstration makes use of a dielectric strip waveguide which is
accompanied by a significant photoemission background that ultimately hinders the
detection of low analyte concentrations or analytes with weak Raman scattering
cross-sections [35, 64, 87]. This background can be reduced by putting a larger
amount of the optical field into the analyte rather than in the core material while
still maintaining proper guiding. Alternative waveguide geometry such as slot or a
plasmonic waveguides (see Section 4.3) can on one hand provide an enhancement
in the signal level while on the other reducing the Si3Ny background by having a
reduced interaction length/less overlap with the waveguide core.

Note that the SizN4 background in SRS does not set a detection limit through its
shot noise contribution but through the difficulty to distinguish it from the Raman
signal. To better understand this, let us consider that in SRS the stimulation with a
Stokes beam allows for uncooled detection but also induces an extra shot noise term
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to the system. It is this shot noise due to the Stokes laser that is the fundamental
noise source for SRS instead of that due to the dielectric waveguide core [35].
This is an advantage of SRS over NWERS (of course coming at the cost of a
more complex detection scheme) since it results in a stronger scaling of the signal-
to-noise ratio (SNR) with power (P) (for SRS the SNR scales as p3/2 compared
to P12 for NWERS, with Pgiopes = Ppump = P) [35]. This allows for a greater
improvement of the SNR when optimizing the coupling efficiency, the modulation
depth and waveguide geometry. However, the dielectric Raman background is
still important since for low Raman signal levels this background is a few orders
of magnitude stronger than the signal itself. This makes it very challenging to
separate the signal from the background as it is difficult to build a statistical model
for a strong background such that it can be accurately subtracted to re-discover
the Raman spectra of the analyte. Since there are multiple noise sources i.e. laser
shot noise, small sample variations, inaccuracy in normalization which causes a
difference between the predicted background and the real value, they all need to
be accounted for in the background estimate which is challenging. Therefore, the
presence of the dielectric waveguide background still sets a limit on the minimal
detection levels which can only be improved by reducing the background itself.
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4.3 Surface-enhanced Stimulated Raman spectroscopy
(SE-SRS)

4.3.1 Introduction to on-chip SE-SRS

In Section 4.1, we discussed that the nanoplasmonic waveguide turned out to be
advantageous over dielectric waveguides as they do not suffer from the significant
photoemission background that is characteristic of dielectric materials. But while
the scattering enhancement provided by these plasmonic waveguides is nearly
on par with the best SERS substrates, this is still not enough to avoid the use of
an expensive deeply-cooled camera. Stimulation with a Stokes beam can boost
the Raman signal by many orders of magnitude. This has been demonstrated on
plasmonic nanoparticles using SE-SRS. The Van Duyne group was the first to
successfully perform a SE-SRS measurement using gold nanoparticles embedded
in a silica shell (for thermal stability) and ultrafast pulses. They showed an intensity
enhancement of about 10° compared to normal SRS [59]. However, they suffered
from the use of high energy pulses causing photodegradation of their analyte
(DPE) and metallic surfaces. In order to overcome this issue, alternative detection
schemes using higher modulation frequencies, chirped pulses, CW beams and
data analysis have been proposed [60, 125—-127]. Recently, detection of single
molecules on silica coated gold nanoparticles has been reported while avoiding
sample photodamage [61]. At the moment of this writing, SE-SRS studies have
been mainly focus around gold nanoparticles and not yet been demonstrated on a
waveguide platform. In comparison to on-chip SRS, the use of a nanoplasmonic
waveguide instead of a dielectric one to perform SE-SRS promises major advantages.
Indeed, the combination of plasmonic enhancement and a rather long interaction
length (in comparison to the interaction length in common SERS substrate) leads to
a large Raman scattering enhancement [16] so that the required pump and Stokes
fields can be of very low power and therefore integration on a Photonic Integrated
Circuit (PIC) becomes easier. Moreover, we know that dielectric waveguides
suffer from a broandband photoemission that superposes itself onto the Raman
spectrum while gold plasmonic waveguides suffer far less from it [15, 16, 105, 128].
Therefore, the obvious next step in expanding the Raman on-chip portfolio is to
explore waveguide based SE-SRS.

4.3.2 Estimating the SE-SRS signal

First, we start by making a theoretical estimate on the strength of the SE-SRS signal.
Equivalent to the on-chip SRS demonstration we assume a modulated pump beam
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Figure 4.7: Schematic of the SE-SRS interaction on the nanoplasmonic slot waveguide. An
intensity increase is generated on the Stokes beam in the plasmonic slot (i.e. the gold-coated
slot) through the SE-SRS process were a monolayer (4-NTP in present estimate) is coated on
top of the plasmonic slot. The pump and Stokes beam are counterpropagating in order to
ease the separation of both beams prior to detection.

that imprints a shallow modulation on the Stokes beam through the SE-SRS gain
process which is picked up by a lock-in amplifier (see Fig. 4.6 ). Since we try
to measure this intensity increase on the Stokes beam, it needs to be transmitted
through the plasmonic slot such that it can be detected by the lock-in. From Section
4.1 we know that the optimal length for the plasmonic slot in that case corresponds
to =~ 1.8 um which is the length we assume in our estimate. We take a plasmonic
slot with a gap of 19 nm, a gold thickness in the gap of 5.5 nm and a total width
of 0.88 um and a monolayer of 4-Nitrothiophenol (NTP) as the analyte (Section
6.1.1 provides a detailed discussion and illustration on these plasmonic slots). We
assume a 2 mm long dielectric slot waveguide prior and after the plasmonic slot that
functions as an access/exit waveguide and the low absorption loss in these dielectric
waveguides is neglected. Note that this length of 2 mm on both sides is the practical
length used in the experimental SE-SRS measurement (see Chapter 6 ) and is set by
i.a. the sample holder dimensions. A guided pump and Stokes power of 1 mW and
4 mW are chosen respectively (with 1 mW being the modulated pump power) and
both beams being CW with power levels sufficiently low to prevent damage to the
sample and the analyte [45]. Just like the on-chip SRS demonstration we take the
pump and Stokes beams to be counterpropagating in order to ease the separation of
both beams prior to detection.
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In order to make a fair comparison to the other methods of on-chip Raman
spectroscopy (i.e. SERS, SRS, & SE-CARS), the difference in generated signal
between them is evaluated at the end of the dielectric exit waveguide before the
light is coupled out into free-space (Point A in Fig. 4.7 ). In all cases we will
assume the same analyte (NTP) and a guided pump and Stokes power of 1 mW and
4 mW (not present for SERS). The plasmonic slot length in the SERS calculation
is equivalently chosen as 1.8 um-long and a lossless 8 mm-long dielectric strip is
taken for the SRS calculation.

Now using Eq.3.46, the generated SE-SRS power in the plasmonic slot waveg-
uide and coupled out to the dielectric exit waveguide (Fig. 4.7) can be written
as:

PSESRS = Zplas X (7pPp) X (7Pg) X Legy (4.3)

where g, is the stimulated Raman gain (g;,) for the plasmonic slot specifi-
cally, (Pp, Pg) are the guided pump and Stokes power in the dielectric exit/access
waveguide prior to the plasmonic slot and (yp,ys) are the respective coupling losses
from dielectric to plasmonic waveguide for both lasers. Since the frequency of
the generated SE-SRS signal Pgggrg corresponds to that of the Stokes laser, the
loss 7y is squared in order to account for the coupling-loss Psgsrs experiences
(due to the mode-mismatch) when being coupled out from to plasmonic slot to
the exit waveguide (see Fig. 4.7). The effective interaction length L. accounts
for the loss experienced in the nanoplasmonic waveguide for both the pump and
the Stokes beam Legr = (1 — exp(—ochplas))/(ocp) X exp(—astlas) with (o, o) the
linear absorption losses in the plasmonic slot and Ly, is the plasmonic slot length.
Recall from eq.3.24 that Eplas [(Wm)’l] (expressed at the maximum of the Raman
resonance) is related to the spontaneous Raman gain Gpys:

GplasNTP _ T,

e TSAR,NTP 4.4
gplas,NTP

with ws the Stokes frequency, Agr NTp the FWHM of the Raman response of NTP

and Gplas NTP = Tplas ONTPPNTP With ontp the differential Raman cross section,

pntp the molecular density of NTP and npj,s the Raman conversion efficiency of

the plasmonic slot (which accounts for the plasmonic enhancement at the Stokes

and pump frequency).

From [16], we know that Gpjs nTP = 0.0082 m~! for the spontaneous Raman
measurement of a monolayer of NTP covering the plasmonic slot waveguide.

Now combining Eq. 4.3 and Eq. 4.4, we can calculate Psgsrs n7p- Filling in
Lplas = 1.8 pm, ap = ag = 2.4 dB/pm, vp = 75 = -4 dB and P, = ImW,Ps = 4
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mW, Ag NTp = 270 X 660 GHz and hws NTp = 1.44 eV gives gy, NTp = 3.5 X
10* (Wm)~! and an estimated SE-SRS signal of Psgsrs NTp = 3.52 nW.

Let us now make a comparison of the background generation in the different
Raman techniques by calculating the signal-to-background ratio (SBR).

In Chapter 6, we demonstrate a successful SRS measurement on a 4 mm long
Si3Ny slot waveguide. From that measurement we can extract the stimulated Raman
gain of this dielectric slot g, = 0.15 (Wm)~' which we can now use to calculate
the amount of background generation in the 2 mm long exit waveguide. Note that
we do not consider the background generation in the access waveguide since any
background generated there will have to pass through the plasmonic slot before it
can couple out. Therefore, it will have an additional 12 dB of extra loss compared
to the background generated in the exit waveguide of the same length. We can now
fill in:

Ppg/ sEsrS’ = &slot X Pp X (Vs10tPs) X Lexit = 7.13 X 107w 4.5)

Where Pp = ImW, Py = 4 mW, 4o, = —12dB and Leyj; = 2mm. We can now
calculate that:

PSESRs,NTP
SBRgpgpy = RS NTP _ 49 (4.6)

Ppg’ sEsrs’

This SBR value is artificially low because of the 2 mm long access/exit waveg-
uides that we assumed in our calculations. In a practical experiment, these long
waveguides are required since the chip dimensions need to be large enough ( > 4
mm) for the laser light to efficiently couple into the waveguide on both sides and not
onto the sample holder (in waveguide based SE-SRS, the light needs to be coupled/-
collected on both sides of the chip since it is transmitted trough the plasmonic slot).
Furthermore, the chip facet cannot be placed close to the plasmonic slot such that
the exit waveguide (which generates most of the background) can be minimized, as
the access waveguide length on the other side of the plasmonic slot is only 2 mm
long in our current design which would make the chip too small to fit on the sample
holder. In the future, an improved chip design and/or a custom made sample holder
can be made to further ease the requirements of the chip dimension. Since the
access/exit waveguides do not have any sensing contribution and are only there for
practical reasons, we will also calculate SBRgggRrs for Leyi; = 10 pm (correspond-
ing to the smallest length in practical SERS measurements on the plasmonic slot)
which presents a better estimate for SBRggsrs. In that regime, the background due
to the plasmonic slot itself (Psgsrs gg) Will be the main background contributor,
such that:
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PsEsrRs,NTP _ EplasNTP _ GplasNTP X ARBG 4

SBRSESRS = = X — (47)
PSESRSBG  8plas G~ Oplas.SiN X ARNTP 27
A 2
= SBRgprs X —8G8 « £ =76 (4.8)
ARNTP T

where SBRggrs = 18 (see Section 4.3.3) and Arpg = 27 x 4500 GHz,
corresponding to the full width of the NTP mode. In the remainder of this chapter
we will use this value to compare to the other Raman techniques.

4.3.3 Comparing on-chip SE-SRS to SERS

Comparing SE-SRS to the situation without stimulation (SERS), the amount of
light scattering PsgrgNTp = 1 X 10712W. This value is calculated from { =
Psgrs NTP/Pp = 1 X 10~ for 1 mW of pump power (see Section 4.1). The increase
in Stokes power brought by the stimulation is therefore Psgsrs NTP/PSERS NTP =
3521.

Next, we calculate SBRggrs where we include the amount of background
generation in the plasmonic slot (which is equivalent to the background generated
in a 200 um access waveguide before the plasmonic slot, as discussed in Section
4.1.3) and assume that the actual background contribution of the access waveguide
(~ 10 pum) is small enough to be ignored:

P
SBRsERs = 7 SERS.NTE =18 4.9)
7 X BsiN X Tslot X Pp X Lacc

Where Bsin = 0.55 x 1072 [sr 1 [em™] x ]i?c[ﬁ:l_]l] =33 x 107 8[sr 1 ][em™!]
[105] corresponds to the scattering efficiency of the particles in the waveguide
core over the full NTP mode, 74 = 0.168 [64] corresponds to the slot waveguide
Raman background conversion efficiency and Ly is the access waveguide length.
Note that the SBRggRrg calculated here is an upper bound, since the experimental

captured SBRggRs is closer to unity [88].

4.3.4 Comparing on-chip SE-SRS to SRS

In Section 4.2, we discussed that on-chip SRS has been reported on dielectric strip
waveguides using a liquid analyte of DMSO. In that case Psrs pmso = 0.92 nW
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for a guided pump and Stokes power of Pp = 1 mW and Ps = 4 mW respectively
and a 8 mm long dielectric strip waveguide.

A direct comparison between on-chip SE-SRS and on-chip SRS is challenging
since we cannot perform a SRS measurement using a NTP-covered dielectric
waveguide because the binding between NTP and silicon nitride is difficult. Instead,
we make an theoretical estimate by calculating the SRS signal that would occur if
we replaced bulk DMSO by a monolayer of NTP (Psrs NTP)-

From [16], we know that for a strip waveguide the ratio between the spontaneous
Raman gain for liquid Isopropanol (IPA) (Gipa ) and the spontaneous Raman gain
for a monolayer of NTP (Gyntp) is equal to:

Grpa
GNP

=22 (4.10)

We can now trivially compare the DMSO and IPA spontaneous gains as they are
both liquid analytes filling the upper optical cladding of the dielectric waveguide
so that nppmso = Nipa- The ratio of their spontaneous Raman gains is then simply
calculated from the ratio of their corresponding Raman cross sections and molecule
densities oppso = 3.1 x 10739 [em?/st], oppa = 8.0 x 10731 [em?/sr] and ppmso =
1,1 [g/em?] and prpa = 0.786 [g/cm?].

GpMso _ ODMSOPDMSO _ 540 @.11)

Grpa OIPAPIPA

That leads to Gpmso = 11.924 x Gyrp for the strip waveguide.

Using Eq. 3.24, the ratio between the stimulated Raman gain for DMSO and a
hypothetical monolayer of NTP covering the dielectric strip is:

gntp . GNTP Ws DMSOAR,DMSO
gomso  Gpbmso  Ws NTPARNTP

=0.0539 (4.12)

where we use A pmso = 828.5 nm and Ag pyso = 27 X 400 GHz. The resulting
decrease in Stokes power by using Eq. (4.3) is Psrs NTp = 0.05 nW. This allows
for a direct comparison between dielectric waveguide-based SRS and plasmonic
waveguide-based SE-SRS for the same analyte: Psgsrs NTP/Psrs NP = 70.4.

We can now simply calculate SBRgrg as the ratio of:

SBRggs = NP — (.01 (4.13)
Estrip

Where ggyip = 3 X ggor = 045 [Wm]™! and gnrp = 0.005 [Wm] ™.
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4.4 Surface-enhanced Coherent anti-Stokes Raman
spectroscopy (SE-CARS)

4.4.1 Introduction to on-chip SE-CARS

Just as SE-SRS, on-chip SE-CARS holds the potential of generating a sufficiently
strong signal level such that deeply-cooled detection is not needed while at the
same time reducing the photoemission background as the sensing is done by only a
short (~ pum) plasmonic waveguide instead of a cm-long dielectric waveguide (see
Fig. 4.8 for an illustration). SE-CARS has been extensively studied in literature in
order to increase the detection sensitivity of coherent Raman techniques [57, 58,
61,129-135] and single molecule detection levels has been reported [56, 136, 137].
At the moment of this writing, SE-CARS has not yet been demonstrated on a
nanoplasmonic waveguide. As mentioned in Section 4.2, on-chip CARS is limited
by the need to fulfill the phase matching condition which is challenging for a cm-
long silicon nitride waveguides. Recall that the (SE-)CARS signal is proportional
to the phase mismatch factor [34]:

I(was) o sincz(%) 4.14)

Where Ak = 2kp—ks—kas, L is the interaction length and the assumption is made
that we work in the low gain region such that the linear phase mismatch is stronger
than the nonlinear phase mismatch contribution (Ak >> yPpump [38]). SE-CARS
hold the potential of relaxing this condition by using plasmonic waveguides which
reduces the interaction length by four orders of magnitude but on the other hand
also increases Ak.

In order to get an idea about the impact of the nanoplasmonic slot on the phase
matching condition let us first simplify Ak by expressing the wave-vectors of the
(anti-)Stokes beams as a Taylor expansion at the pump frequency (wp) from [35]:

k(ws) = k(wp) + By (ws —wp) + %(ws —wp)? + ... (4.15)

k(was) = k(wp) + B1(was — wp) + %(was —wp)? + ... (4.16)

with §; = g:(l the i-th order chromatic dispersion of k at the pump frequency
such that:
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— Ak = B Aw? + %Mh... (4.17)

where Aw = wys —wp = wp — ws and in a first-approximation we can assume
that the disperisive property of a waveguide is described by 8, Aw? such that:

82| Aw’L

T(wag) sincz( >

) (4.18)

For most Raman modes of practical bio-analytes Aw varies from 500 cm™ to
1500 cm™! (15 THz-45 THz) such that we calculate how well the phase matching
condition is fulfilled for the plasmonic slot at the maximum Awmax = 45 THz.
Since 3, corresponds to the group velocity dispersion at the pump frequency we
can calculate it by using a simulation mode of the plasmonic slot (using Lumerical
mode solutions) and extract the phase matching factor from it:

|ﬁ2 | AOJrznaxL

.2
sinc”( >

) =0.998 (4.19)

with 3, = 4.57 x 10* ps®/km, L = 1.8 um. We can see that by using the
plasmonic slot (and hence reducing the interaction length) SE-CARS signal is
efficiently generated since we are no longer limited by a large phase mismatch. In

the following subsections we make a calculation on the expected signal strength of
SE-CARS and compare the results to SE-SRS.

4.4.2 Estimating the SE-CARS signal

In Chapter 2, we derived the following formula for (SE-)CARS signal generation
in terms of intensity (I) (Eq. 2.43):

w2, . AKL
(was) = —5—"—| XRFII%ISLZsch(T) (4.20)
4npnasnsc €5
Let us now define the effective area as:
_ (J[EPdA)?
Aefr = W “4.21)

such that we can calculate the amount of P(w,s) generated in the plasmonic slot
and coupled out to the exit waveguide as:
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Figure 4.8: Schematic of the SE-CARS interaction on the nanoplasmonic slot waveguide
were an anti-Stokes beam is generated in the plasmonic slot through the SE-CARS process.

9w L Akl
PSECARS = Tas 4n2 4a82 A2 |XR,plas|2('YPPP)Z(')’SPS)LglaSSIHCZ(—p azs Pasy
NpNasNsCEG At plas
4.22)

Which results in Psgcars = 8.86 x 10714W with v, &~ 75 ~ 75 = —4dB,
Acfplas = 0.0078um?, Lyce = 1.8um, sinc2(25eskoasy — 0.9 P = 4 mw, P, =
1 mW and xR plas(= AIm{Xplas } at resonance) is calculated by filling in Eq. 2.57:

2 2
nglas X ns,plas X ™ X €&o

3 X wq

AIm{Xplas NTP} = =38 x 10%m2/v2  (4.23)

Where we use gy jjas = plas,NTP X Aeff,plas = 2.73 X 10719 m/w].

We can see that SE-CARS on the plasmonic slot only generates a limited signal
PsEcars = 8.86 x 10714W. One alternative to further enhance the signal generation
is by using a pulsed pump laser since the signal power scales quadratically with the
pump which leads to an additional enhancement while the average power remains
reasonable . In our research lab, a Onefive Katana pulsed laser is available with
a pulse duration of tyyse = 50 ps and a pulse repetition rate of frep = IMHz.
From experimental verification it is found that an average power of Paye = ImW
can be coupled into the access waveguide which corresponds to a peak power of
Ppeak = 18 W (while Py is still CW). Such that we can calculate:
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PSECARS,pulsed X tpulse frep | XR,plas | 2 (p Ppeak)z (7sPs) (4.24)

Resulting in Psgcars pulsed = 1.9 X 10°W which is in the same order of
magnitude as Pggsrgs (and has a more straightforward detection since it is generated
at a new anti-Stokes frequency). However, note that in Eq.4.22, 4.24 for simplicity
we didn‘t include the effect of the absorption loss in the plasmonic slot (apjas) on
the generated SECARS signal. This loss could easily introduce > 5dB extra penalty

on both Psgcars & PSECARS, pulsed-

Next, we calculate the amount of background generation in the 2-mm long
access waveguide. Using g, = 0.15 Wm! and Actf slot = 0.36 um? it follows
that g g/ = Zglor X Aeffslot = 34 X 10~14[m/W] and we can calculate that:

2 2
8l slot X ns,slot XX €&

3 X wy

Im{xg10t} = (4.25)

Which corresponds to Im{xgoi} = 1.7 X 10722m?/V2. Where we calculate the
background generation as:

9%%5

2 222
AngnasnsC*EGA L gof

. AkgocL
Ppg/(Was) = Yslot |Im{Xslot}|2PgPSL2AccSIHC2(M)

2
(4.26)

Which results in Pgr = 5 x 10722W with 7100 = —12dB, Acgt1o¢ = 0.36um?,
Lace = 2mm, sinc?(Akiglacey — 6 5 100, Py = 4 mW and P, = 1 mW. We
can see that the inefficient CARS generation in dielectric waveguides limits the
amount of background generation in the dielectric core. Additionally, we can
also calculate the non-resonant background generation in the access waveguide
YNR = 1.96 x 10721m2/V2 [138] which corresponds to P/ g = 6.5 X 1079w,
Finally, we calculate SBRggcaRrs using the background generated in the plasmonic
slot itself at the frequency where the NTP peak is generated (Psgcars Bg)- This
background contribution will be dominant, since there will be an efficient signal
generation in the short plasmonic slot. Using Eq. 4.22 and 4.23, we now get:

PSECARSNTP _ |ATM{Xplas NTP}

SBRgECARS = = (4.27)
PSECARS,BG [Im{ Xpas,BG }?
2
&plas,NTP
= 2B = SBR§pgrs = 5.78 x 10° (4.28)

gplas,BG
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Note, that we did not include the effect of Re{xpg} and the non-resonant
background which might lead to a further background contribution and distortion
of the captured signal. We can thus see that SBRggcars = SBR%ESRS, which
leads to an improved SBR for SE-CARS when probing high concentration analytes
(SBRggcaRrs > 1), but to an improved SBR for SE-SRS when probing low con-
centration analytes (SBRggcars < 1). The latter case is more relevant for us as
biological samples typically have low concentrations.

4.4.2.1 Two pulsed lasers sources

Until now in our discussion about SE-CARS on the nanoplamonic slot we have set
ourselves the limit of the practical available pulsed laser source in our research lab.
However, in order to discuss the full potential of SE-CARS on the nanoplasmonic
slot we can further expand our signal estimation to the case of two ps-pulsed laser
sources (i.e. a pulsed pump and Stokes lasers). We will set the pulse length to
tputse,2 = 10 ps (in order to ensure that the pulse linewidth is smaller than that of
the vibrational mode), take a pulse repetition rate of fie, > = 1 MHz and assume
that both pulsed lasers have an average power of Payg = 1 mW (corresponding to
the power range for CW lasers for which no thermal damage is induced on the
plasmonic slot and the analyte). Therefore, the peak pulse power corresponds to
Ps = Pp = Ppeax 2 = 100 W (Ppeak2 = Pavg/(frep 2tpulse,2)) and we can calculate
that:

2 3
PSECARS,pulsedZ X tpulse,Zfrep,Z|XR,plas‘ (P peak,2) (4.29)

such that PsgcaRS pulsed2 = 2.4 X 10*W. We can thus see that by making use of
two pulsed laser (with an optimized pulse time) there is an additional five orders of
magnitude increase in signal generation compared to PsgcaARS pulsed With only one
pulsed laser. Analogously, we can make a comparable calculation for SE-SRS on
the nanoplasmonic slot using the same two pulsed lasers sources such that:

2
l:’SESRS,pulsedZ X tpulse,Zfrep,2gp]as('Yppeak,Z) Lefr (4.30)

and we can calculate that Psgsrs pulsed2 = 1 X 1074W. Showing that we can get
an additional five orders of magnitude signal enhancement for both SE-SRS and
SE-CARS by making use of two 10 ps-pulsed lasers. As mentioned before, the
estimate of PSECARS pulsed2 1S an overestimate since the loss in the plasmonic slot
is not included in the calculation and could easily introduce an extra > 5 dB loss
penalty.

Note that the calculation above does not account for the fact that pulsed lasers
will induce thermal damage (in the plasmonic slot) at lower average power levels
than the CW lasers. This can be understood from the fact that for the same average
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power, pulsed lasers will reach much higher maximum optical power levels than CW
lasers. The heat absorption in the plasmonic slot is quasi-instantaneous and mostly
happens in the tiny gold layer inside the plasmonic slot (since the optical mode is
the strongest there, see Section 6.4). Therefore, over the pulse time (~ 10 ps) there
will be a strong temperature increase in this gold layer (with the max at the end
of the pulse) since there is not enough time for this thermal energy to dissipate in
the surrounding materials (there will only be a very local heat dissipation). Where
the thermal time constants for heat dissipation in the plasmonic slot correspond to
71 = 0.023 ps and 7 = 46.9 us (see Section 6.4.4 for additional details). Therefore,
for the same average power, pulsed lasers will induce more thermal damage in
the plasmonic slot compared to CW lasers since they reach a higher maximum
temperature in the plasmonic slot. The first preliminary measurements with the
50 ps Katana pulsed laser on the plasmonic slot (with a 1 MHz rep rate) seem
to confirm this theory as thermal damage was induced to the slot (resulting in
a huge increase in its transmission loss) at lower average power levels as those
determined for CW lasers (< 10 mW). Where an exact power vs. transmission
experiment still needs to be performed. Furthermore, thermal damage on both
the plasmonic substrate and analyte have been reported for picosecond pulses in
plasmon enhanced coherent Raman experiments [59]. Additionally, multi-Watt
10 ps wavelength tunable (fourier transform) laser sources are pretty uncommon.

The value of P,yg = 1 mW in the calculation above is based on the practically
determined power limit for CW lasers beyond which photoreduction of the probed
analyte (NTP in this case) starts to occur. Therefore, in experimental SE-CARS
(SE-SRS) measurements with pulsed laser sources the practical attainable signal
levels will be lower than the estimates made here. Since the generated signal levels
are critically depended on that pulse power in the plasmonic slot, a reduction in Payg
by an order of magnitude (or more) would result in a reduction of PSgcARS pulsed2
(PSESRS,pulsed2) by three (two) orders of magnitude because of its cubic (quadratic)
power dependence. Therefore, when using pulsed laser sources there will be a
trade-off between an increased signal generation on one hand and the additional
thermal damage induced by those sources on the other hand. In the future, it will be
best to first determine the practical power limit for pulsed lasers on the plasmonic
slot (for both the analyte and the plasmonic slot itself) before proceeding to the
actual SE-CARS (SE-SRS) measurements with pulsed lasers. Furthermore, SE-
SRS on the plasmonic slot suffers from a thermal background originating from a
thermo-optic effect (as will be discussed in Chapter 6). Therefore, any additional
temperature increase induced in the plasmonic slot by using pulsed lasers needs to
be handled with care in order to ensure that it does not lead to an increase in the
strength of this spurious thermal background.
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4.4.3 Comparing on-chip SE-SRS to SE-CARS

We first summarize the calculations made in Section 4.4.2.

* When using CW-lasers on the nanoplasmonic slot, the generated SE-CARS
signal levels are predicted five order of magnitude smaller than the SE-SRS
signals (Pspcars = 8.86 x 10714W vs. Pggsrs = 3.52 x 102W). For such
low signal levels, deeply-cooled detectors are still required and the added
complexity of SE-CARS does not provide much advantage over waveguide-
based SERS (as they reach comparable signal levels).

* If we employ a pulsed pump laser for SE-CARS, the generated SE-CARS
signals are in the same order as Psgsrs (PSECARS pulsed = 1.9 % 107°W).
Although (as discussed in the previous section), we did not include the effect
of the absorption loss in the plasmonic slot on the generated SE-CARS signal
which could easily introduce > 5dB extra penalty on PsgcaRrs pulsed-

* If we employ a pulsed pump and Stokes laser for SE-CARS and SE-SRS
(with only a single pulsed laser present in our research lab), the generated SE-
CARS and SE-SRS signals can be enhanced by an additional five orders of
magnitude (PSECARS pulsed2 = 2.4 X 107 W & Psgsgs putsedz = 1 x 107 W).
However, such high signal enhancements are not attainable in practice since
the calculation does not account for the fact that pulsed lasers will induce
thermal damage (to the plasmonic slot and analyte) at lower average power
levels then the CW lasers. Therefore, when using pulsed laser sources there
will be a trade-off between an increased signal generation on one hand and
the additional thermal damage induced by those sources on the other hand
(which will limit the practical attainable enhancement). In future projects,
firstly the practical power limit for pulsed lasers on the plasmonic slot needs
to be determined in order to make a fair estimate on the actual attainable
enhancement for pulsed plasmonic enhanced coherent Raman scattering.

* Comparing the SBR for both plasmonic-enhanced coherent Raman tech-
niques, we can see that SBRgpcars/SBRsgsrs = 76. SE-CARS has an
improved SBR compared to SE-SRS, but this will only hold as long as
SBRggcars > 1 (since SBRgpcaARS = SBR%ESRS), such that for low ana-
lyte concentrations (and biologically relevant-molecules) SE-SRS will have
the best SBR, which is more relevant for us. Furthermore, if we would have
considered a bulk liquid (IPA) as the analyte instead of the NTP monolayer,
the difference between both SBRs would only have been an order of magni-
tude. Therefore, we can conclude that both on-chip SE-CARS and SE-SRS
have a comparable signal generation (with an edge for SE-SRS) and SBR
(with an edge for SE-CARS as long as SBRggcars > 1).
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Since the performance of both techniques is comparable it would be tempting to
choose SE-CARS over SE-SRS as it requires a less complex detection (compared
to the lock-in detection scheme of SE-SRS). In SE-CARS, the newly generated
anti-Stokes frequency can be separated from the Stokes and pump lasers by optical
filters and afterwards be detected by a cheap single pixel detector. However:

* Animportant difference between both techniques is the quadratic dependence
of SE-CARS on the concentration compared to the linear dependence of SE-
SRS. For biologically relevant analytes, the concentration to be detected
could easily lead to a drop of & by three orders of magnitude or more
compared to the monolayer of NTP considered here [79]. In that case
PSECARS pulsed/PsEsrs & 107 (SBRgecars/SBRsEsrs ~ 0.07) such that
SE-SRS will have a much stronger Raman response than SE-CARS. The
linear dependence of SE-SRS makes it more sensitive to diluted analytes
and better equipped to detect low analyte concentrations [79, 139]. Since
the detection of biologically relevant concentrations will be very important
for an integrated Raman sensor in a lab-on-chip context, waveguide based
SE-SRS provides a clear advantage over SE-CARS in this aspect.

* While SE-CARS has a straightforward detection scheme our calculations
also show that the SE-CARS signal is inherently weak such that the use
of high power pulsed lasers will be inevitable. The use of higher intensity
lasers in SE-CARS will make it more likely that it will run into damage
of the sample and analyte compared to the low-power CW beams required
for the SE-SRS experiment as the induced temperatures in the plasmonic
slot will be much higher (see Section 4.4.2.1). Where thermal damage to
both the plasmonic substrate and analyte have been reported for picosecond
pulses in plasmon enhanced coherent Raman experiments [59]. Furthermore,
preliminary measurements with a pulsed laser on the plasmonic slot show
that thermal damage is induced to the plasmonic slot at lower average power
levels as those determined for CW lasers.

* At the moment, high power integrated mode-locked lasers (I-MLL) are
not yet available in the visible which will hurdle the demonstration of SE-
CARS on a full Raman-on chip sensor. Note that such I-MLL in the visible
might become available in the (near-)future as [-MLL at 990 nm have been
demonstrated [140, 141] and recent advances in modeling allow for a better
control of the targeted device parameters [142]. In our SE-SRS estimate we
assume CW lasers [67, 68], (balanced) detectors [143, 144] and a lock-in
amplifier [145] which all have been demonstrated on integrated platform with
decent performance. Furthermore, by integrating an array of lasers onto the
chip, where each laser is dedicated to a specific Raman mode, we can probe
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the Raman spectrum without the need for tuning of the laser wavelength.

Considering all these elements (and especially the greater sensitivity of SE-SRS
over SE-CARS for biologically relevant analytes), it is decided to focus on SE-SRS
in this work.

4.5 Overview table of theoretical comparisons

Raman platform H Pa)s/Pp SBR Type  Effective length
SERS [16] 1x107 18 plas. wg. 1.8 um
SRS [19] 5% 1078 0.01 strip wg. 8 mm

1x10°
SE-SRS 3.52x 107 0.76 x 10*  plas. wg. 1.8 um
SE-CARS 1.9 % 10° 578 x 103 plas. wg. 1.8 um

Table 4.2: Overview table on the performance of the different on-chip Raman platforms
calculated for a guided pump, Stokes power of I mW and 4 mW respectively and a NTP
monolayer as the analyte. Py)s/Pp is the ratio of the generated (anti-)Stokes power over the
injected pump power. For SRS, the Raman response for a liquid analyte (DMSO) top
cladding is also shown (italic). SBR corresponds to the signal-to-background ratio.

Raman platform H Laser source Detection Spectral resolution
SERS * % ok * *k
one CW laser deeply-cooled CCD Grating
SRS *ok *k * % %
two CW lasers BD+lock-in Laser tuning
SE-SRS *ok *ok * % %
two CW lasers BD+lock-in Laser tuning
SE-CARS * * ok ok * % %
one CW+one Pulsed  Single pixel detector Laser tuning

Table 4.3: Comparison between the required instrumentation for the different Raman
techniques.CCD=Charge-coupled device, BD = balanced detector. * x x=good ,
sx=moderate, x=bad.

Table 4.2 gives an overview of the theoretical comparison made in this chapter
and Table 4.3 gives a qualitative comparison on the instrumentation of the different
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Raman platforms. We can derive from Table 4.2 that on-chip SE-SRS and SE-CARS
provide a clearly improved Raman response compared to SERS and signal levels
that are sufficiently strong such that deeply-cooled detection is no longer needed
(> 10712W). In Table 4.3, we see that this increased sensitivity of the Raman sensor
(and lack of cooled detection) comes at the cost of an additional tunable laser, a
pulsed pump laser for SE-CARS and a more complex lock-in detection scheme
for SE-SRS. On the other hand, the resolution of SE-SRS and SE-CARS is higher
because they use tunable lasers (resolution of ~ 1 pm) while SERS uses a grating
(resolution of ~ (0.1 nm). In terms of detection, we can see that SE-CARS is the
most straightforward technique since it make uses of a room-temperature single
pixel detector (see Section 4.4.3). Compared to SRS, we can see that SE-SRS and
SE-CARS provide a significant improvement on the SBR by reducing the effective
interaction length. Note that SRS provides a comparable Raman response to both
plasmonic enhanced coherent Raman techniques when probing a liquid analyte such
as DMSO. The decreased Raman response of SRS for a monolayer of NTP is to be
expected as it suffers from the reduced field overlap with a monolayer compared
to a full liquid cladding as dielectric waveguides provide a lower electric field
enhancement near the waveguide surface than the plasmonic slot. As both SE-SRS
and SRS use comparable instrumentation, it is clear that SE-SRS is preferable
because of its improved performance. When comparing SE-CARS and SE-SRS,
we can see that both have a similar performance (where the improved SBR for
SE-CARS only holds for high concentration analytes, see Section 4.4.3). In terms
of instrumentation, SE-CARS has a more straightforward detection, while SE-SRS
does not require the use of pulsed lasers (with high power integrated mode-locked
lasers not yet available in the near-visible). SE-SRS is preferred over SE-CARS in
this work since it has a linear dependence on the analyte concentration (compared
to quadratic for SE-CARS) and will therefore have a higher Raman response (and
better SBR) for biologically-relevant analytes (as discussed in detail in Section
4.4.3).

Overall, we can conclude that SE-SRS is the best candidate for the application
envisioned in this thesis (i.e. identifying a Raman technique that does not require
deeply-cooled detection and does not suffer from a large background contribution
to enable the integration of the full Raman spectroscopic system on-a-chip). Of
course, other Raman techniques such as SERS on the plasmonic slot might be
preferable if for example room-temperature detection is not the main requirement
as they provide a much more straightforward excitation and detection.






Photon background mitigation using
nanoplasmonic slot waveguides

To further extend the use of Raman spectroscopy systems, reducing its cost and
size is essential. Therefore, the obvious answer lies in the nanophotonic integra-
tion of the different spectroscopic elements on a single photonic chip. All the
elements have indeed been demonstrated individually: spectrometers [18, 65, 66],
lasers [67,68], spectral filters necessary to remove the strong excitation radiation
[17] and Raman sensors that boost the Raman response [13, 14, 80]. As explained
in Section 4.1, for the Raman sensor the nanoplasmonic slot is the ideal candidate.
These plasmonic waveguides show a level of Raman enhancement similar to the
nanophotonic dielectric waveguides and share the same non-resonant (broadband)
enhancement but without suffering from a significant photon background from
the waveguide dielectric. It is this photon background that ultimately reduces the
signal-to-background ratio of any acquired Raman spectrum [64]. Proceeding to
integrate this sensor with a circuit capable of analyzing the Raman scattered light
demands that no further inelastic scattering or photoluminescence occurs in the
circuit surrounding the sensor. Unfortunately, the Raman-like background from
the silicon nitride waveguides becomes significant over propagation distances that
can easily exceed millimeters for spectral filters [17] or AWG. The resulting back-
ground ultimately limits the concentration of analytes that can be probed because
of the shot noise associated to it. Therefore, in practical SERS experiments, the
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measurement is done in a back-reflection configuration (see Fig.5.1a) where a
minimal access waveguide is used as the only interface between the facet of the
chip (where an external excitation beam is focused) and the Raman plasmonic
sensor itself. In [16] it is clearly shown that the signal-to-noise ratio was critically
dependant on the length of that access waveguide so that it could not be combined
with a “conventional” spectral notch filter such as Bragg gratings placed after the
sensor [17]. Furthermore, integrating such a notch filter on the access waveguide
will also prevent the excitation field (pump) to reach the plasmonic sensor. In order
to separate the Raman scattered light from the excitation beam without inducing
a spurious photon background, a multi-mode interferometer (MMI) [146] can be
used together with backward Raman collection. In Fig. 5.2, we see that the MMI
lets the excitation beam propagate from the input facet to the sensor and then lets
the Raman back-scattered light propagate from the sensor to an output waveguide,
while the excitation beam and associated background from the entrance waveguide
keep on forward propagating in the plasmonic sensor and are finally absorbed. Of
course, this approach induces an intrinsic 3dB loss for the Raman scattered light
from the sensor. Despite this, the architecture is beneficial because the MMI is
short (112 pm) (therefore inducing little Raman-like background) and it is also
highly multimode so that most of that spurious background radiation generated in
the MMI actually does not couple to the output port. In theory, using a circulator
over an MMI would be even better since it would collect 100% of the backscattered
Raman light. However in practice, integrated circulators are difficult to implement
and they typically have a power penalty of ~ 3dB associated with them [147].

(a) (b)
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Figure 5.1: a) SERS measurement in the back-reflection configuration (i.e. access waveguide
= exit waveguide). The excitation (pump) field is propagation in the opposite direction as the
generated Raman signal which allows for the SERS signal to be collected without an
additional background penalty of the excitation field in the exit waveguide. b)
transmission-configuration (i.e. access waveguide # exit waveguide). The excitation field
propagates through the plasmonic slot together with the generated SERS signal where it will
generate an additional background in the exit waveguide.
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In the remainder of this Chapter, we will firstly discuss the MMI-design and
its fabrication, followed by details about the spontaneous Raman setup and the
measurement procedure. Then, we discuss the experimental results obtained and de-
termine the origin of the extra background generation compared to a common SERS
measurement on the plasmonic slot. Finally, we compare our MMI-configuration
to alternatives architectures such as a simple transmission-configuration (see Fig.
5.1b) and a direction coupler-configuration and discuss possible improvements to
the device .

The text/figures in this chapter have been adapted from my published paper
[128].

input wavequide

mode

output waveguide —_— 0

Figure 5.2: Schematic of the configuration relying on two nanoplasmonic Raman sensors
and a MM separating the forward-propagating excitation beam (green arrow) from the
backward-propagating Raman scattered light (red arrows). Grey elements are made of
Si3N4 while yellow elements are primarily made of gold. The MMI and the Raman sensing
plasmonic slot waveguides are linked by an access waveguide made of a mode converter
(grey gradient section), and a dielectric slot waveguide (grey and white). The access
waveguide + the plasmonic Raman sensor correspond to the schematic shown in Fig. 5.1 a.
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5.1 Methods

5.1.1 MMI design

Our architecture relies on a 2 x 2 multimode interferometer (MMI) [148]. The two
left ports (labeled 1 and 2 in Fig. 5.2) are the input and output of our system. As
an MMl is a linear and reciprocal element, having a single output port (labeled
3) necessarily translates into extra loss either from port 1 to 3 or from port 3 to
2 (at a given wavelength). However two output ports (labeled 3 and 4), having a
splitting ratio of 50 : 50 maximizes the overall transmission from port 1 to ports
3 and 4, and then from those two ports to port 2. In that case, the input excitation
power is optimally used if we place a Raman sensor at each of the two output ports
of the MMI. Our MMI is designed via eigenmode expansion using Lumerical ’s
commercial solver and by taking the thickness (300 nm) and the refractive index
of the Si3Ny layer (n = 1.89 at a wavelength of 830 nm) as fixed parameters. The
designed in-plane dimensions of the balanced MMI are w x 1 = 8.9 x 112.5 um?.
This results in a balanced MMI designed at a central wavelength of 830 nm (with
a transmission of 49.8% at each port) and a 3 dB bandwidth of 220 nm. The
MMI is complemented at each port by a 16.5 um long taper allowing a good mode
matching between the mode of the strip waveguide and the mode of the MMI
(taper width of 2.45 um at the output), thereby reducing spurious reflections. The
MMLI is preceded by a 300 um-long strip waveguide (input waveguide) having a
cross-section w x t = 550 x 300 nm?. The MMI and plasmonic Raman sensors
are connected together via a mode converter matching the rib waveguide mode to
the slot waveguide mode and a short section of dielectric slot waveguide. In an
ideal situation, the mode converter, dielectric slot waveguide and plasmonic slot
are the only ones that contribute to the photon background as they are expected to
scatter photons backward in the same way the nanoplasmonic sensors generates the
Raman (signal) light. The mode converter is 20 um long and the short section of
dielectric slot waveguide varies from sample to sample from 23.5 to 116 ym. The
width of the slot waveguide is 700 nm including a gap of 150 nm. In the rest of
this work the mode converter and dielectric slot waveguide will be taken together
and described as one single waveguide: the access waveguide. While the entire
circuit (input/output waveguide, MMI and access waveguide) is cladded with 2 um
of silica on the top, the Raman sensor and a fraction of the dielectric slot waveguide
are open to the air. To avoid a poor mode matching at the silica-air interface, the air
is replaced by water during our measurements.

As our configuration collects backward-scattered Raman light, there is no
optimal length for the plasmonic waveguides and the Raman signal simply saturates
as the excitation beam decays due to propagation loss. Therefore, we choose to
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Figure 5.3: Simulated field profile of the balanced MMI with in-plane dimensions of
width x length = 8.9 x 112.5 um?.

have a plasmonic slot waveguide length of 55 pm-long which far exceeds the decay
length of the pump field (1.8 pm). The nanoplasmonic slot has a nominal gap
width of 19 nm as reported previously [16]. The output waveguide has the same
cross section as the input waveguide. This waveguide is taken purposely long (11
mm) to demonstrate the possibility offered by our architecture. In the future, that
waveguide can include spectral functionalities e.g. a pump rejection filter [17].

5.1.2 Fabrication

The photonic circuits used for experiments are fabricated on 200 mm silicon
wafers. 300 nm SizNy is deposited through a low temperature plasma enhanced
chemical vapor deposition process [74] on a 3.3 um SiO, layer (imec‘s BioPIX
platform [149]). Patterning is performed by deep UV-lithography (193 nm) and
fluorine based inductive coupled plasma reactive ion etching. A SiO, top-cladding
of 2 um is deposited over the photonic circuits except for an open-cladded region
of w x 1 =200 x 3000 um? over the access waveguide in order to fabricate the
plasmonic slots. The nanoplasmonic slots are fabricated by conformally covering
the Si3Ny slot waveguides with 60 nm Al,O3 using atomic layer depostion (ALD),
this deposition is performed by the CoCooN Research Group at Ghent University.
The ALD deposition is performed by a home-build reactor with a base pressure of
1076 mbar. Subsequent the ALD depostion is done by using a thermal ALD process
with a substrate temperature of 120°C using trimethylaluminum and water pulses
of 5s at 5 x 10~ mbar [150]. This alumina layer serves the purpose of reducing the
dielectric slot gap of 150 nm to 30 nm. Al,O3 is chosen as it only has very limited
background generation and does not induce an additional background penalty [16].
After this deposition, on a short section of the narrowed slot waveguide, an open
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window is defined by using AZ 5214 photo-resist and contact lithography. This
window is 55 pwm along the direction of the waveguide and 3.9 pm wide. The
followed procedure is the following: The AZ 5241 resist is spin-coated over the
chip with 3500 RPM and a spinning time of 40s, followed by a bake of 3 min
at 100°C. After aligning the contact mask, the resist is exposed to DUV for 11s
followed by a post-bake of 3 min at 120°C and DUV flood exposure (image reversal
step) for 51s. After this exposure the resist development step is performed where
the resist is exposed for 21s to AZ400 K:DI-water (1:3) solution followed by deep
rinsing with DI water. Finally a 30s oxygen plasma step (PVA-TEPLA GIGAbatch
310 m, 6000 SCCM 02, 600 W, 750 mTorr) is performed to remove any remaining
residues. Afterwards a 2 nm Ti adhesion layer is sputtered followed by the Au-
sputtering of a 5.5 nm gold layer along the side walls of the slot. Finally our 55 wm
long plasmonic slot is defined during metal lift-off.

Optimizing the Au-sputtering step turned out to be a challenging endeavour
as the gold gap kept being closed (see Fig. 5.4a). Controlling this gold layer in
the slot is difficult due to the random nature of the sputtering process and the
sputtered layers not being conformal. A meticulous trial and error process was
needed (i.e. varying the sample orientation and sputtering time) in order to achieve
the required gold thickness of 5.5 nm in the plasmonic slot (See Fig. 5.4b). It was
found that the best sputtering results are obtained when the sample is orientated
at 90 degrees compared to the spin direction. We can see that sputtered gold does
not completely reach the bottom of the slot but this only has a limited effect on the
device performance [84].

(a) (b)

Figure 5.4: (a) 2D cross-section of the nanoplasmonic slot (using SEM) with a closed gold
gap and the different material layers indicated. (b) Plasmonic slot with an open gold gap
and the slot gold thickness (tgoy=5.5 nm) indicated.

Samples have been prepared that differ in the length of the dielectric slot waveg-
uide between the MMI and the Raman sensor. This results in access waveguide
lengths of 43.5 and 136 pum. Two structures having the same length are fabricated
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on the same die for a total of four samples. The samples are functionalized with
an analyte of 4-Nitrothiophenol (NTP) that binds selectively to the gold sensor.
The NTP is bound to gold through a standard binding process, i.e. the chemisorp-
tion of thiols from an ethanolic solution to form the self-assembled monolayer
of NTP [16, 151]. In order to achieve this, the chips with the plasmonic sensors
are first cleaned using a combination of acetone and isopropyl alcohol followed
by a 30s oxygen plasma clean. The chips are then put in a beaker of 1 mM of
NTP-ethanol solution (solution made by mixing dry 4-NTP powder with ethanol)
and left overnight. Afterwards, they are cleaned with a pure ethanol solution by
softly rinsing this solution over the chip surface and facets to remove any NTP
residues that are not bound to the gold. Finally, the chips are blow dried with a
N, dry clean. In this way the NTP-monolayer is formed on the gold through a
gold-sulfur bond. During measurements a droplet of water is applied on top of the
plasmonic slot and NTP. This allows a better mode matching at the interface of the
cladded and uncladded parts of the circuit.

5.1.3 Setup & Measurements

LF PBS Chip DM
Pump laser SMF (1 - & ' P‘M
Col. A Obj. Obj.

ol plate

Spectrometer

Figure 5.5: Schematic of the setup used to measure the SERS spectra. SMF': single-mode
fiber, COL: collimator, LF: line filter, HWP: half-wave plate, PBS: polarizing beamsplitter,
OBJ: objective , DM: dichroic mirror, PM: parabolic mirror, MMF: multimode fiber.

SERS spectra of the samples are acquired on the measurement setup depicted
in Fig. 5.5 . The excitation CW laser light (785 nm) is provided by an XTRA
IT laser. A spectral filter is used in order to clean its spectrum. A polarizing
beamsplitter ensures that only the TE-polarized light is transmitted towards the
chip while the half-wave plate provides control over the amount of pump power.
The light is coupled into and out of the chip by two identical Mitutoyo Plan Apo
objectives (50x, NA=0.65). A dichroic mirror suppresses the residual excitation
beam while transmitting the Raman scattered light. Finally, the light is captured in
a collimator and guided in a multimode fiber towards the spectrometer (Shamrock
303i spectrometer with a Andor iDus 416 deep-cooled CCD camera).
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Spectra are acquired for durations ranging from 60 to 180 seconds and exci-
tation powers from 6 to 25 mW (measured before the objective). The excitation
power is limited in order to prevent the photoreduction of NTP into a form of dimer-
captoazobenzene (DMAB). A droplet of water is applied on top of the plasmonic
slots when performing the acquisition. This allows a better mode matching at the
interface of the cladded and uncladded parts of the circuit.

A typical spectrum acquired with our plasmonic sensor is presented in figure 5.6.
It displays the characteristic peaks associated to NTP. The spectrum is presented
with the dark counts subtracted. As the noise associated to the dark counts cannot be
subtracted, we choose the acquisition parameters so that this noise is far lesser than
other sources of noise. The spectrum displays the noticeable photon background
we referred to in the introduction. To compare various results, we define the signal-
to-background ratio (SBR) as the integrated number of counts (S) in the main peak
(going from 1287 cm™! to 1407 cm™! and corresponding to 1341 cm™' NTP-mode,
shaded in green) by the integrated number of counts due to the photon background
(BG) integrated over the same spectral span (shaded in red).

Defining a SBR rather than the signal-to-noise ratio is more relevant when
parameters such as excitation power, incoupling loss, or acquisition time are varied.
The SBR is independent of those factors. The SBR depends however on how
well the signal and the background spectrum can be separated. That separation is
perfect if the spectrum of the spurious photon background is completely known
and if there would be no shot noise associated to both the background and the
Raman scattered light. In the present case, we assume the background follows a
purely linear trend over the integration span corresponding to the NTP peak at 1341
cm~!. That approximation and the presence of the shot noise induces an uncertainty
(relative standard deviation) of 12% on the SBR values we provide.

5.2 Results

5.2.1 Performance

Fig. 5.6 clearly shows the presence of a remaining photon background. We
expect this background to be due to the access waveguide between the MMI and
the plasmonic waveguide itself. We therefore measure the effect of the access
waveguide length on the SBR. The results presented in Fig. 5.7 show that indeed
the longest access (136 um) waveguide is associated to a reduced SBR because
the background increases. Furthermore, the background contribution due to the
plasmonic slot itself is only limited since increasing the access waveguide length
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has a significant effect on the SBR (which would not be the case if the background
due to the plasmonic slot was dominant). We believe that the absence of a strong
plasmonic slot contribution originates from the presence of a water top-cladding
which pushes the plasmonic mode into the cladding. This results in less overlap
with the dielectric core and a reduced background contribution (compared to an
air-cladded measurement on the plasmonic slot [45]). In the remainder of this
chapter, we will simply describe the background due to the access waveguide and
plasmonic slot as the access waveguide contribution.

><104
25" -

o L | 1 1 1
800 1000 1200 1400 1600

Raman shift [cm'1]

Figure 5.6: Measured Raman spectrum of NTP using our photonic-plasmonic sensor (fig.
5.2) with the instrumentation noise subtracted. The spectrum shows the characteristic NTP
features (855 cm_l, 1111 cm_l, 1341 cm_l, 1575 cm_l) [152]. The green and red regions
indicate the integration range (1287 em™' ;1407 em™! ) used to calculate the signal (S) to
background (BG) ratio.

In an ideal MMI-plasmonic slot hybrid, this contribution due to the access
waveguide would be the only major background sources. However unwanted back-
reflections at the interface between the dielectric and plasmonic slot, the interface
between the MMI-taper and the mode converter, the interface between the mode
converter and the slot waveguide, in the MMI from the input port (port 1) to the
output port (port 2) or the interface between the silica cladded part of the dielectric
slot waveguide and the water cladded part of that same waveguide can reflect a
small portion of the excitation beam into the output waveguide. Through numerical
simulations, the reflection at the plasmonic sensor interface is expected to be at least
10 dB larger than the other reflections. See Appendix A for a detailed discussion on
the simulations.



5-10 PHOTON BACKGROUND MITIGATION USING NANOPLASMONIC SLOT WAVEGUIDES

1005 T T 3
PP
10 O :
1072 : :
0 50 100 150

Access waveguide length [um]

Figure 5.7: The signal-to-background ratio for our four photonic-plasmonic sensors.

5.2.2 Origin of extra background

While the length of the access waveguide could be reduced further, it does not
necessarily lead to a reduced background if the reflectivity of the nanoplasmonic
sensor becomes significant. Indeed, the reflected excitation beam will eventually
reach the long output waveguide where it will generate a photon background. To
quantify the importance of that undesired reflection on the SBR, we measured it
for two output waveguide lengths on the same chip: 11 mm and 5 mm. Figure 5.8
presents the result of that measurement. We display the ratio (R) of the SBR when
the output waveguide is the longest (11 mm) to the SBR when the output waveguide
is only 5 mm. This ratio is therefore immune to fabrication variations occurring
for chips sputtered with different conditions. The fact that this ratio is smaller
than unity indicates that some spurious photon generation occurs in the output
waveguide. The fact that it goes asymptotically to 1 when increasing the access
waveguide to 100’s of micrometers indicates that the background contribution due
to the access waveguide length is strongly dominant in that case. At the opposite
side, if the background contribution due to the output waveguide was strongly
dominant, this ratio would be 46% (5 mm/11 mm).

For the structures with the short access waveguide the ratio R is 0.83, showing
that the background due to the access waveguide and the output waveguide are of
the same order. Other background sources due to the MMI and the input waveguide
do not seem to play a major role under the device dimensions probed. If they did, R
would be approaching unity for all the structures as changing the output waveguide
length would not affect it.
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Figure 5.8: Decrease in SBR when increasing the output waveguide length from 5 mm to 11
mm for the four samples.

The fact that the background contribution due to the 11 mm output waveguide
is nearly equal to that of the 43.5um access waveguide (and plasmonic slot) is
already an encouraging results. It shows we can integrate elements such as a notch
filter [17] to remove the excitation beam by paying a low price in term of the
SBR: a reduction by a factor of 2 (hence a reduction of the SNR by v/2). As the
length of the access waveguide can easily be reduced to the length of the mode
converter (20 pm), we can conclude that the actual limitation of our architecture
lies in the reflections arising at the interface between the dielectric and plasmonic
slot waveguides. Before discussing how to further improve this, we are comparing
this architecture with the simplest architecture possible.

5.2.3 Comparison with alternative architectures

In order to integrate the Raman sensor with other elements, the alternative to our
architecture consists of placing the elements behind the sensor and collecting the
forward-scattered Raman light. We refer to that configuration as the “transmission
configuration”(see Fig. 5.1).

To make a comparison, we assume a circuit for the transmission-configuration
with a plasmonic slot waveguide of optimal length (1.8 yum [64]). The amount of
Raman scattered power can then be taken equal in both configurations. In the case
of the MMI-based circuit, we consider the photon-background contribution due to
the access waveguide with a length of 43.5 um (our best demonstrated sample), an
equivalent background contribution due to the plasmonic slot and the contribution
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due the output waveguide. As we know the amount of photon background generated
per unit of length and per unit of optical power of the excitation beam, we can
predict the amount of this photon background as a function of the output waveguide
length (see Section 5.2.3.1 for the detailed calculations) . This requires knowledge
of the fraction of the excitation laser beam power reflected to the output port. We
experimentally estimated this reflection to be between -26.9 dB and -32 dB for our
various samples (by removing the dichroic mirror of Fig. 5.5 and connecting the
multimode fiber to a power meter instead of the spectrometer). From simulation,
those numbers are between - 25 dB and - 30 dB where the uncertainty reflects
the imprecise knowledge of the gold thickness. Because the excitation power is
reduced, the photon background contribution of the output waveguide is 173 times
weaker per unit of length than the contribution due to the access waveguide. For
simplicity, we assumed the MMI to be perfectly balanced both at the excitation and
Raman scattered wavelengths.
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Figure 5.9: Evolution of the signal-to-background ratio with the length of the output
waveguide for the case of the MMI-based configuration (yellow curve) compared to the
simpler "transmission configuration” (red curve) and a directional coupler-based
configuration (blue curves) with a DC length of 50 pm & 112 pm respectively. The dashed
lines illustrate the typical length of elements that could be integrated to the plasmonic
Raman sensor: rejection filter (RF) [17] and arrayed waveguide grating (AWG) [18].

In the case of the transmission configuration, we can proceed to the same
reasoning but we have to make an assumption on the transmission of the pump and
of the Raman scattered light through the plasmonic slot waveguide. We take this
transmission to be -12.22 dB (coupling loss of -3.95 dB/facet and absorption loss
of -2.4 dB/um [16]). The result of the comparison is plotted in Fig. 5.9 via the
expected SBR corresponding to both configurations. It can be seen that the SBR
of the MMI-based configurations outperforms the transmission configuration for
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an output waveguide length as short as 782 pm despite the current (not optimized)
geometry of the access waveguide length. This MMI configuration thus proves to
be a good option for further integration with spectral functionalities. It also eases
the fabrication because collecting the back-scattered Raman light implies that the
length of the nanoplasmonic waveguide does not need to be optimized while it
requires to be precisely controlled for the forward-scattering case [64].

We can conclude that our MMI provides a significant advantage over the before
mentioned transmission measurement and comes at nearly no cost. One could
however argue that the same would apply to a balanced directional coupler (DC)
with a 50/50 splitting ratio. This is not the case because a directional coupler comes
with a significant photon background noise penalty. As a DC is simply made of
two single-mode waveguides and as we know the quantity of background photons
generated in such a waveguide per unit of length [64, 86], the effect on the SBR
can be deduced for a DC with the same length as the MMI (112 pm) and a more
compact DC with a length in the order of 50 pm [153]. Where we only consider the
reflection at the plasmonic slot facet and no reflection in the DC itself (see Section
5.2.3.1). The result of that calculation can be seen in Fig. 5.9. It shows indeed that
the SBR is between 1.75 and 4 times better for the MMI-case as compared to the
DC-case, depending on output waveguide length and DC-length.

The fact that our MMI provides a better SBR is because the photon background
originating from it is small enough to be negligible compared to background
generated in the access and output waveguide. This can be understood when
considering the multimode behaviour of the MMI. If only the modes with TE
polarization are considered then the MMI supports 24 different guided modes. As
a result the generated background photons, which are incoherent relative to each
other, couple to all those modes and will upon propagation to the output of the MMI
not be confined to the output waveguides. This is further confirmed by the fact that
only 5 out of those 24 modes are responsible for supporting 90% of the transmission
of in-coupled to out-coupled signal. Therefore, most of the background generated
in the MMI will be radiated out rather than being collected at the output waveguide.
The effect will be similar for the TM modes. This clearly demonstrates the benefit
of using an MMI rather than a directional coupler.

5.2.3.1 Estimating the different signal-to-background ratios

Before starting the description of the different background contributions, let us
firstly recall the general equations for the amount of background power Pgg gener-
ated in the backward- and forward-propagating direction along a dielectric waveg-
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uide with length L (see Section 3.2.3.1):
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Where Py, is the guided pump power in the input waveguide, 1 the Raman conver-
sion efficiency, psin and ogjn the molecular density and the scattering cross section
of the SizN4 waveguide core and LF the length factor with ap, ag the waveguide
loss for the pump and stokes beam and L the waveguide length. From figure 5.10
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Figure 5.10: Different background (BG) sources in the MMI-plasmonic slot configuration.
R, represent the reflection in the MMI from the input port (port 1) to the output port (port
2) when light is being transmitted towards the access waveguides (T3 & T14). Ra and Ry,
represent the reflections at opening of the oxide cladding and the plasmonic slot facet
respectively. Ra, Ry, are assumed to be the same for both access waveguide arms.

the different background contributions can be illustrated. Instead of expressing
the different contributions as integrated detector counts (BG) it is better to express
them in function of the guided background power on-chip (P):

¢ hug

- >  BG (5.3)
(TchipTset) tint

Where ( is conversion rate of the spectrometer [25], hus the photon energy, Tcpip & Tset
the transmission loss when coupling from the chip to free-space and transmission
loss in the setup after the chip respectively, ti is the integration time used during
experiment.

The total background power being present at the end of the output waveguide
can now be expressed as the sum of the background power generated in the input
waveguide (P ), the MMI (Py g & Py p), the access waveguide (Po g & Pop)
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and the output waveguide (Po r). Where F, B indicates if the background power is
being generated by the forward or backward Raman scattering process respectively.
Furthermore, we include the effect of the background generated in the plasmonic
slot in P5. Hence PBGM = PI,F + PM,F + PM,B + PAJ: + PA,B + PO,F- Now the
background power due to the individual background sources can be written as:

1
PLE =5 suip BsiN P Lin
Tir 5.4)

% (Riz®) + (Ra(s) + Ru(®)) (T13(9) Ta®) + Tra(0) Taa(s)) )

Tmp
—

1
Py =7 "MMI Bsin Prn Lmmr % (Tz(S)) (5.5)

1
PmF =7 "MMI Bsin Pin Lvmit
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X (T13(P) Tp(p) Tp(s) T32(s) + T14(p) Tp(p) Tp(s) T42(S))

Where s, p indicate whether the reflection or transmission is occurring at the
stokes or the pump wavelength. The assumption LF = L is made in order to
simplify the equations, note that this holds for waveguide lengths up to 1 cm (with
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ap = ag = 1.5 dB/cm for the cladded strip waveguide). From there, the LF and
additional loss factors need to be introduced in the equations [64]. The length L,
refers to the small piece of access waveguide between the MMI and the opening
of the oxide cladding while L refers to the complete access waveguide length (+
an extra length contribution whose background is equivalent to the background
generated in the plasmonic slot). Ly corresponds to the output waveguide length.
The reflections at the mode converter and the tapers are not considered in the
equations, as from simulations (see Appendix A) they are expected to be much
lower than the other reflection sources.

In order to better understand the terminology used in the equations above let us
take the back-scattered background generated in the access waveguide (P4 g) and
the background power generated by the forward-scattering process in the output
waveguide (Po r) as examples. Let us start with P g, before the guided pump
power (Pp,) can reach the access waveguides it firstly needs to travel trough the
MMI and hence the amount of pump power reaching the access waveguides will be
Pin(T13(p) + T14(p)). The background generated in these access waveguides over
an waveguide length Lo will therefore be proportional to La Pi, (T 3(p) + T14(p)).
This background power is then transmitted towards the output waveguide before it
contributes to the total background detected in our experiments. The amount of back-
scattered background power due to the access waveguide is thus proportional to
LA Pin(T13(p)T32(8) + T14(p)T42(s)). In case of Pg  , in order for the guided pump
light to reach the output waveguide a small portion of it can be reflected in the MMI
towards port 2 (R|7), at the opening of the oxide cladding (R,) and at the interface
of the plasmonic structure (Ry) after which it will again be transmitted through
the MMI Ry5(p) + (Ra(p) + Rp(P)) (T13(p) T32(p) + T14(p)T42(p)). From there on
these pump reflections can generate a background over the output waveguide length
Lo.

Next, as mentioned in the Section 5.1.3, the SBR can be characterized as the
ratio of the integrated signal counts (S) over the background counts (BG) (see figure
5.6). Using eq 5.3 an alternative way of characterizing the SBR is by using Pg, and

PBGy

S ( s ) S
(Tchip Tset) tint

BR= — =~ Chip SeVfim /- 2

S BG ( Chs ) x BG

(Tchip Tset) tine

. (5.11)
Pse _ T%%

P BG,tot L;,G*“"

In

Besides Pg, and Ppg,,, being independent of the integration time, the ratio of P,
and Ppg,,, also does not depend on the guided pump power used during experiments
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as the amount of Pjj, is the same for both the signal and the background power. In
Section 5.2.2 the ratio R was defined as:

PS,I.l(:m PBg.O.Scm

_ SBRllcm _ l:'BG,],Icm _ Pin,O,Scm (5 12)
SBRO Sem Ps.0.5cm PBg.I.lcm ’
’ PBG,0.5cm Pin,1.1cm

Ps,05em P . . .
Where we assume that 222 = &L gince the variation of output waveguide
In,0.5cm In,1.lcm

from 1.1 cm to 0.5 cm does not have an effect on the NTP signal being generated
by the plasmonic structure (7p;. is unchanged). So instead of making a direct com-
parison of the background counts (BG) obtained for the different output waveguide
lengths a better alternative is to use the normalized background variation R since it
is independent of the integration time, plasmonic structure and the guided power in
the experiment.

Next, the SBR of the MMI-slot configuration is compared to the transmission
configuration and a directional coupler configuration. An identical plasmonic
structure as the one experimentally demonstrated in this work is assumed in each
collection scheme. This means that 7, is the same in each configuration. Using
eq.5.11 it is now possible to write the SBRyp\ as:

Ps, _ Psg
PG PLF+PMpF+PMB+Par+PaB+PoF

SBRyvmr = (5.13)
In order to come to a more workable expression of SBRyp; some background
contributions will be left out. Since the access waveguide and the MMI have a
direct path towards the output waveguide (without the need of reflections), Pa F,
Py p will be much smaller than P g, Py p respectively such that:

PSg
Prr+Pymp +Pag +Por

SBRymi = (5.14)

From Section 5.2.2 we know that both the background generated in the MMI
and the input waveguide do not play a major role in the background. Therefore,
those background contributions will not be considered in the theoretical estimate.
The taper lengths of the MMI will be added to the access waveguide length (L, =
2 x LA + Laper) since the background generation in those tapers will be much
higher than the MMI (as they guide a single mode). We will use 2 x Ly =
2 x 43.5 um i.e. doubling the access waveguide length, as we do not know the
exact background contribution due to the plasmonic slot (only that it is smaller
than the background contribution of the access waveguide). Therefore, we will
be conservative and assume that it has the same background contribution as the
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43.5 um access waveguide. Including the effect of the plasmonic slot on the
background is thus equivalent to doubling the access waveguide length.

np1. Ontp LFpi g (Tsg)
nsuip Bsin (3 La, Tap + LoTop)

SBRymr = (5.15)
Now for the reflections (R, Ra, Rp), in Appendix A it is shown that the reflection
at the facet of the plasmonic structure Ry, is over 10 dB stronger than Ry, and R;. In
order to calculate SBRyp 1, only Ry, will be considered and Ry, (s) will be assumed
to be equal to Ry (p). Furthermore, the MMI transmissions (T) are all set to 0.5 (this
will induce a tiny error ~ 20%, as the transmission at the Stokes wavelengths is
less efficient, which is sufficiently low for the type of calculation done here). So
the SBRyvr becomes:

np1. Bnte LFpy_p (Th)?

Nsuip Bsin Ry (Lo) + % La,)

(5.16)

Where Ty, is the transmission when transitioning from the access waveguide
into the plasmonic slot and vice-versa.

For the transmission-configuration we have a background that is generated in the
access waveguide, in the plasmonic slot and in the long output waveguide behind the
plasmonic slot. For the access waveguide, we take a length of Lp = 43.5 um. Any
background generated in the access waveguide will need to be transmitted through
the plasmonic slot (T%Tpl) before it can be collected in the output waveguide.
Where Ty is the transmission when passing through the plasmonic slot. In the same
way the pump light that generates a background in the output waveguide also first
needs to be transmitted through the plasmonic slot. The background contribution
due to the plasmonic slot is represented as 1—135 L, where the factor 1.35 includes
the effect of the difference in the length factor between the forward and backward
Raman generation [64]. Now, the SBR can be written as:

np1. BT LFpLF (Tp)?
Nsuip Bsin (T2 Ty (La +Lo) + 7hsLa) (5.17)

SBRTyqn. =

Where we again use 7gjot = %UStrip~

Finally, we can derive the SBR for the directional coupler-configuration. Since
a directional coupler simply consists of two single-mode (strip ) waveguides its
effect on the background is similar as that of the access waveguide. Therefore, an
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extra contribution (Lpc) due to the directional coupler is added such that the SBR
becomes:

np1. Antp LFpL_B (Tp)?
Nsuip AsiN (R (Lo) + 3 La +Lpc) (5.18)

SBRpc =

Note that we use % L, instead of % La, = % (2 X La + Liaper) (as in Eq.5.16)
since the DC does not require a taper section.

Now we can fill in the SBR formulas of the different configurations using the
parameters as described in Table 5.1. The signal term S = np; Sntp LFp) B (Tp)?
of the different formulas is calculated by taking Eq. 5.16 and multiplying the
denominator with SBRymy = 0.56 (for La, = 104 um and Lo = 5 mm and using
LFP],F = LFP],B/] 35 [64] for SBRTran.)~

Parameter Value Unit
Bsin [105] || 3.3 x 108 [srlem™)
Nsuip [64] 0.507
La, 0.0104 [cm]
La 0.00435 [cm]
Lpc 0.0112 [cm]
0.0050 [cm]
Ry -27 [dB]
Ty -3.95 [dB]
Ty -4.32 [dB]

Table 5.1: Parameters used together with Eq. 5.16-5.18 to make the plots in Fig. 5.9.

Additionally, we can also make a comparison between the background generated
in the output waveguide and the access waveguide (including the plasmonic slot
contribution) since they are the most important background sources in our device.
If we now use Eq. 5.7 and 5.9, we can describe the ratio of the output background
to the access waveguide background as:

Por _ Mstip BsiN P Lo ToF
PAB  7siot BsiN Pin La, TaB

(5.19)
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If we now again assume that the MMI transmissions (T) are all set to 0.5 and the
reflection due to the plasmonic slot waveguide (Ry) is dominant and wavelength
independent (i.e. Rp(As) = Ry (Ap)) then this ratio becomes:

Por _ nsuip Lo Rp

= (5.20)
Pap nslotla,

We can now also include the effect of a pump rejection filter on the output waveg-
uide (Rfijer,our) (ignoring the background contribution of the filter itself which is
acceptable for Ry, > —27dB, see Section 5.3.1) such that Eq. 5.20 becomes:

Por _ nsuip Lo (R + Riijer,out)
PaB nstotla,

(5.21)

Note that for long output waveguides (> 1 cm) the propagation loss of the output
waveguide also needs to be accounted for such that:

Por _ 7suip LFo (Rp + Riiler,out)

= (5.22)
PaB nstotla, exp(-=asLo)
where we now assume that as = ap, such that (see Eq. 3.33):
P . Loexp(—apLg) (Rp + Ry )
OF _ NStrip LOCXP(—apLlo) (Rp filter,out (5.23)

PaB nsiotla, exp(-apLlo)
and we can see that we come to the same expression as Eq. 5.21.

Let us now apply the condition that the background due to the output waveguide
needs to be an order of magnitude smaller than the access waveguide background
(i.e. Pop/PA B = BGout/BGacc = 0.1). We can now express the maximum output
waveguide length for this condition to hold as:

La,

Low=Lo=01x——2L
out 3 (Rb + Rfilter,out)

(5.24)

where we used 7510t = Nsrip/3-

In the same way we can now compare the background of the access waveguide
to the background generated in a output fiber behind the output waveguide (with a
coupling loss (p = (s = ¢ between the waveguide and the fiber). The background
ratio at the end of the fiber then corresponds to:

Pliberout Gfiber (P To,F Cp) LFfiber,out
Paccess fiber  (GsiNslot Pin LA. TaB) (s exp( —asLfiber out )

(5.25)

We can now again assume that the reflection at the plasmonic slot interface is
dominant (Ry), that the MMI transmissions (T) are all set to 0.5. Furthermore, we
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assume that the propagation loss in the fiber (as, ap), reflection at the plasmonic
slot interface and the MMI transmission from port-to-port are the same at the Stokes
and pump wavelength. Next, we also include the effect of a pump rejection filter
Rfitter,out ON the output waveguide before the light couples out to the optical fiber
such that:

Piverout _ GfiberPin (Rb + Riitter,out) Cp Leiber,out €XP( —pLeiber,out )
PAccess,fiber GSiN,slot PinLa 1 (s exp( —astiber,out )

(5.26)

which can be simplified to:

Pfiber,out _ Gfiber (Rb + Rfilter,out) Lfiber,out
PAccess,fiber GSiN ,slot LA1

(5.27)

Let us now again apply the condition that the background due to the output fiber
needs to be an order of magnitude smaller than the access waveguide background
(i-e. Pfiber,out/Paccess.fiber = BGtiber,out/BGacc = 0.1). We can then express the
maximum output fiber length for this condition to hold as:

GgiN slot LA,
Gfiber (Rb + Rfilter,out)

Lfiber,out =0.1 x (5.28)
Now we can also derive an equivalent expression for an input fiber proceeding the
chip (evaluated at the end of the output waveguide):

Priberin _ (Ofiber ZexpCap L - fiberin) s TLF

PaB Gsingsiot Pin La, TaB

(5.29)

which again can be reduced to (assuming a Stokes rejection filter on the input
waveguide):
Pfiber,in _ Giiber (Rb + Riilter,in) Lfiber,in

= (5.30)
PaB GsiN stot LA,
For which the input fiber length can again be expressed as:
GsiNslot L
Lfiber,in = 0.1 X Sillslot A, (5.31)

Griber (Rp + Riilter,in)
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5.3 Improvements & Conclusions

5.3.1 Improvement strategies

The architecture presented here can be improved in several ways. One route
for improvement consists in further reducing the length of the access waveguide.
It is nearly trivial to reduce its length to the length of the mode converter (20
pm). Reducing the background contribution due to the plasmonic slot is not that
straightforward since it also affects the signal generation. Furthermore, reducing
the length of the mode converter is also not as trivial because there is a trade-off
between a shorter length and proper mode matching. Since we know that for
access waveguide lengths in the order of 43.5 um the contribution due to the output
waveguide is as strong as that due the access waveguide and plasmonic slot, further
reducing the reflections of the excitation beam is thus the actual limitation. In the
current study, we have no possibility to experimentally distinguish (1) the reflection
due to the interface between the dielectric and plasmonic slot waveguides from (2)
the reflection due to the mode converter/MMlI-tapers, (3) from the reflection in the
MMI or even (4) the reflections occurring at the interface between the silica cladded
and water cladded slot waveguide. From numerical simulation, it is expected that
the reflection due to the plasmonic waveguide (1) is at least 10 dB larger than the
other three sources. More advanced mode matching at those four critical points
will ultimately reduce the reflection and therefore improve the performance of our
MMI-based circuit. For instance, the reflection due to the plasmonic waveguide
could be better controlled by a more precise deposition technique such as the
atomic layer deposition of gold that furthermore results in an increased Raman
response [154] (see Section 6.1.1 for an example of such a plasmonic slot made
with ALD gold). If the reflection in the MMI would be the limiting factor, the MMI
can be designed with a central wavelength (closer) to 785 nm which would reduce
the pump reflection to the output port by an extra -30 dB (from simulations in
Lumerical). Another way to improve the architecture is to engineer the MMI so that
it acts as a wavelength division multiplexer [155] transmitting the excitation beam
from the input port (port 1) to the Raman sensors (port 3,4) with a high transmission
and transmitting it inefficiently from the Raman sensors to the output port (port
2) while the scattered Raman light is efficiently collected in the output port. This
would lead to a reduction of the reflected pump light in the output waveguide
therefore improving the SBR for even longer/more complex analyzing circuits. Our
first option is to re-design the MMI itself. In literature, angled-MMIs (A-MMI)
have been proposed to separate the different frequency bands [156] (see Fig. 5.11).
The frequency band captured by each output arm corresponds to a different part of
the Raman spectrum. The pump frequency is efficiently transmitted towards the
Raman sensor but is not captured by any of the output waveguides. The second
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Figure 5.11: Proposed wavelength division multiplexer design using an angled-MMI. The
axial positions of the input/output waveguides correspond to the self-imaging points of the
different wavelengths propagating in the Raman arm [157].

option is to simply use the current MMI design and make a wavelength division
multiplexer out of it by using interference. If we simply place the two SERS sensors
~ M4 apart, the reflected pump contributions from both SERS sensors will be in
anti-phase compared to each other (see Fig. 5.12). The destructive interference of
both contributions at the output port will then make sure that the reflected excitation
beam is not coupled-back into the output waveguide. The Raman scattered light of
the two SERS will still efficiently couple to the output port since Raman scattering
is an incoherent process and therefore both contributions will maintain a random
phase relationship compared to each other despite the extra path difference.

In P Pump 1 3 i E
i 1SERS sensor
Ppump Rrefl. . o
PoumpRren, €™ I SERS sensor

Out 2

PRaman
—

Figure 5.12: Proposed wavelength division multiplexer design using our current MMI
design with the plasmonic sensors simply placed M4 apart.

Another improvement strategy consist in integrating a rejection filter [17] or
lattice filter [158] on the output arm such that the back-reflected pump light can be
further suppressed and does not generate a significant background contribution in
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the output waveguide. The total pump rejection of our device (Rio) can then be
expressed as a combination of the pump rejection by the architecture itself (Ry,) and
the rejection by the filter on the output waveguide (Rejjter out)- In the future we can
design our device such that the background contribution of the output waveguide is
no longer a relevant background source compared to the background of the SERS
sensor itself (i.e. BGout/BGacc. ~ 0.1). In Section 5.2.3.1 (Eq. 5.24) we showed
that the maximum allowed output waveguide length (Loy¢) for this condition to hold
can be expressed as:

La,

Louyt=01%X ————
o 3Ry + Rfilter,out) (5.32)

where Ly, is the access waveguide length (which also includes the background
contribution due to the plasmonic slot itself, see Table 5.1). We can see that we can
control the allowed output waveguide length by tuning the total pump rejection of
our device. The relationship between the pump rejection and the corresponding
output waveguide length is plotted in Fig. 5.13. The required pump rejection can
be achieved by improving the architecture (as described above) and/or increasing
the filter length. Note that we showed in Fig. 5.9 that integrating a rejection filter
of maximum length on the output waveguide (2 mm, with -65 dB rejection) would
only lead to a minor deterioration of the SBR (~ —10%, for Ry, = —27dB). In
practice such a long filter is not needed as a filter of ~ 100 ym (-30 dB rejection)
would already suffice for most applications (under the condition that Ry, = -27 dB
as encountered in this work).

Now since since the full integration of the Raman spectroscopic system will
be challenging in the short term, practical implementations will most likely make
use of fiber-packaged NWERS (SERS) sensors linked to off-chip components that
are difficult to integrate [146]. Since these input and output fibers will have a
background contribution associated with them it is also interesting to look at
the required Stokes/pump rejection of our device (Ro) for these background
contribution to be negligible (i.e. BGgjper/BGacc. ~ 0.1). Let us now first consider
the case where a pump rejection filter (lattice filter) is integrated on the output
waveguide before the light is coupled into a optical fiber. In Section 5.2.3.1 (Eq.
5.28) we showed that the maximum allowed length for the output fiber Lejper oyt in
that case corresponds to:

Gsin La,
Giber (Rp + Rilter,out) (5.33)

Lfiber,out =0.1 x

where Gg;jy is the spontaneous Raman gain factor for the dielectric slot waveg-
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Figure 5.13: Relationship between the maximum allowed output waveguide length (Lout)
(for a negligible output waveguide background contribution) and the total pump rejection of
our device (achieved through a combination of the rejection of the MMI-architecture (Ry)
and the rejection by the filter on the output waveguide (Rijer,out))-

uide and Ggjper the spontaneous Raman gain factor for the optical fiber, with
GgiN/Ggiper = 42. Analogously, the same filter can be integrated on the input waveg-
uide in order to separate the incoming pump light from any background contribution
accumulated in the fiber proceeding the Raman sensor (since they allow to collect
both the pump and Raman light at different ports). In Section 5.2.3.1 (Eq. 5.31) we
derived a similar expression as Eq. 5.33 for the input fiber length:

Gsin La,
Gfiber (Rp + Rfilger,in) (5.34)

Lfiber,in = 0.1 X

under the assumption that Ry(As) = Ry, ()p) we can see that the only difference
between both expressions corresponds t0 Rejjeer in as the integrated filter on the
input waveguide filters the Raman background (from the fiber) compared to the
pump wavelength for the output waveguide. The relationship between the total
Stokes/pump rejection and allowed input/output fiber length is however the same for
both fibers. Therefore we can make a singular plot where we use Ryjjier (representing
Rfitter,in for the input fiber and Ryjjer oy for the output fiber) and Lepe, (representing
Litter,in for the input fiber and Ljjer,oue for the output fiber), see Fig. 5.14.

Note again that the effect of integrating the Stokes/pump rejection filter on the
input/output waveguide will only have a modest impact on the SBR ratio. The
conclusion of Fig. 5.9 (i.e. a2 mm rejection filter only leads to a minor deterioration
of the SBR ~ —10%) also holds for a Stokes rejection filter of 2 mm integrated on
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Figure 5.14: Relationship between the maximum allowed fiber length (Liper) (for a
negligible input/output fiber background contribution) and the total Stokes/pump rejection of
our device (achieved through a combination of the rejection of the MMI-architecture (Ry)
and the rejection by the filter on the input/output waveguide (Rjier))-

the input waveguide (where we assume that Ry, (As) = Ry,(Ap), the port-to-port MMI
transmission is Tymp = 0.5 for both Ag & Ap and Ry, = —27dB as encountered in
this work).

5.3.2 Conclusion

In conclusion, our novel configuration based on a 2 x 2 MMI works effectively. It
allows to extract the Raman scattered light out of a Raman sensor while enabling
further integration with an analysing photonic circuit i.e. lasers, filters and spec-
trometers which are required for a complete Raman-on chip spectrometer. The
penalty in terms of extra photon background generated is minimal. The background
was shown to originate from the back-scattered Raman background in the short
access waveguide (& Raman sensor) and from the output waveguide. The photon
flux generated in that output waveguide is due to the same process occurring in the
forward direction as the result of the presence of a remaining excitation beam. We
found no contribution of the MMI to the photon background. This is an advantage
of the MMI over a directional coupler that is able to perform the same functionality.
We discussed the possible improvement to our design and showed that the focus
should be put on reducing spurious reflections of the excitation beam on its path to
the Raman sensor. In the future, an MMI having a spectral functionality may help
to improve the capability of our architecture further.



SE-SRS on nanoplasmonic slot
waveguides

SE-SRS on nanoplasmonic waveguides brings the advantage of boosting the
strength of the generated Raman signal by three orders of magnitude compared to
on-chip SERS while at the same time providing an improvement in the SBR by
three orders of magnitude compared to on-chip SRS (see Section 4.5 for additional
details). In this chapter, we will experimentally explore SE-SRS on nanoplasmonic
waveguides and report our findings. Firstly, we discuss the sample fabrication,
followed by the description of the measurement setup and the experimental veri-
fication of its correct functioning by performing SRS measurements on a optical
fiber and a dielectric slot waveguide. Then, we present the result of our SE-SRS
measurement on the nanoplasmonic slot waveguide and demonstrate that a com-
bined photothermal and thermo-optic effect in the gold material induces a strong
background signal that prevents the detection of our chosen analyte. Next, these
experimental results are backed up by theoretical estimates on the strength of the
photothermal effect and further confirmed by thermal simulations for which a 3D
model of the nanoplasmonic slot is build. Finally, we propose several methods to
reduce or counteract this background.

The text/figures of this chapter have been adapted from my published paper [90].
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6.1 Sample fabrication

6.1.1 Nanoplasmonic slots

Photonic circuits of our Raman sensor are fabricated on 200 mm oxidized silicon
wafers by depositing 300 nm of silicon nitride on top of a 3.3 um silica layer through
a plasma-enhanced chemical vapor deposition process (PECVD) (Imec‘s BioPIX
platform [159]). Subsequent patterning is performed by deep UV-lithography and
reactive ion etching. In this way, a 4 mm long (1) slot waveguide with width (w) X
height (h) = 700 x 300 nm? and a 150 nm wide slot are fabricated (see light
grey parts of Fig. 6.1 c). A silica top-cladding of 1 um is deposited over the full
dielectric slot length except for an open-cladded region of w x 1 =50 x 10 um? in
the middle of the chip.

Nanoplasmonic slot waveguides are fabricated in the open-cladded region by
firstly covering the dielectric slot with a 60 nm conformal Al,Oj3 layer via ALD (in
order to reduce the slot gap) followed by the sputtering of a 2-nm Ti adhesion layer.
Afterwards, an open window is defined by using AZ 5214 photo-resist and contact
lithography corresponding to the region where the gold needs to be deposited. This
window is 1.8 um along the direction of the waveguide and is 12.7 pm wide.

We have two varieties of samples that differ by the gold deposition method: a
gold sputtering process (detailed fabrication steps are given in Section 5.1.2) or
atomic layer deposition (ALD). Gold deposition through ALD distinguishes itself
by being more conformal and allowing a better controlled growth of the gold thick-
nesses than the sputtering alternative [154]. Furthermore, it leads to the formation of
semi-continuous nanotrenches within the gold that further increases the plasmonic
enhancement. In [160, 161] it has been shown that this leads to an increase in the
generated Stokes signal by an order of magnitude (Ps ALp/Ps sputtered = 10) when
probing a monolayer of NTP on the nanoplasmonic waveguides using SERS. A
similar increase in the generated Stokes signal can be expected in our SE-SRS
experiments for the ALD versus sputtered gold waveguides. The ALD gold layers
are deposited at a substrate temperature of 100 °C using a home made ALD reactor
with a base pressure of 2 x 1070 mbar. Au is deposited using Me3 AuPMej and Hp
plasma (20% H; in Ar) as the precursor and reactant with a 1 mbar and 6 x 1073
mbar pressure respectively. The readers are suggested to consult [154] for the
complete details on the ALD Au deposition process.

Fig. 6.1 a, b provide the SEM pictures of the fabricated plasmonic samples
used during experiments which show that both slot gaps are open. Using the
definitions of the thicknesses at various locations provided by Fig. 6.1 c, for the
sputtered gold sample the inner side walls of the slot tg,; = 5.5 nm, the outer
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side walls of the plasmonic waveguide tg4e = 30 nm, and the horizontal surfaces
next and on top of the waveguide tyop ~ tpexe ~ 100 nm. For the ALD gold
ttop = tnext = Lside = tslot = 23 nm and the alumina thickness is set to 48 nm. Note
that for the thermal simulation later in this chapter Fig. 6.1 ¢ will be used which
is modeled on the sputtered slot in Fig. 6.1 a. Both the ALD and sputtered gold
nanoplasmonic waveguide have a length of 1.8 pm with 2 mm access waveguides
on each side.

Two separate chips are fabricated containing six plasmonic slots each, with
gold deposition by sputtering and ALD respectively. Besides the plasmonic slot
waveguides, each chip also has two fully-cladded dielectric slot waveguides without
any plasmonic structure. Those dielectric waveguides serve as references for our
measurement apparatus.

Figure 6.1: a) SEM image of the plasmonic slots fabricated using gold sputtering deposition
b) and ALD gold deposition c) Schematic of the plasmonic slot modeled on the sputtered
gold sample with the different gold thicknesses (t) and the width (w), height (h) of the silicon
nitride slot waveguide indicated. The dimensions of a), b) are reported in the body of the
text.



6-4 SE-SRS ON NANOPLASMONIC SLOT WAVEGUIDES

After fabrication, the Raman sensors are functionalized with a monolayer of
4-Nitrothiophenol (NTP) that selectively binds to gold but not to silicon nitride
avoiding any extra contribution of SRS from the access waveguides themselves,
see Section 5.1.2 for fabrication details (in the current measurements the NTP and
plasmonic slot are exposed to air and no droplet of water is applied on top of them).
The presence of the NTP monolayer on the plasmonic slot is verified by top-down
measurements using a commercial confocal Raman microscope.

6.1.2 Suppressing cavity formation

Dicing and polishing are employed to terminate both chips with a 15 deg. angled
facet in order to suppress back-reflections [35]. Those reflections result in the
formation of a low quality Fabry-Perot cavity between dielectric slot end-facet and
the plasmonic waveguide. Furthermore, chips are placed under a 30 deg. angle
when measuring in order to suppress the formation of an unbalanced Mach-Zender
interferometer. If not addressed both effects can swamp the (SE-)SRS signal, more
details are provided in Section 6.2.3.1.

6.2 Setup & Verification

In this section we discuss the setup employed in our (SE-)SRS experiments followed
by a experimental verification of its functioning on a optical fiber and dielectric
reference waveguide.

6.2.1 Lock-in detection scheme

The (SE-)SRS setup used in this work is presented in Fig. 6.2 and validated in a
previous study [19]. A lock-in detection scheme is employed in order to detect the
NL-Raman gain of the Stokes beam (red). In our setup the amplitude of the pump
beam (green) is modulated and sent through the plasmonic slot where it induces an
intensity increase on the Stokes intensity via the (SE-)SRS process by an amount
Alg. This modulated increase of the Stokes beam is then picked up by the lock-in
amplifier. By tuning the Stokes wavelength, the Raman spectra for a given analyte
of interest is probed. In order to ease the separation of both beams prior to detection
both beams are counter-propagating. The pump beam is originating from a laser
diode and is sinusoidally modulated via its current resulting in a modulation depth
of 30% on the intensity (peak-to-peak) at the wavelength of 785 nm. The intensity
modulation on the pump is provided by the lock-in amplifier through the direct
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Stokes laser

Figure 6.2: Schematic of the setup for the SE-SRS measurements. \2: half-wave plate, PBS:
polarization beam splitter alligned to the TE-polarizion of the waveguide, DM: dichroic
mirrors, Col: collimators, OD: Neutral density filter, Obj: Mitutoyo Plan Apo 50 x
(NA=0.65), BD: balanced detector, BS: 4 %-reflective beam splitter.

modulation of the drive current. The Stokes beam is originating from a tunable CW
Ti:sapphire laser. Half-wave plates and polarization beam splitters are used in order
to control the power and ensure that only TE-polarized light is coupled into the
chip. Dichroic mirrors are employed to separate the counter-propagating beams
and collimators to collect light into optical fibers. The Stokes beam is eventually
measured using a balanced detector to remove any fluctuation from the source itself.
The Raman gain in the sample imprints a shallow modulation on the Stokes beam
that is picked up by a lock-in amplifier. A 4 % power tap of the original Stokes
beam (not affected by the Raman interaction) is provided as a second input to the
balanced detector.

The (SE-)SRS spectra presented in this work (excepted for the optical fiber
measurement) are measured with the modulation frequency set to 1 MHz, the
build-in gain of the balanced detector set to 10°, the lock-in amplifier to a 500 ms
time constant and the optical power 25 mW and 20 mW before the objectives for
the pump and Stokes beams respectively.

The presented spectra are obtained by averaging two successive measurements,
applying a Savitzky—Golay filter [162] and normalizing by the pump and Stokes
power. Measured data points have a uncertainty of ~ 20% between successive
measurements which originates from a combination of alignment drifts, the shot
noise contribution due to the Stokes laser and small sample variations (a more



6-6 SE-SRS ON NANOPLASMONIC SLOT WAVEGUIDES

detailed discussion is presented in [35]).

6.2.2 Calibration: SRS on a optical fiber

The proper operation of our (SE-)SRS setup is first confirmed by the acquisition of
reference SRS spectra on a commercially available optical fiber with a silica core.
In this case the chip and objectives of Fig. 6.2 are replaced by two collimators to
collect light from free-space and a L= 6 m long optical fiber. A pump and stokes
power of 1.3 mw (modulated pump power) & 2.8 mW respectively are propagating
in the fiber and a 1 MHz modulation frequency is set on the lock-in amplifier
together with a 500 ms time constant and a gain of 10* . Fig. 6.3 shows the result
of this measurement and clearly has a good overlap with the spectrum presented
from [163].
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Figure 6.3: SRS-spectrum of a optical fiber (blue dots) using our experimental setup
together with the Raman gain spectrum of silica glass as a comparison (from [163]).

Now let us calculate the stimulated Raman gain that we obtained from our
measurement and comparing it to the peak Raman gain coefficient of [163]. Recall
from Section 2.2.2 that we know that the stimulated Raman gain of the optical fiber
can be calculated as:

PsRrs + 1
L= ~ 0.0035 =0.0007 — 1
gStlm PPPSL Wm (6 )
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where we neglect the loss in the optical fiber.

The peak Raman gain coefficient of [163] (see Fig. 6.3) corresponds to
Gpeak lit. = 10~1 [cm/W]. Which can also be written as Gpeak lit. = Zstim,lit. [1/(cmW)] x
Ajii.[em?] with Ay, the fiber core area. We can now calculate that Sotim lit, =
0.0021/(Wm) (using Ajj; = 50um?).

Since this value was obtained at a pump wavelength of 1 um and since gg;p, ji.
scales inversely with the wavelength (1/)\), its stimulated Raman gain at 785 nm
will correspond to g, 1i. = (1000/785) x 0.002 [1/(Wm)] ~ 0.0025 [1/(Wm)].
This value corresponds reasonably well with the value we report in Eq. 6.1 (=
0.0035 [1/(Wm)]).

6.2.3 SRS using dielectric slot waveguides

Next, the SRS spectrum of the fully-cladded reference waveguides (fabricated
together with the plasmonic slots see Section 6.1.1) are acquired. This measurement
is more challenging than that of the optical fiber as the formation of cavities and
stray light paths on the chip need to be properly suppressed otherwise they can
swamp the SRS signal. Furthermore, other focus also needs to be laid on preventing
back-reflections on the chip facet to cause instability in the Stokes laser and to
perform the measurement into the correct modulation frequency regime in order
to not be hindered by unwanted signals that are picked up by the lock-in. First
we will discuss these different challenges into more detail before presenting the
successfully measured SRS spectrum of the dielectric reference waveguides.

6.2.3.1 Suppressing Kerr-induced interferometic signals

Since our SRS experiment makes use of a lock-in detection scheme, parasitic
signals competing with the SRS signal can be induced by the modulated pump
beam that leads to a refractive index change through the Kerr effect (dominant
for the dielectric waveguides discussed here [35]) or a thermal effect (dominant
for the plasmonic slot, discussed in Section 6.3.2). For the dielectric waveguides
considered here, a modulated nonlinear phase change (A¢ o ny1) will be induced
on the Stokes beam by the modulated pump beam through the Kerr effect. This
nonlinear phase change finally results in a parasitic signal being picked up by the
lock-in. To better understand this phenomena, it is first important to note that a
nonlinear phase change of the Stokes beam does not directly lead to a magnitude
change. There are however two interferometric paths on the chip that can result in
that change. Firstly, in our dielectric slot waveguide, a Fabry-Pérot cavity (FPC)
can be formed between the two end facets of the waveguide such that a fraction
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of the propagating Stokes beam is reflected at the facet and is coupled back to the
waveguide. The presence of a modulated pump beam leads to varying nonlinear
(NL) phase change of the Stokes beam through the Kerr effect. The FPC will
convert this NL phase change to a transmission variation of the Stokes beam with
the wavelength (with its own characteristic fringe pattern). In Section 6.3.2 we will
give a detailed calculation on the effect of a FBC on the Stokes transmission. If
unaddressed the presence of such a FPC causes the magnitude of the Stokes beam
to change and results in a fringe pattern that is two orders of magnitude stronger
than the SRS signal [35] (see Fig. 6.4 a). Therefore, the facets of our waveguide
are polished at a 15 deg. angle so that the Fresnel reflection does not couple back
into the waveguide (see Fig. 6.4 c). Secondly, a Mach-zender interformeter (MZI)
can form because the stray light being guided in the optical cladding can find its
way to the other side of the chip where it interferes with the light propagating in the
waveguide. Since the light in the waveguide core is highly confined, the modulated
pump will induce a nonlinear phase change to the Stokes beam unlike the cladding
mode which experience a negligible Kerr-induced phase shift [35]. As only the
waveguide mode experiences this extra phase change, the interference between
the two paths is altered resulting in the output of this MZI to be a varying with
the modulation frequency. Again this phenomena causes a fringe pattern in the
recorded spectrum when varying the Stokes wavelength (see Fig. 6.4 b). To avoid
this, the entire chip is set at angle of 30 deg, such that path of the stray light no
longer overlaps with that of the light of the propagating beam (see Fig. 6.4 c). The
parasitic signal is therefore suppressed and no longer appears in the recorded SRS
spectrum.

With both measures of Fig. 6.4 c taken, no such fringe pattern is observed in our
measured spectra as they are successful in sufficiently suppressing both phenomena.
A more complete discussion on these parasitic signal due to FP and MZI formation
for on-chip SRS can be found in [19,35].

6.2.3.2 Solving Laser instabilities

Despite the absence of fringe patterns, the recorded spectra do not obviously
show the broad Raman features of the PECVD Si3N4 [13]. While recording these
spectra it was noticed that the captured lock-in signal due to the dielectric slot
varied substantially over time (~ 80% per second) while the Stokes wavelength
and power were kept fixed. A meticulous investigation by which the different
parts of the setup (Fig. 6.2) were separately tested, revealed that this instability
originates from a fraction of the Stokes laser reflecting on the chip facet and
coupling back into the laser cavity of our Ti:Sapph laser. The unstable laser makes
for an incorrect normalization and results in a distortion of our recorder SRS
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Figure 6.4: a) Illlustration of the FP-cavity fringes that appear if output the waveguide facet
is vertical and disappear if it is titled [from [35]] b) lllustration of the MZI fringes
[from [35]] c) Both measures (facet titling and setting the chip on an angle) taken to
suppress the FP and MZI parasitics.

spectrum. Such a problem is not encountered for our earlier SRS measurements
on the optical fiber since the coupling to collimators is much more efficient than
to Si3N4 waveguides. This issue was solved by placing a neutral density filter
(rejecting Stokes wavelengths) under an angle in front of the laser. In this way it
acts as an isolator such that any back-reflections do not couple into the laser cavity.

6.2.3.3 Modulation frequency operating regime

The modulation frequency (f1) of the pump beam in the (SE-)SRS experiments
is set to 1 MHz. This frequency is chosen as a trade-off between on one hand
suppressing the laser noise and any thermal sources (for which higher frequencies
are better) and on the other hand avoiding the lock-in offset (see Fig. 6.5) that
varies with the modulation frequency.

This lock-in offset (blue line in Fig. 6.5) is measured by using the detection
scheme in Fig. 6.2 (with the dielectric slot included) and by simply blocking
the optical path of the Stokes beam after chip right before it couples into the
collimator towards the balanced detector. Next, this block is removed and the
resulting variation of the SRS signal with the modulation frequency is shown in red.
It can clearly be seen that the lock-in offset is also present in the spectral profile of
the SRS signal. Since the offset can reach signal levels in the order of ~ 107V it is
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important to choose the modulation frequency outside this range since the estimated
SE-SRS signal is in the order of ~ 10V, hence a 1 MHz modulation frequency is
chosen in our case.
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Figure 6.5: The lock-in signal when varying the modulation frequency in case the SRS signal
of the dielectric slot is blocked (blue) and transmitted (red).

An effort was made to try to understand and suppress this lock-in offset by
separating the lock-in detection scheme from the rest of the setup and: changing
its physical location, wrapping aluminium foil around the different RF-cables,
terminating all the RF outputs of the lock-in with 50 ohm impedance, replacing
the balanced detector and laser diode, changing the RF-cables, etc. In this way the
spectral behaviour of the lock-in offset could be altered but none off these efforts
were fruitful in suppressing it. A few possible explanations for this offset include:

¢ The lock-in amplifier sends out a powerful modulation signal to the pump
laser and part of the electromagnetic inference emitted by the RF-cable might
be picked up by the lock-in

* The input offset of the detectors might be picked-up

* Frequencies emitted by radio stations might be picked up

Since the origin of this offset is not completely clear, it was concluded that
it is sufficient to simply bypass it by setting the modulation frequency to 1 MHz
(where the offset corresponds to ~50 nV) such that its impact is minimized in the
(SE-)SRS measurement.
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6.2.3.4 Experimental result

Next, we present our successful SRS measurements on the dielectric reference
slot. Fig. 6.6 displays the result of this measurement and shows good agreement
with the corresponding spontaneous Raman spectrum. The spectra are taken over a
wavelength range of 800-852 nm with a 2 nm resolution. The lock-in signal obtained
for the dielectric slot waveguide is 2.5 x 107V corresponding to a modulation
depth AI/I = 4.7 x 1079,
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Figure 6.6: Raman background of a fully-cladded Si3Ny slot waveguide probed through SRS
(blue & left-axis) and spontaneous Raman scattering (red & right-axis).

6.3 SE-SRS on a nanoplasmonic slot waveguide

After the experimental confirmation of the correct functioning of our setup, the next
step is to move towards the SE-SRS measurement on a plasmonic slot waveguides.
First, we present our experimental results which show that the SE-SRS spectra have
a diverging response to what is expected, pointing towards a spurious SRS signal.
Next, we investigate the frequency response of this spurious SRS signal and support
the claim that it is a photothermal effect that generates this parasitic signal.
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6.3.1 Experimental result

The experimentally captured SE-SRS spectra of the NTP-coated plasmonic slots
are shown in Fig. 6.7. The spectra of the plasmonic slots made with sputtered gold
(dotted blue) are probed over the 819 - 883 nm range with a 2 nm resolution, while
the ALD gold slots (bold blue) are probed over the 804-948 nm range with a 4 nm
resolution. A successful SE-SRS measurement should result in the appearance of
the broadband Siz N4 Raman background with NTP features on top as presented by
the light grey curve in Fig. 6.7 (obtained by a spontaneous Raman measurement of
a plasmonic slot). The presented spectra obviously do not show such NTP peaks
while they also do not match the photoemission signature that we did observe
from the dielectric waveguides of Fig. 6.6. Moreover, the response obtained in
Fig. 6.7 far exceeds the one we can observe using a dielectric waveguide. For the
dielectric slot measurement of Fig. 6.6 an absolute lock-in signal of 2.5 x 10V
and a modulation depth (Alg/I) of 4.7 x 1070 are captured. In comparison, for the
plasmonic waveguides the absolute lock-in signal is 1.5 -2 x 10~*V corresponding
to a modulation depth of 4.46—6.72 x 10~*. This is much more than the modulation
depth theoretically estimated from the NTP monolayer at 5.6 x 10~%(see Section
4.3.2). Furthermore, such a strong signal can not originate from the dielectric access
waveguides prior to the plasmonic slot as they are shorter and experience more loss
than the reference dielectric slots (due to the presence of the plasmonic structure
in the middle). This results in a reduction of the absolute SRS-signal with a factor
32 and a drop of the modulation depth with a factor 2 compared to the dielectric
reference slots (because of the 12 dB extra absorption loss in the plasmonic slot
and the reduction of the interaction length by half).

Detailed measurements with a 0.005 nm & 0.1 nm resolution in the 872-73 nm
& 872-885 nm range respectively also did not reveal the appearance of Kerr-induced
fringe patterns like those shown in Fig. 6.4 a,b. Furthermore, the free-spectral-range
(FSR) of the MZI formed by the stray light in the top cladding and the propagating
light in the access waveguide can be calculated as [165]:

)\2
FSRyz1 = AMvzr = o 7x100m (6.2)
gwlwl — Hgclc

where ngw = 1.98 is the group index of the guided TE mode at the Stokes
frequency (from modeling using Lumerical mode solutions), Ly; = 2mm the
access waveguide length, A = 841nm the Stokes wavelength and ngc = 1.48,
L. = 2mm are the group index and the length of the cladding path (this is the length
after which the access waveguide is no longer covered by a top cladding and the
cladding mode no longer propagates [35]).
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Figure 6.7: Recorded spurious SRS spectra for the plasmonic slot made with ALD gold (bold
blue curve & left-axis) and sputtered gold (dotted blue curve & left-axis). Wavelength
dependence of the extinction coefficient dk/dT of gold (red curve & right-axis) [164].
Indicative Raman spectra of NTP obtained using a regular spontaneous Raman setup and
the sample under investigation are shown in grey (arbitrary units & left-axis).

Similarly the FSR of the FPC formed between the end facet of access waveguide
and the plasmonic slot facet can be calculated as:

)\2
FSRppc = AAppc = 1 = 18x 107m (6.3)
Ngwlw2

With Ly, = 2mm and ngy = 1.98 again the group index of the plasmonic slot
waveguide. This shows that both FSR‘s are too small to explain the response of Fig.
6.7 as being a part of their fringe pattern. In addition, the SRS spectrum shown in
Fig. 6.6 is measured on the same chip (i.e. the angle of the tilted facet and the chip
angle shown in Fig. 6.4 c are the same) such that it can be expected that those MZI
& FPC fringes are sufficiently suppressed.

6.3.2 Photothermal effect

To explain the observed spectrum, we have to look elsewhere. It has been reported
before that competing heterodyne optical processes such as photo-thermal effects,
cross-phase modulation (XPM, as the Kerr-induced FPC & MZI discussed above),
two-photon absorption (TPA) and transient absorption (TA) can result in a large
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(thermal) background spectrally overlapping with the (SE-)SRS signal [61, 166].
Among those effects, some are fast (ps or faster) while others may be slow enough to
be dependent on the frequency of the modulation we impart on the pump beam [167].
We have therefore investigated this response using the lock-in as a function of the
modulation frequency (fixing the Stokes wavelength to 834 nm, the time constant to
75 ms and sweeping the modulation frequency from 0.15 MHz to 5 MHz). The result
is presented in Fig. 6.8 and shows a clear decrease of the response for increasing
modulation frequency. This points at a slow effect such as a thermal effect, with the
other optical processes (XPM, TPA, TA) being considerably faster [168—175]. Note
that in theory TA by induced fluorescence might be a slow enough process such
that its contribution declines within our modulation frequency range. However, in
practice it is very unlikely that this process would induce such a strong intensity
modulation since earlier demonstrations of SERS on the plasmonic slot waveguide
did not show any presence of fluorescence [16]. A closer look at the result presented
in Fig. 6.8 reveals that the decay is best fitted by a bi-exponential. This may hint at
the presence of two phenomena with different time scales.
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Figure 6.8: Effect of the modulation frequency on the experimentally captured spurious SRS
signal (blue curve) and bi-exponential fit (dashed green).

The thermal effect that could account for our large response is a combined
photothermal and thermo-optic effect explained as follows. A modulated heating
of the gold occurs via absorption of the modulated pump beam. This periodic
heating affects the absorption and refractive index of the gold [168, 176-178]
that in turn modulates the Stokes beam. The change of the refractive index and
absorption with temperature are quantified via the thermo-refractive coefficient
(dn/dT) and thermo-extinction coefficient (dk/dT). These coefficients vary with
the wavelength and we present the thermo-extinction coefficient measured by
Wilson et al. [164] in Fig. 6.7 (red line). This spectrum is remarkably close
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to the spectra we have measured, hinting at an effect dominated by the thermo-
optic absorption. One should note that the contribution of the thermo-refractive
coefficient was dominant in a recent SE-SRS experiment [61, 179] relying on a
confocal microscope. In the present case, a contribution of the thermo-refractive
effect to the signal collected in the lock-in amplifier is also possible. Indeed, the
presence of a weak cavity in combination with a modulation of the refractive index
would lead to a modulated Stokes signal (equivalent to the Kerr induced cavities
of Section 6.2.3.1). Such cavity can be formed by the mode mismatch at the
transition between the nanoplasmonic waveguide and the dielectric slot serving as
access waveguides, such that the 1.8 um long plasmonic slot itself act as the cavity.
However, as already discussed in Section 6.3.1 the presence of such a cavity should
be evidenced by the fringe pattern characteristic of a Fabry-Perot cavity. Given
the geometry of the nanoplasmonic waveguide, the group index for the plasmonic
mode is ng = 6.8 (from modeling using Lumerical mode solutions), which gives a
free-spectral range FSR = )\g/(ngL) = 58 nm for a cavity length L = 1.8 pm at a
wavelength A = 841 nm. A transmission measurement carried over 150 nm shows
no evidence of a cavity. Therefore, the thermo-optic absorption seems a better
candidate to explain our spectra.

Let us now make a calculation of the temperature increase needed in the plas-
monic slot for the thermo-optic absorption to result in a modulation depth of
6.72 x 10~ (corresponding to our recorded spurious SRS signal). Since we know
that the modulated pump is converted into heat and it results in a temperature
increase (ATgyp) in the plasmonic slot, the change in the extinction coefficient
(AKk) can be expressed as:

dk
Ak = aT X ATgyp 6.4)
From [164] we know that dk/dT = -0.1045 x 107*K"!, while ATgy,, is the
parameter that we try to estimate. Ak can now be expressed as:

_ 4 Ak

A
« W

(6.5)
With A« the change in the absorption coefficient and As = 841nm the Stokes

wavelength. Now let us express the power of the Stokes beam after being propagated
through the plasmonic slot with L = 1.8 pm and the modulated pump being off:

Py m(L) = Pg(0) x ek (6.6)

and in case the modulated pump is on:
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Py m(L) = Py(0) x e (@Al 6.7)

So that the increase in the Stokes power (due to the decrease in the absorption
coefficient since dk/dT has a negative sign) corresponds to:

APS = PS,M - Ps,nM (6-8)

such that the intensity modulation at the end of the plasmonic waveguide
becomes:

Is Ps,nM

Al _ APy _ AL 6.9)

Since we know that Al/I; = 6.72 x 10~ we can calculate that only a modest
temperature modulation depth (peak-to-peak) ATgy, = 2.5 K is sufficient to induce
this experimentally captured spurious modulation depth on the Stokes intensity.

In the same way a calculation can be made using dn/dT = 2 X 104 K!
and ATy, = 2.5 K such that we can calculate the intensity modulation that the
plasmonic slot cavity would induce for such a modest temperature increase.

The transmission of intensity of the weak Fabry-perot cavity formed by the
plasmonic slot can be expressed as (adapted from [35]):

o Iﬁo ~ a _R)Ze—aL

= 6.10
I  (1-Re9L)2 4 4ReLsin2¢ (6-10)

where (I;) is the intensity of the Stokes beam entering the cavity and (I,) of
it leaving and R=-26.9 dB is the reflectively at the plasmonic slot facet [128],
L = 1.8 um is the plasmonic slot length, « = 2.4 dB/um the loss in the plasmonic
slot [16] and ¢ is the half-pass optical length:

_ 27meffL

. 6.11)

o

with negr = 3.4741 the effective index of the Stokes beam in the plasmonic slot
(from Lumerical). Now since we know that the effect of the modulated pump is
to induce a refractive index change (An) through the thermo-optic effect we can
include this effect in the half-pass optical length:
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2
b= o+ Ad= )\—W(n+An)L (6.12)
S
where the refractive index change due to the thermo-optic effect is

An = % X ATgyp =5 x 107 (6.13)

Eq. 6.10 can now be expanded at the vicinity of A¢ = 0 as:

ATr

- (1-R)?e oL . 4R(1 - R)%e2°Lsin(2¢() Aj+
=
(1 -ReL)2 + 4ReLsinZ¢g  ((1 —ReL)2 + 4ReLsinZ )2
(6.14)

The maximum modulation depth due to the Fabry-Pérot cavity can now be
calculated for ATexp = 2.5K and corresponds to ATrmax = Alg/ls = 1.4 x 105
which is an order of magnitude smaller than that of the thermo-optic absorption.
This agrees with our earlier statement that the spurious SRS signal generated by
the thermo-extinction coefficient (dk/dT) is dominant over that of thermo-refractive
coefficient (dn/dT).

6.4 3D Thermal simulations

In order to further investigate this thermo-optic effect we perform a time-dependent
thermal simulation of our system (using COMSOL multiphysics). This way a value
ATs;m can be acquired to compare with the experimentally captured ATgy, = 2.5K
and check its validity. First, we introduce the assumptions made for the heat source
in our model and then the custom-built 3D model of our device that includes the
gold part of the nanoplasmonic waveguide, its silicon nitride core, the optical
cladding and the substrate. Finally, we discuss our simulation settings and results
obtained.

6.4.1 Heat source

Our thermal simulation models a time dependent heat flow. As a starting point, we
have to make an estimate of the amount of heat that is generated at the nanoplas-
monic slot waveguide as that will serve as a source term in our thermal simulation.
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The source of this heat originates from the absorption of the (modulated) pump and
Stokes laser propagating through the nanoplasmonic slot. The modulated part of the
pump beam in the dielectric slot waveguide is set at Pp oc = 1 mW (peak-to-peak,
corresponding to the guided AC pump power used during experiments) and the
coupling to the plasmonic waveguide is approximately —4 dB leading to 0.4 mW of
optical modulated power propagating in it.

Then, we make the approximation that the loss within the plasmonic waveguide
is solely due to absorption by gold and that the scattering loss is neglected. In
that condition, all lost optical power is converted to heat. As the loss within the
plasmonic waveguide is —4.3 dB, we have an absorbed power of Ppey ¢ = 0.25
mW. The same reasoning can be performed for the total DC optical power associated
to the pump and Stokes beam giving Ppear pc &~ 1.25 mW. Thus, a total of 0.25 mW
AC (sin. wave with a 1 MHz frequency corresponding to the modulation frequency
used during experiments) and 1.25 mW DC heat source is assumed.

In our thermal simulation, we assume that heat is distributed uniformly in two
regions corresponding to the inner walls of the plasmonic slot (see Fig. 6.9) as
these regions overlap with the highest intensity regions of the simulated optical
mode. This means that we neglect any temperature gradient that may arise along
the propagation direction.

Si0,

Figure 6.9: a) Cross section of the plasmonic slot build in the simulation environment with

the thermal monitor in the slot gold (point A) and the two heat regions that originate from

the absorption of the (modulated) pump and Stokes laser propagating through the plasmonic

slot (dotted blue lines) b) Top-down view of the plasmonic slot (gold) showing the transition
into the dielectric slot (green).

6.4.2 3D model of the nanoplasmonic slot

Thermal simulations are made using the Heat Transfer module in Solids and Fluids
of COMSOL Multiphysics platform. A custom 3D model of the nanoplasmonic slot
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is build (see Fig. 6.9) the dimensions of which are those associated to the sputtered
gold samples (see Fig. 6.1 a, ¢). The ALD-gold samples are slightly different since
their gold thickness are uniform and the gold layer consists of ALD gold patches
instead of a uniform layer defined in the simulation environment. Note that SEM
images of Fig. 6.1 reveal a discontinuous gold layer at the bottom of the slot for
samples fabricated via sputtering (not clearly visible without extra magnification)
but a continuous one for samples fabricated using ALD. Our simulations have been
run for a scenario with and without a gold layer on the bottom but the result is
practically insensitive to it owing to the fact that the fraction of gold constituting the
bottom of the slot is insignificant at the scale relevant for the thermal dissipation:
the entire nanoplasmonic structure and beyond.

In the 3D model, the gold and alumina sheets next to the plasmonic waveguide
extended by 6 um on each side transversely to the waveguide (along the x-axis),
reflecting the geometry depicted in Fig. 6.9 a. The plasmonic slot has a length (1)
of 1.8 pm along the propagation direction (z-direction in Fig. 6.9 b) after which
the plasmonic slot transitions into the dielectric slot waveguides on both sides. The
length of these dielectric waveguides and their surrounding (substrate, cladding)
is assumed infinite by setting such a boundary condition. The silica cladding
underneath the plasmonic slot has a thickness of 3.3 um, the silicon substrate
is approximated to be infinite and so is the air above the chip.The transverse
dimension of the simulation window is 38 wm after which we also set infinite
boundary conditions.

6.4.3 Simulation settings

The boundaries of the model are set as infinite element domains (which approximate
infinitely large boundary layers with a constant temperature of 293.15 K at the
end). Material properties are provided from COMSOL’s built-in material library.
Air is modeled using temperature dependent thermal parameters (e.g. thermal
conductivity, etc. ), while these parameters are constant for the other materials. The
free convection flow of air is not considered in this model.

A 3D time-dependent study is performed on this simulation model over a 10 ps
time range with a 8 ns time step. A thermal monitor is placed in the middle of the
gold in the plasmonic slot (point A in Fig. 6.9 ) to monitor the evolution of the
temperature in the slot over time.
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6.4.4 Simulation result

The result of this time-dependent thermal simulation is presented in Fig. 6.10
and shows that the temperature in the plasmonic slot rises from 293.5 K to 352 K
after 10 ps in quasi-steady-state with a remaining temperature modulation with an
amplitude of ATgj, = 5.8 K.
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Figure 6.10: Variation of the temperature in the plasmonic slot (point A in Fig.6.9) using our
custom build 3D simulation model and a 8 ns time step. The simulated temperature
modulation (ATsiy) is indicated in red.

The simulated ATg;;,, = 5.8 K corresponds reasonably well with the value ex-
tracted from experiments ATgy, = 2.5 K (see Section 6.3.2). The small discrepancy
could be due to uncertainties in the very details of the geometry of the plasmonic
waveguide (the size of the slot gap) as well as the coupling loss between plasmonic
and dielectric waveguides (as it relates to the amount of light actually absorbed by
the gold nanostructure). A full visualisation of the temperature distribution in the
solved simulation model after 10 ps can be found in Appendix B.

Note that modelling the ALD gold slot could lead to even less discrepancy
between simulation and experiment results. In this work we only modeled the
sputtered gold slot as modeling the ALD gold slot is less straightforward due to
the random distribution of the gold trenches which needs to be recreated in the
simulation environment. In the future, image processing could be used on SEM
images of the ALD gold in order to establish the size distributions of the gold
patches which could then be modeled in the simulation environment. Since ALD
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provides a more reliable layer thickness it would become even more straightforward
to predict the exact coupling/absorption loss of the plasmonic slot in the simulation
environment based on previous experimental loss-characterizations with the same
layer thickness (under the assumption that random nature of the trenches does
not provide too much variation between samples). This could further reduce the
discrepancy between ATgjy, and ATgyp,.

Now since the ”steady-state” ATyg;,, in Fig. 6.10 is calculated for a 1 MHz
modulation frequency it is interesting to see the effect of the modulation frequency
on it. We make a comparison to the experimental captured variation of the spurious
SRS signal with the modulation frequency (presented by Fig. 6.8 in Section 6.3.2).
Remarkably, the simulation reproduces the bi-exponential behaviour we deduced
from our measurement as is shown in Fig. 6.11.

. TF | | | I 314
208 Spurious SRS ERS
T—; 0.6 - % = = = Bi-exponential fit E 10
53 B * ¥  Thermal simulation = 8
[72] - .
@ 04 e
w : * = =~ :
)
3 t = 14
2 -
(% 0.2 -
] ] ] ]
0 1 2 3 4 5

Mod. frequency [MHz]

Figure 6.11: Effect of the modulation frequency on the simulated thermal modulation
(AT ) in the plasmonic slot (red stars & right-axis). The experimentally captured spurious
SRS signal (blue curve & left-axis) and bi-exponential fit (dashed green) are added in
comparison.

The good match between the theoretical model and the experimental captured
results further strengthens the argument that the spurious SRS signal has a thermal
origin. Furthermore, the bi-exponential behaviour is recreated in the simulation
environment which indicates that it is not sufficient to characterise the heat flow
from the nanoplasmonic slot as a single phenomena. By simulating the amplitude
of the thermal modulation at various positions in the vicinity of the plasmonic
waveguide, we can understand why two heat transport phenomena are characteristic
of the heat flow out of the waveguide.

Fig. 6.12 (a) and (b) illustrate the different positions where a thermal monitor
is placed in the geometry of our structure in the transverse plane (cross section)
and from the top respectively. The steady state” thermal modulation amplitude
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AT, is extracted (in the same manner as indicated in Fig. 6.10 using a 1 MHz
modulation frequency) at the position denoted by letters A-J in Fig. 6.12 (a,b) and
are summarized in Fig. 6.12 (c). The blue curve clearly drops slower then the
other two and this demonstrates that the heat flows better along the X-axis than it
does over the Y and Z-axis. This is actually meaningful as the gold layer making
the plasmonic waveguide extends in a narrow strip extending 6 pm on each side
along the X-direction. The thermal resistivity and capacitance of that gold strip
are lower than the one of the silica cladding and silicon substrate associated to the
heat flow along the Y-axis and than that for for the silicon nitride along the Z-axis.
Hence higher modulation frequencies are supported in the gold compared to the
surrounding materials. This results in a greater amplitude of AT, when moving
away over the same distance from the plasmonic slot.
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Figure 6.12: a) Cross section of the plasmonic slot with thermal monitors placed in the
plasmonic slot (A,B), the silica (C,D) and along the gold sheet (E,F,G) b) Top-down view of
the slot, monitors are placed along the propagating direction in the SizNy core (H,1J) c)
Variation of the thermal modulation (ATs;y,) with distance.
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Finally, we can probe the impulse response of our thermal model in order to
extract the time constants associated to our thermal system. Fig. 6.13 shows the
response of our simulation model. By making a bi-exponential fit we can extract
two time constant: 71 = 0.023 us & ™ = 46.9 us. The clear difference between
both time constants further indicates that there is a faster thermal response in the
gold compared to the surrounding materials. It is also not surprising that the re-
sponse of the gold can be faster since gold is a good heat conductor and in our
current plasmonic slot there is only a limited amount of gold (mass) compared to
the silicon/silica layers.
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Figure 6.13: Impulse response of the nanoplasmonic slot (blue) for a 50 ns long pulse (with
a 9 ns time step resolution). Fitted bi-exponential curve (green) to extract the two time
constants 71 = 0.023 us & 7 =46.9 us (with amplitudes A} = 111.4 K & A =296.8 K).
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6.5 Mitigation & Conclusions

We believe all the evidence presented in this chapter is clearly pointing at the
thermo-optic absorption mechanism to explain our spectra in Fig. 6.7. A remaining
question can be raised concerning the wavelength shift of our spectra as compared
the one of the thermo-extinction coefficient. A possible explanation could be that
the thermo-extinction coefficient does not scale perfectly linearly with temperature.
As the reported curve originating from [164] was obtained at temperatures from
298.15 K to 430.15 K, this may have some impact. As reported in Section 4.1, the
field enhancement associated to our plasmonic waveguide is mostly nonresonant
and thus spectrally far broader than the spectra depicted in Fig. 6.7. As compared
to sputtered gold samples [16], the ALD-gold ones present a slightly more resonant
field enhancement due to the presence of nanostructured gaps within the material
that allow localized plasmons resonances [154]. We cannot reliably infer any
difference between ALD and sputtered gold sample in the present investigation.
It is also interesting to note for studies on SE-SRS that use gold nanoparticles as
the plasmonic medium and a free-space excitation and collection (see Section 4.3),
the presence of such a non-resonant thermal background was not reported or it
could be sufficiently suppressed such that it could be subtracted [61, 179]. This
is different for a waveguide platform as the generated signal has to pass through
the same plasmonic structure in order to be collected while for the earlier SE-SRS
demonstrations the generated signal is scattered into free-space. Therefore, the
spurious signal can build up over a greater distance and become too strong for the
SE-SRS signal to be distinguishable from it.

6.5.1 Mitigation strategies

Both in the present case or in the free-space demonstration of SE-SRS reported
in [179], the photothermal/thermo-optic effect can in principle be mitigated. Below
we provide several strategies that can be combined to achieve this goal:

* Looking at Fig. 6.11 one obvious mitigation strategy consists of increasing
the modulation frequency as lock-in systems operating at 100’s of MHz exist.
Ultrafast SRS techniques making use of pulsed lasers and a reduced average
power may also suffer less from the thermal effects [59].

* Another strategy is to increase the thermal capacitance of the gold sheet
(i.e. the amount of heat to be supplied to a given mass of a material to
produce a unit change in its temperature [180], [J/K]). As demonstrated
in Fig. 6.12 higher modulation frequencies are better supported by the
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gold sheets, such that lowering the thermal response at these frequencies
can be achieved by increasing their thermal capacitance. In order to better
understand the reasoning behind this strategy let us consider the generated
heat in the plasmonic slot to only being able to flow into the gold sheets next
to the waveguide such that the transfer function of this thermal system can be
described as a simple first-order system with a thermal resistance (Rt) and
thermal capacity (Cr):

Rt

F=—7r7—nr .
1 +ijTCT ©6.15)

From Eq. 6.15 we can derive that if we work far below the cutoff frequency
then we need to decrease Rt in order to reduce the thermal response while
Cr doesn‘t really matter. Secondly if we work far above the cutoff frequency
then we need to decrease C in order to lower the thermal response while Rt
doesn‘t really matter. So increasing Ct for higher modulation frequencies
will lower the thermal response at these frequencies.Therefore, a good strat-
egy would be to connect the gold sheet to a bigger gold mass such that Ct
would increase. Another strategy could be to reduce Rt of the nanoplasmonic
waveguide by for example applying a good thermal conductor as top cladding,
however decreasing the thermal resistance will weaken the thermal effect but
at the same time make it more broadband thereby countering the effect of
increasing Ct. Therefore, special care will need to be laid in optimizing the
new design of the nanoplasmonic slot in order to sufficiently increase the gold
mass to make the thermal-effect less broadband while still maintaining the
thermal resistance high enough such that it does not counteract the increase of
Ct. One way to achieve this could be by keeping the gold sheets sufficiently
narrow before it connects to a greater gold mass. If the modulation frequency
increase discussed in the first strategy is sufficiently above the thermal cutoff
frequency Rt will not have too much influence on the thermal response and
optimization efforts can mostly be focused on increasing Cr.

* Another mitigation procedure consists in removing the thermal modulation
all together without affecting the Raman signal itself. This could be achieved
by using a second pump beam with anti-phase modulation compared to the
first one so that the heating in the plasmonic slot is constant at all time
(see Fig. 6.14). This way the refractive index and extinction coefficient
experienced by the Stokes beam remain constant and the spurious signal
can be suppressed. The auxilliary pump beam could be set at a different
wavelength either sufficiently remote from the first pump (< 600 nm or >
1000 nm) so as to avoid any Stokes response in the region of interest or close
to the first pump (e.g. 790 nm) in which case two identical superimposed but
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shifted spectra will be measured and signal processing allows to disentangle
them. An important aspect of this setup consists in making sure that the (SE-
)SRS response induced by the first pump laser is not the same or comparable
to that of the second pump beam. In that case the Stokes beam will experience
the same generated (SE-)SRS amplification for both pump beams and will
no longer be picked-up by the lock-in since both contributions are in anti-
phase and cancel out the modulation (see Fig. 6.15 b). For the SE-SRS
measurement, placing the second pump beam off the Raman resonance of
the analyte should suffice in achieving this goal.

Apz =790 nm | < 600, 1000 > nm
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Figure 6.14: Schematic of the adjusted setup for the SE-SRS measurements with a second
pump added (blue line).The two pump beams are combined by the 3-dB splitter (50/50). \/2:
half-wave plate, PBS: polarization beam splitter aligned to the TE-polarizion of the
waveguide, DM: dichroic mirrors, Col: collimators, Obj: Mitutoyo Plan Apo 50 X
(NA=0.65), BD: balanced detector, BS: 4 %-reflective beam splitter.
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Figure 6.15: Effect of pump wavelength on the generated SE-SRS signal (Als) a) in case the
SE-SRS response due to both pump beams sufficiently differs in strength such that the
resulting SE-SRS signal will be modulated and picked-up by the lock-in. b) in case they have
a comparable response and both contributions cancel out the modulation.
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6.5.2 Conclusion

In conclusion, we have shown that while SE-SRS using nanoplasmonic waveguides
is appealing, it does not come without challenges. The heating intrinsic to linear
absorption in the gold nanostructure induces a thermo-optic effect that affects the
Stokes beam overshadowing the Raman signature of the analyte (NTP in the present
case). Not only is this thermo-optic effect two orders of magnitude stronger than
the Raman response, but it also presents its own non-trivial spectrum overlapping
with that of the thermo-extinction coefficient presented in literature. The thermal
origin of this spurious SRS signal is confirmed by demonstrating its clear decline
with modulation frequency which points at a slow process like the thermal effect
while other common heterodyne processes competing with the (SE-)SRS signal like
XPM, TPA and TA are considerably faster. Additionally supportive calculations
show that only a mild (2.5 K) thermal modulation in the plasmonic slot is sufficient
for such a strong spurious background to be present. This calculation is backed up
by thermal simulations using a 3D model of the plasmonic slot which is probed
under the same measurement conditions as we use during our experiments and
shows a comparable thermal modulation (5.8 K) in the plasmonic slot. Furthermore,
these thermal simulations recreate the bi-exponential frequency behaviour of the
spurious SRS signal we deduced in our measurements which can be attributed to
the faster heat flow in the gold sheets compared to the surrounding materials. All
this evidence clearly points towards the fact that our captured spurious SRS signal
has a thermal origin. In order to suppress this thermal background in the future we
have introduced mitigation strategies that may be combined in future investigations
in order to realize the actual potential of nanoplasmonic-based SE-SRS.



Conclusion and Perspectives

In the first part of this PhD project, we explored an alternative circuit layout
based on a multi-mode interferometer (MMI). We demonstrated that:

e Our novel configuration based on a 2 x 2 MMI works effectively and allows
to extract the Raman scattered light out of a SERS sensor while enabling
further integration with an analysing photonic circuit i.e. lasers, filters and
spectrometers, which are required for a complete Raman-on chip spectrome-
ter. The penalty in terms of extra photon background generation compared to
a common SERS measurement on the plasmonic slot is minimal.

o The remaining photon background originates from the Raman-like back-
scattered light in the access waveguide (& Raman sensor) and from the
output waveguide. The photon flux generated in the output waveguide is
due to the same process occurring in the forward direction as the result
of the presence of a remaining excitation beam which is reflected at the
(plasmonic slot) interfaces. We found no contribution of the MMI on the
photon background which is to be expected since most of the background
photons generated in the MMI will be radiated out rather than being collected
in the output waveguide.

e For typical output waveguide lengths (mm to cm), our MMI-based configura-
tion performs significantly better than an alternative configuration relying on
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forward-Raman scattering and a directional coupler-configuration which are
both able to perform the same functionality.

From this work, several future directions can be followed:

o Improve the presented MMI-plasmonic slot architecture (1). The first
easy win to further reduce the photon background generation in our architec-
ture comes by reducing the access waveguide length to the length of the mode
converter (which was not yet optimized in our experimental demonstration).
In that optimized regime, the true limit lies in reducing the reflections of the
excitation beam which ultimately leads to the background contribution of the
output waveguide. From numerical simulations we know that the reflection
at the plasmonic slot interface will be the dominant reflection source and it
will therefore be key to suppress it. This reflection could be better controlled
by a more precise deposition technique such as the atomic layer deposition
of gold that furthermore results in an increased Raman response [154].

o Improve the presented MMI-plasmonic slot architecture (2). Another
way to improve the architecture is to engineer the MMI so that it acts as
a wavelength division multiplexer [155, 156], transmitting the excitation
beam from the input port to the Raman sensor with a high transmission and
transmitting it inefficiently from the Raman sensor to the output port while
the scattered Raman light is efficiently collected in the output port. This
would lead to a reduction of the reflected pump light in the output waveg-
uide therefore improving the SBR for even longer/more complex analyzing
circuits.

o Towards a fully-integrated Raman spectroscopic system. An interesting
route to follow will be to proceed to the integration of the MMI-plasmonic slot
configuration with other components of the Raman spectroscopic system that
are readily available on the Si3Ny-platform (i.e. lasers [67], detectors [143],
spectrometers [66, 181] and pump rejection filters [17]). Since we know
that the MMI-plasmonic slot configuration (combined with a pump rejection
filter) allows for the integration of the analyzing circuit with only a limited
background penalty let us now focus on other important components such as
the laser, detector and Raman sensor. In this work we showed that SERS (SE-
SRS) on the nanoplasmonic slot has a conversion ratio (¢ = Praman/Ppump)
of (sgrs = 107 (Csgsrs = 107°). Furthermore, integrated lasers sources in
the visible can reach power levels in the order of ~ 0.15 mW [unpublished
result] (with ~ ImW power levels being the practical power limit for the
nanoplasmonic slot in order to prevent thermal damage to the probed analyte
and the sensor itself). Let us now further assume that future improvements
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on the laser (or using a off-chip laser source) allow for | mW power levels,
the generated Raman signals in that case corresponds to Pggrg = 1012w
(Psgsrs = 107°W). Note that the signal power for SERS correspond to
the integrated power over the whole signal peak. Therefore, in practice
the power incident on a single pixel will be Psgrs pix ~ 10713 — 1074w,
Commercially available uncooled detectors show detection sensitivities in the
order of a few (tens of) ~ fW (for a 1s integration time) [182—184] and can
be integrated using hybrid or heterogeneous integration techniques. Cooled
detectors are to be avoided since they require volume, add extra cost, have
additional power consumption and require challenging thermal management
on-chip. In practical applications often low concentration or weak-scattering
molecules are to be detected (unlike the NTP monolayer considered in the
calculation here). In that scenario it seems further advances are required for
both the laser, detector and the Raman sensor. Further progress on the Raman
sensor itself might still be possible: experimentally demonstrating SE-SRS
(SE-CARS), using ALD plasmonic slots and integrated pulsed lasers at the
visible can further aid to sufficiently increase the Raman response to signal
levels that can be picked up by the (uncooled) integrated photodetectors.
Note that for applications such as in-vitro rapid diagnostics with use-once
chips the full-integration of the Raman spectroscopic system is not required
where the laser and detector are off-chip and not disposed after a single use.
On one hand on-chip Raman boosts the performance relative to free-space
excitation and collection and on the other the analyte needs to be in contact
with the waveguide and therefore can affect the sensitivity of the sensor
after-use (jeopardizing the next measurement). In that case, integrating the
laser and detector on-chip will make sense for analytes that will not have
much effect on the sensor (e.g. gas) or if the effect of the analyte on the
sensor can be mitigated. Short-term practical implementations can make use
of fiber-packed NWERS (SERS) sensors linked to off-chip components that
are difficult/expensive to integrate [146].

o Practical applications of on-chip Raman spectroscopy Once a (partially)
integrated Raman spectroscopic system is demonstrated it will be interesting
to look towards potential practical applications of such an integrated Ra-
man sensor. Traditional (confocal) Raman microscopic systems have found
applications in many fields (for non-destructive material analysis) e.g. to
determine the distribution of active pharmaceutical ingredients [185], to study
meteorites [186], to characterize graphene in device fabrication [187], to
determine pigment concentrations in paint [188] and to detect biomolecules
in living cells [189]. However, these desktop devices are costly (a few hun-
dred thousand euros) and bulky which limits their widespread use, especially
in outside-of-the-lab environments [62]. Therefore, there is an increased
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demand for miniaturized Raman devices that can be used in the field [11].
Portable handheld devices have recently emerged as a rapid in-situ tool that
can be used for applications as pharmaceutical material screening [190],
identifying different types of bacterial growth [191] and quality control in
the food industry [192]. These devices are however still rather costly (tens
of thousands of euros) and the miniaturization of the Raman spectroscopic
system results in a reduced performance compared to their desktop equiva-
lents [193, 194]. Integrated Raman sensors boost the performance relative
to free-space excitation and collection [14,76] (allowing for the detection of
low-concentration analytes in complex samples e.g. blood). Further, they are
also cheap, compact, reliable and mass-producible (allowing for widespread
use on-site). They therefore can be used for i.a. point-of-care applications
allowing for high-performance sensing outside of the medical laboratory (e.g.
bedside (drug) monitoring in/of patients blood [81], in-line measurements dur-
ing endoscopy), drug development (e.g. detecting protease activity [84,195]),
thread detection (e.g. in-situ detection of trace amounts of chemical warfare
agents [196]) and environmental-quality monitoring (e.g. indoor monitoring
of volatile organic compounds (VOCs) [78]). A partial attempt has been
made towards a cheap, high-performing handheld Raman spectroscopic de-
vice in the form of a handheld spectrometer (the size of a smartphone). This
device uses photonic waveguide interferometers that are monolitically inte-
grated on top of a CMOS image sensor showing high optical throughput and
spectral resolution (like the desktop versions) [193,197]. However, it only
involves the integration of the spectrometer itself and does not take advantage
of the enhanced signal collecting capacity of waveguide-enhanced Raman
spectroscopy.
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In the second part of this PhD project, we explored on-chip surface-enhanced
coherent Raman spectroscopy. We showed that:

e On-chip surface-enhanced coherent Raman spectroscopy provides a (theoret-
ical) signal enhancement of more than three orders of magnitude compared
to SERS on the nanoplasmonic waveguide (allowing for room temperature
detection), while proving an improvement in the signal-to-background ratio
(SBR) of more than three orders of magnitude compared to on-chip SRS on
a dielectric strip waveguide (thereby drastically reducing the background
contribution of the waveguide core).

e Both on-chip SE-SRS and SE-CARS provide a comparable Raman response.
SE-SRS is preferred over SE-CARS in this work with the main argument
that it has a linear dependence on the analyte concentration (compared to
quadratic for SE-CARS) and will therefore be more sensitive to relevant low
concentrations analytes such as biomolecules in aqueous solution.

o The experimental demonstration of SE-SRS on the nanoplasmonic slot is
challenging. The heating intrinsic to linear absorption in the gold nanostruc-
ture induces a thermo-optic effect that affects the Stokes beam overshadowing
the Raman signature of the analyte (NTP in the present case). Not only is
this thermo-optic effect two order of magnitude stronger than the Raman
response, but it also presents its own non-trivial spectrum overlapping with
that of the thermo-extinction coefficient presented in literature.

From this work the following future directions can be followed:

o Thermal background mitigation. The obvious next step for SE-SRS is
to mitigate the thermal background encountered in practical SE-SRS mea-
surements. Firstly, the modulation frequency of the lock-in system can be
increased to 100‘s of MHz such that it will lead to a significant drop in
strength of the parasitic thermal background. Secondly, we can increase
the thermal capacitance of the gold sheets next to plasmonic slot such that
it lowers the thermal response of the plasmonic slot at higher modulation
frequencies. Thirdly, we can try to remove the thermal modulation (and
hence the thermal background) all together by adding a second pump laser to
our detection scheme that is in anti-phase to the first pump laser so that the
heating in the plasmonic slot is constant over time. (A detailed discussion on
the different mitigation strategies can be found in Section 6.5).

o Performing SE-CARS over SE-SRS. In this work, we chose SE-SRS over
SE-CARS without knowing about the presence of the photothermal back-
ground. Since SE-CARS does not suffer from such a background it would
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be tempting to experimentally explore SE-CARS instead of focusing on the
thermal background mitigation in SE-SRS. However, our original argument
still stands in that SE-SRS will be much more sensitive to low concentra-
tion analytes such as biomolecules in aqueous solution. Furthermore, the
signal enhancement for SE-CARS will only be limited (for low concentra-
tions) compared to on-chip SERS such that it will be difficult to justify its
additional setup complexity. Therefore, as a first step, further investigating
on-chip SE-SRS would be worth the effort since it provides a better per-
formance compared to SE-CARS. The proposed mitigation strategies for
SE-SRS are relatively straightforward and it would therefore only take a
reasonable amount of time to verify if they are successful or not. In case
the thermal background is persistent or another parasitic effect is present,
the shift to SE-CARS can be made. SE-CARS has a more straightforward
detection scheme but also carries some unknown risk since it has not yet
been demonstrated on a waveguide platform. When performing SE-CARS
on the plasmonic slot, special care should be taken to avoid thermal damage
to the sample and the analyte as the first preliminary results on the plasmonic
slot show that this might be an issue. At this moment, the risk of (further)
investigation SE-SRS and SE-CARS seems more or less equal, while the
return in performance for SE-SRS is higher.

Determining the detection limit of on-chip SE-SRS. Once the thermal
background is (sufficiently) suppressed, the next step will be to perform
a successful measurement of SE-SRS on the plasmonic slot. Firstly, one
performs a proof-of-concept measurement on the nanoplasmonic slot using
an analyte with a strong Raman response such as a monolayer of NTP [16].
Afterwards, the experimental detection limit of our SE-SRS sensor can be
determined by probing the Raman response of small fractions of DMSO
dissolved into a solvent with a low surface tension like ethanol or IPA (in
order to ensure the wetting of the plasmonic slot [103]).

Integration of the SE-SRS sensor. Further along the road, the SE-SRS
sensor can be integrated with the rest of the Raman spectroscopic system to
form an all-on-chip SE-SRS system. In our SE-SRS measurements we use
CW lasers [67, 68], (balanced) detectors [143, 144] and lock-in amplifiers
[145,198] which all have been demonstrated on integrated platforms with
decent performance. Furthermore, by integrating an array of lasers onto the
chip (with each laser dedicated to a specific Raman mode) we can probe the
Raman spectrum without the need for tuning of the laser wavelength.









Appendix A: Simulating reflections in
the MMI-plasmonic slot configuration

In our MMI-plasmonic slot configuration, unwanted back-reflections (at the inter-
face between the dielectric and plasmonic slot, the interface between the MMI-taper
and the mode converter, the interface between the mode converter and the slot
waveguide, in the MMI from the input port to the output port, the interface between
the silica cladded part of the dielectric slot waveguide and the water cladded part
of that same waveguide) can reflect a small portion of the excitation beam into
the output waveguide. In order to get an idea about the reflections at the different
interfaces we make use of numerical simulations (Lumerical’s EME and FDTD
solver). In the models, a refractive index of 2.02 is taken for the PECVD Si3zNy,
1.76 for Al,O3, 1.45 for SiO,, 1 for air, 1.33 for water and the build in refractive
index model for gold (Johnson and Christy [199]). The different models follow the
device dimensions as described in Section 5.1.1 and the reflections are evaluated at
785 nm which corresponds to the pump wavelength used in our experiments.

Fig. A.1 shows the FDTD simulation model (width x length = 1.5 pm x 2 um)
build for the interface between the dielectric and plasmonic slot (image taken
directly from the simulation). A fundamental TE-mode of power P;, is injected
in the dielectric slot waveguide, where part of it reflects (P ) at the interface
and is recorder by the power monitor placed behind the excitation source. A mesh
resolution of 1 nm is used in the simulation. For practical plasmonic slots it was
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discovered (using SEM) that the gold lift-off at the edge of the plasmonic slot is
not completely perfect resulting in a reduced/increased gold gap. Therefore, in our
simulations the gold thickness in the gap is varied from 1 nm to 10 nm. This results
in a recorder reflection of -25 dB to -30 dB, where the reflection is calculated as:

Reflection [dB] = 10 x log(——) (A.1)

Preﬂ.
Pin

Figure A.1: 3D view of the plasmonic slot connected to the Al,03 coated SizNy slot
waveguide. The FDTD simulation environment is defined by the red box, while the reflection
power monitor (yellow rectangle) is placed behind the excitation source (purple arrow).

In Fig.A.2, the build model is shown for the interface between the silica cladded
part of the dielectric slot waveguide and the water cladded part of that same
waveguide. Where we again define a width x length = 1.5 pm X 2 um simulation
environment and follow an analogous procedure as for the plasmonic slot interface.
A reflection of -36 dB is found for the water cladded dielectric slot.

Next, we consider the interface between the MMI-taper and the mode converter
and the interface between the mode converter and the slot waveguide. Fig. A.3
displays the build model for both (following the dimensions as described in Section
5.1.1). In the EME solver, the fundamental TE-mode is excited in port 1, transmitted
to port 2 and the reflection coefficient (S%l) is extracted from the calculated s-matrix
in the model. A total of 30 modes are calculated over the taper length, 60 modes
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Figure A.2: 3D view of the transition between the silica cladded dielectric slot waveguide to
the Al,O3 coated Si3Ny slot waveguide with a water cladding (not shown). The FDTD
simulation environment is defined by the red box (not shown in silica), while the reflection
power monitor (yellow rectangle) is placed behind the excitation source (purple arrow).

over the strip-to-slot converter and a 10 nm mesh resolution is used. The calculated
reflection for the taper corresponds to -120 dB, while it is -300 dB for the mode
converter. Finally, we simulate the amount of pump power reflected in the MMI
towards the output waveguide (port 2) when injecting a fundamental TE-mode at
the input waveguide (port 1). Fig. A.4 shows the model build in Lumerical using
the EME solver. A total of 50 modes are calculated in the MMI cell along the
propagation direction and a mesh resolution of 30 nm is used. A reflection of - 43.5
dB is calculated for the MMI towards the output waveguide (port 2) when injecting
a pump laser in the input waveguide (port 1).

Numerical Reflections dB
Rpjas -25to0 -30
Rclad -36
RyMI 435
Reaper -120
RmMode -300

Table A.1: Simulated reflection values for the interface between the dielectric and plasmonic
slot (Plas), the silica cladded part of the dielectric slot waveguide and the water cladded
part (Clad), the MMI-taper and the mode converter (Taper), the mode converter and the slot
waveguide (Mode) and the internal reflection in the MMI from the input port to the output
port (MMI).



A-4 APPENDIX A

Sio, (a)

Figure A.3: Top-down view of (a) the mode converter and (b) MMI-taper build in the
simulation model. The silica top cladding is not shown in the figures. For the MMI-taper the
different cells are shown for which the EME-solver calculates the fundamental mode at each

cell.
Sio,
1 3
2 4

Figure A.4: Top-down view of the MMI simulation model. The silica top cladding is not
shown in the figure. The fundamental TE-mode is injected in port 1 and the amount of
reflection at port 2 is extracted from the s-matrix.



Appendix B: Additional illustrations of
the 3D thermal simulation

In Section 6.4 we give a detailed description of the custom-build 3D simulation
model of the nanoplasmonic slot (using COMSOL Multiphysics). This model has
been used to make an estimate on the thermal modulation (ATg;y,) occurring in
the plasmonic slot when a (modulated) pump and Stokes beam are propagating
through it. A part of these pump and Stokes beams is absorbed and acts as a heat
source for the nanoplasmonic slot. Here we present three supportive figures on
the solved model taken directly from our COMSOL simulation. The three figures
below show the (absolute) temperature in the simulation model (from three different
perspective) after 10 us when a quasi-steady-state is reached in the plasmonic slot
(see Fig. 6.10). From Fig. B.1 we can see that the temperature is the highest in
and close to the plasmonic slot and that the gold sheets next to the waveguide
have a higher temperature than alumina and silica layers which is expected due
to the lower thermal resistance of gold compared to the surrounding materials
(Section 6.4.4 provides a more detailed discussion on this). Fig. B.2 & B.3 show
the complete and a top-down view of the simulation model respectively where there
is only a mild temperature increase in the silicon and silica layer since they act as
heat sinks. Furthermore, these figures indicate the infinite element domains (these
regions apply a semi-infinite coordinate stretch along the axis of interest such that
they approximate the different material layers as infinitely large) that terminate the
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simulation model on each side with a constant temperature of 293.15 K at the end.
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Figure B.1: 3D view of the temperature distribution in the plasmonic slot and its
surrounding (from COMSOL). The different material layers are indicated in the figure. The
heat source originates from the absorption of the (modulated) pump and Stokes laser
propagating through the nanoplasmonic slot.
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Figure B.2: Full view of the complete simulation environment, the main material layers and
the infinite element domains set in the model. The heat source originates from the absorption
of the (modulated) pump and Stokes laser propagating through the nanoplasmonic slot.
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Figure B.3: Top-down view of the simulation model with the two infinite element domains
that terminate the model in the Z-direction (blue dotted lines). The heat source originates
from the absorption of the (modulated) pump and Stokes laser propagating through the
nanoplasmonic slot.






Appendix C: Chip-scale investigation
on the acoustic vibrations of dielectric
Nanoparticles

C.1 Introduction

In the first two years of my PhD the focus was on performing a CARS-like (Co-
herent anti-Stokes Raman scattering) measurement on 22-nm polystyrene beads.
These beads were dropcasted in aqueous solution on top of a silicon nitride slot
waveguide (see Fig. C.1). In literature it is shown [200] that these polystyrene
beads have an observable acoustic vibrational spectrum (GHz vibrations vs THz
for molecular vibrations) using a similar four-wave mixing experiment in a free-
space configuration (see Fig. C.2). By using photonic integrated circuits (PICs)
the interaction length with the suspension of nanoparticles is further increased
while the propagating light beam remains tightly confined. Furthermore, PICs
allow for a much superior integration with the other spectroscopic components
on a single chip. This demonstration on the polystyrene beads would serve as a
proof-of-concept such that in a later phase the acoustic vibrations of viral particles
(organic nanoparticles) could be probed. These viral particles possess a rigid outer
shell (the capsid) which shows a distinct acoustic spectrum depending on their size,
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shape, and stiffness [201-204] (just like plastic and metal nanoparticles [205,206])
which can be used as a fingerprint to distinguish them from each other. In this way,
the sensing capabilities of the waveguide-based Raman sensor can be expanded
from the detection of molecules to the detection of (viral) particles paving the way
for fast, cheap and mass-producible virus sensors.

B siicon nitride
Si02
Aqueous solution

Polystyrene bead

22 nm

Figure C.1: Illustration of the nanoparticle solution dropcasted on top of a dielectric slot
waveguide.

C.2 Methods

C.2.1 Fabrication

The photonic circuits used for experiments are fabricated on 200 mm silicon
wafers. 300 nm SizNy is deposited through a low temperature plasma enhanced
chemical vapor deposition process [74] on a 3.3 um SiO, layer (imec‘s BioPIX
platform [149]). Subsequent patterning is performed by deep UV-lithography
and reactive ion etching. In this way two 5.5 mm long (1) strip waveguide with
width (w) x height (h) = 1400 x 300 nm? are defined on both sides, that taper over
50 pum into the slot waveguide with width (w) x height (h) = 1400 x 300 nm? and
a 150 nm wide slot. Five separate slot waveguides are defined with a varying length
going from 0.4 mm to 6.7 mm. A silica top-cladding of 1 um is deposited over the
full waveguide expect over the length of the dielectric slot where the top-cladding
is opened up. A well cut from a standard 96 wells-plate is glued to the chip using
UV-curable glue. Having a long term confinement of the nanobead solution on
the chip is essential since it prevents evaporation of the solution and assures the
constant concentration of the particles during experiments. A small hole is made in
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Figure C.2: Resonance observed (43 GHz) when probing the 22-nm polystyrene beads using
a four-wave mixing experiment in a free-space configuration (Image taken directly
from [200]). APD: Avalanche Photodetector.

the wells such that a droplet of the nanobead solution can be dropcasted on top of
our waveguide structures. Afterwards, the well is closed using scotch tape.

C.2.2 Setup

Measurements are performed on the setup depicted in Fig. C.3. A pump laser
(Santec TSL510, 1550.3 nm) is first amplified (EDFA booster) before being guided
towards a 50/50-splitter where it is combined with the tunable Stokes laser (Santec
TSL510). A Fiber Bragg grating (FBG) before chip filters out the (laser) noise in
the spectral range where the anti-Stokes beam is expected to be generated (1549.7-
1550.1 nm). Afterwards, the noise floor in that region corresponds to -87 dBm.
Both the pump and Stokes beam are coupled onto the chip using vertical fiber
coupling. A semi-automatic setup is employed to ensure the stable power input
onto the chip (reducing the effect of fiber drifts) which is critical because CARS
has a non-linear scaling with pump power. After the chip another FBG is employed
to filter out both the pump and Stokes contribution before finally the spectra is
detected by an OSA (Advantest 8381A). The exact beating frequency of the pump
and Stokes laser was determined and its variations are in the MHz range while
the linewidth of the vibration that is probed is in the ~ 2 GHZ range such that
this variation will not limit the amount of power effectively used in exciting the
vibrations. A spectral range of 25 GHz-75 GHz is probed during the experiment
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with a 1 pm (124 MHz) resolution, while having a pump and Stokes power of 24.3
dBm & 6.31 dBm respectively before chip. The correct function of the setup was
verified by performing a degenerate four-wave mixing measurement on a 4 cm-long
strip waveguide showing the generation of a similar peak as the one we expect in
our CARS experiment.

Pump laser

Stokes laser MU W

Figure C.3: Schematic of the setup used to probe the acoustic vibrations of the polysytrene
beads. SMF: Single mode fiber, Pol: Polarization controller, EDFA: Erbium-Doped Fiber
Amplifier, 50/50-splitter; FBG: Fiber Bragg grating, OSA: Optical spectrum analyzer.

Chip

C.2.3 Estimated signal

Since we know the nonlinear refractive index n, of the polystyrene beads in aqueous
solution from [200], the generated anti-Stokes (idler) signal at the end of the
waveguide for these beads using our dielectric slot and measurement setup can be
estimated by filling in [38]:

Pas(Liop) = Ps(0)(1 + £2/4g)sinh?(gLqior) (C.1)

Assuming no pump depleting and where:

k= Ak + 2P, (C.2)
y= npw (C 3)
CAeff '
Ak = (ngws + Nastas — 2npwp)/c (C.4)

g=/(27Pp)? - (#/2)? (C.5)
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Now using P, = 24.3 dbm~Tequp1, ~Ts1or = 12.14 dBm, P = 6.31 dbm~Teqyp1,~
Tsiot = —5.85 dBm, where Teoupy. = 7.76 dB is the coupling loss from free-space to
the waveguide and Ty = 4.4 dB/mm x L is the scattering/absorption loss in
the dielectric slot with the particle solutions as the top cladding. Lgjo; = 1 mm, n2 =
2 x 10715 m?/W, Aggr = 0.695 pm? and ng = 1.80157, np = 1.80174, ngs = 1.80191
(using Lumerical mode solutions) with Ak = 12.46 and 2P}, = 381.

The generated signal at the end of the dielectric slot corresponds to Pyg(Lgjo) =
—14.05 dBm. Now including the coupling loss (T¢oupi.) and setup loss after chip
(-12 dB) the power to be detected by the OSA corresponds to Py osa = —-33.8 dBm
while the noise floor is at -87 dBm.

C.3 Results

The acoustic resonances that were observed with a free-space approach [200]
(see Fig. C.2) were not observed in the acoustic spectra of our on-chip based
measurement. Our theoretical calculation involving the effective nonlinearity of the
nanoparticles and the wave propagation do confirm the CARS conversion efficiency
should be in the range of -33.8 dBm while we observe no signal down to -87 dBm.

This calculation did however exclude a non-ideal behavior of the beads (i.e.
damped vibrations, absence of particles in the slot). Therefore it is possible that a
problem could be found in this direction. Several hypothesis were refuted during
the course of two years as the cause for the absence of a measurable signal. These
included:

 Laser heating effects pushing the particles out of the slot.
(I verified that this effect is not relevant by performing transmission experi-
ments as a function of power)

» Trapping of particles by the optical forces
(Calculations show that this force is not relevant for our 22 nm beads [207])

* Geometry and size dispersion of the nanobeads
(SEM images show that the beads are monodisperse and of expected size)

* Particles stick to waveguide walls
(This only leads to limited damping due to acoustic impedance mismatch
between the particle and the waveguide wall [208, 209])

* No-wetting of the waveguide slot
(Raman Glucose experiments showed wetting of the slot [210])



C-6 APPENDIX C

¢ Issue with the polystyrene beads
(Alternative nanobeads (silica, CdSe/Cds) also did not show observable
resonances)

» Exclusion of the beads from the waveguide slot by entropic forces
(Measurements on strip waveguides and on the dried-up particle solution
also did not show any resonances)

Despite these good efforts, experimental results did not follow. Therefore it
was concluded that it was no longer fruitful to continue this line of experimental
work. The possibility still remains that there is a unexpected particle behaviour that
is not accounted for in our experiment/theory models which explains the absence
of observable resonances. We contacted Professor R. Gordon [200] and his team in
order to learn from their experience in probing the vibrations of these polystyrene
nanoparticles with a free-space approach (possibly through a visit). Unfortunately,
we were told that their setup was dismantled and that they did not yet succeeded in
reproducing the experimental results. In the future it might be best to first recreate
the results of [200] with a free-space approach before advancing towards photonic
integrated circuits.
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