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Dankwoord

Het dankwoord, een kort stukje tekst dat in de meeste boeken slechts
sporadisch bekeken of resoluut overgeslagen wordt, krijgt in deze lijvige
turf waarschijnlijk de eer om het meest gelezen te worden. Hiermee beweer
ik absoluut niet dat de rest van dit werk slechts een lange en saaie epiloog
is. Het valt echter niet te ontkennen dat het resultaat van vier jaren hard
labeur ook te danken is aan het advies en de steun van heel wat mensen.
Zij verdienen dan ook een prominente plaats aan het begin van deze thesis
en ik zal proberen om hen in de volgende paragrafen de eer aan te doen die
hen toekomt.

Dit doctoraat zou in eerste instantie niet mogelijk geweest zijn zonder
de steun en het vertrouwen van mijn promotoren Prof. Roel Baets en Prof.
Nicolas Le Thomas. Ik herinner me mijn introgesprek met Roel in maart
2012 nog goed. Dankzij zijn enthousiasme was ik al snel overtuigd van het
voorgestelde project en op 1 april 2012 (geen grap) ging ik officieel van
start in de Photonics Research Group. Een paar maanden later vervoegde
ook Nicolas het Raman-on-chip (ROC) team. Ik wil hen in het bijzonder
bedanken voor de ondersteuning, voor de uitgebreide feedback en voor
de vrijheid die zij mij gegeven hebben. De zelfstandigheid en kritische
geest die ik hierdoor gaandeweg heb aangeleerd zijn ongetwijfeld van groot
belang voor het uitbouwen van een verdere (onderzoeks)carriere.

Het overgrote deel van de chipfabricage werd uitgevoerd in samen-
werking met imec (Leuven). Ik wil dan ook een aantal mensen bedanken
zonder wie het nooit mogelijk was geweest om mijn chips te maken. Eerst
en vooral Prof. Pol Van Dorpe voor de vele discussies over plasmonics, de
fabricage-tips en uiteraard ook om op te treden als mijn supervisor binnen
imec. Josine, bedankt voor al je hulp, tips en geduld bij het uitvoeren
van mijn ongebruikelijke e-beam requests. Ook dank aan Pieter voor zijn
begeleiding bij de opstartfase en Kim voor alle hulp in de cleanroom.
Daarnaast wil ik ook Steven en Liesbet van de UGent-cleanroom bedanken:
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Steven voor je allround cleanroom expertise en Liesbet voor de vele
prachtige SEM beelden en geduld. Na verloop van tijd werd ik soms de
bowtie-man genoemd en ik vrees dat jij het grootste slachtoffer was van
mijn zoektocht naar het ideale bowtie beeld.

Het voordeel van een grote onderzoeksgroep is dat je gedurende vier
jaar heel wat nieuwe mensen leert kennen. Het nadeel is dat het onmogelijk
wordt om voor iedereen een afzonderlijk bedankje te schrijven. Toch zou
ik graag een aantal personen willen bedanken voor de blijvende indruk
die ze gemaakt hebben. Thanks to Ananth for your guidance during the
startup of my PhD and all the measurement tips. Ashim, my ROC partner
in crime from the beginning, you are truly a remarkable guy. Together
with Pieter W we made Chemnitz a much more fun place during the SES
2014 conference. Speaking of remarkable guys, a special thanks to “good
morning Sir” Alfonso and “dang tiki dang dang” Sarvagya for the support,
numerous chats and dinners at our beloved de Brug. I was lucky (or unlucky
®) to share an office with both of you and observe your special bromance.
Merci ook aan Bart K, Pieter G en Raphaél voor de bijzonder interessante
verkenning van San Jose. Wij hebben laten zien dat daar nog veel meer
te beleven valt dan CLEO alleen. Thanks to the new guys, “tovarish”
Anton, “dale dale” Alejandro and “plansjeeee” Soren for the nice chats,
the dinners and the many nightly explorations of Ghent. Also thanks to all
the other party people (just too many to list). Ook dank aan Kristien, Mike
en Ilse? voor alle ICT en administratieve hulp.

Uiteraard zijn er ook heel wat personen buiten de onderzoeksgroep die
een bijzonder dankwoord verdienen. Ook hier is het helaas onmogelijk
om iedereen apart in de bloemetjes te zetten. Daarom dat ik hen allemaal
wil bedanken om al zo veel jaren klaar te staan met een luisterend oor en
goede raad. Ik kan niet genoeg benadrukken hoe dankbaar ik jullie daar
voor ben. En dat weten jullie zelf beter dan wie ook, want ik heb het jullie
ongetwijfeld al meer gezegd dan ik hier ooit zou kunnen neerschrijven.
Toch zou ik graag nog een aantal mensen persoonlijk willen bedanken
omdat ze tijdens de afgelopen vier jaar (en vaak al veel langer) prominent
aanwezig waren.

Laurenz, Jonas C en Jonas V oftewel “Sterreman” Laurie, “Petit
Bateau” Claeys en “koning van Zimbabwe” Plankie, na het middelbaar
zijn we elk onze eigen weg gegaan, maar gelukkig is het contact gebleven
dankzij de ondertussen legendarische gezelschapsspellekensavonden. Ooit
begonnen met Risk en inmiddels uitgebreid met strategische hersenbrekers
als Havana, Puerto Rico, Imperial 2030, Archipelago, ... en Camel Up, of
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is het nu toch Cup, niet te vergeten. Gedurende de afgelopen 4 jaar vormden
al die avondjes een fantastische afwisseling op het doctoraatswerk waar ik
altijd naar uitkeek (en dat nog steeds doe voor alle duidelijkheid ®).

Van studiegenoot naar goede vriend en later zelfs nog even collega.
Tom, buiten jou ken ik werkelijk niemand die na wat cocktails of een Despe
nog steeds zo gefascineerd over fysica kan babbelen. Bedankt voor de vele
(al dan niet fysica gerelateerde) babbels tijdens de bijna wekelijkse pizza-
avonden in La Rustica. Na zoveel discussies zijn we het er hopelijk over
eens dat het juiste antwoord 97 is. Dankzij jou heb ik ook de Polé Polé,
ondertussen één van mijn favoriete bars in Gent, leren kennen. Ik ben ervan
overtuigd dat de eigenaars jou daar ook bijzonder dankbaar voor zijn. EDM
Pieter, nog een pizza-regular, bedankt voor de toffe concertavonden en de
vele babbels. Ook dank aan alle andere vriendjes en vriendinnetjes van de
Toegepaste Natuurkunde, Geoff, Jeroen VS, Jeroen V, Céline, Yves, ...

Amélie, het is nu bijna 10 jaar geleden dat we elkaar leerden kennen
op rij 4 van auditorium A in de Plateau. Wie had toen kunnen denken
dat we zoveel jaar later beide zouden doctoreren in achtereenvolgens bijna
hetzelfde gebouw, hetzelfde gebouw en dan weer bijna hetzelfde gebouw.
Bedankt voor al de (ontspannende, grappige, serieuze) babbels tijdens de
vele lunches en koffiepauzes (en ook daarbuiten).

Mijn laatste burgiejaar is er eentje dat ik niet snel zal vergeten (de
meeste momenten toch ®) en dat is mede dankzij Bart, met wie ik de
beste VTK show ooit heb mogen regisseren. Bart, je kan als geen ander
relativeren (wat is 100 euro nu?) en ik ben blij dat we na onze wilde
studentenjaren contact gehouden hebben.

Men zou het een paar jaar geleden nooit gedacht hebben, maar samen
met Eva heb ik me er toch aan gewaagd om de eerste stappen (1,2,3-5,6,7-
...) in het salsawereldje te zetten. Achteraf bekeken een zeer welkome
ontspanning tijdens het schrijven van een doctoraat. Ik kan het iedereen
alleen maar aanraden, de salsa dan toch ©. . ..

Oma, jij hebt mij ook een beetje grootgebracht. 1k kan niet bedenken
hoeveel woensdagnamiddagen ik bij jou ben geweest en ben je dan ook
enorm dankbaar voor al de goede zorgen en je interesse. Merci. Valérie,
onze gekruiste Belgisch-Spaanse mus, bedankt voor de leuke herinneringen
aan de vele zomers die we samen hebben doorgebracht op Perreveld en
voor de vele babbels. Ook dank aan mijn andere nichten en neef voor
de bijzondere reiinie vorige zomer en aan alle familieleden die me steeds
gesteund hebben.

Tot slot wil ik ook mijn ouders een zeer oprechte dankjewel zeggen.
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Bedankt voor jullie onvoorwaardelijke steun, geduld en interesse. En dat
niet alleen gedurende de afgelopen vier jaar. Jullie hebben mij altijd volop
gesteund in mijn keuzes, ook al waren die niet steeds even voor de hand
liggend. Ik wil jullie ook bedanken voor de prachtige reizen, die me
ongetwijfeld een veel ruimere kijk hebben gegeven en waaraan ik een
ontelbaar aantal mooie herinneringen heb overgehouden. Ik zou hier nog
heel lang kunnen doorgaan, want het is nagenoeg onmogelijk te beschrijven
wat jullie allemaal voor mij gedaan hebben en hoeveel jullie voor mij
betekenen. Dit werk zou er nooit geweest zijn zonder jullie. Kortom,
ongelooflijk bedankt voor alles . ..

Oudenaarde, 5 Mei 2016
Frédéric Peyskens
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Nederlandse samenvatting
—Summary in Dutch—

Gedurende de afgelopen jaren is er een toenemende vraag naar draagbare
en compacte spectroscopische toestellen voor het uitvoeren van accurate,
gevoelige en in situ detectie van een grote verscheidenheid aan biologische
en chemische substanties. Ramanspectroscopie neemt een bijzondere
plaats in omdat men via deze techniek de fundamentale vibraties van
een molecule kan detecteren. Aangezien deze vibraties karakteristiek
zijn voor elke molecule (een soort moleculaire vingerafdruk), vormt het
dus een uitgelezen methode om specifieke substanties te identificeren aan
de hand van hun karakteristieke spectrum. Alle traditionele spectrosco-
pische technieken (dus niet alleen Ramanspectroscopie) vereisen echter
vaak het gebruik van dure en omvangrijke instrumentatie. Als gevolg
daarvan is het moeilijk om dergelijke methodes op grote schaal toe te
passen buiten een typische laboratorium omgeving. Hoge index contrast
fotonisch geintegreerde circuits (ICs) kunnen een oplossing bieden voor
dit probleem. Eerst en vooral hebben hoge index contrast fotonische
ICs zeer gelokaliseerde modes, waardoor de sterkte van het evanescente
veld zeer groot is voor een gegeven optisch vermogen. Dit resulteert in
een intense interactie tussen het fotonische circuit en zijn omgeving en is
van groot belang voor on-chip sensing toepassingen. Bovendien kunnen
verschillende optische functionaliteiten geintegreerd worden op één enkele
fotonische chip. Daarnaast leidt integratie tot goedkopere en betrouwbare
toestellen die massa-reproduceerbaar zijn. Tot slot biedt integratie de
mogelijkheid tot multiplexing.

Het meest prominente fotonische platform is het SOI platform, ge-
baseerd op silicium golfgeleiders op een silica substraat. Dergelijke
golfgeleiders zijn transparant tussen 1.1 en 4 pym. Het therapeutische
golflengtevenster voor de meeste biologische media is echter tussen 750
en 930 nm omdat er binnen dit bereik minimale licht-geinduceerde schade
en waterabsorptie is. Voor biologische toepassingen is het dus noodzakelijk
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om het SOI platform uit te breiden naar kortere golflengtes en tegelijkertijd
de mogelijkheid behouden om gebruik te maken van standaard CMOS
technologie. Silicium nitride (SiN) is waarschijnlijk het meest voor de
hand liggende materiaal omdat het transparant is tussen 0.4 en 5 um, wat
het bijzonder geschikt maakt voor het zichtbare en nabije infrarood (IR)
spectrum. Binnen dit golflengtebereik is er ook een grote verscheidenheid
aan performante en goedkope lichtbronnen en detectors.

In de context van de ERC Advanced Grant InSpectra is onze groep
gestart met het onderzoek naar geintegreerde Raman spectroscopie syste-
men, gebruik makend van het SiN platform. We hebben voor de eerste
maal experimenteel aangetoond dat Raman spectra geéxciteerd en gecol-
lecteerd kunnen worden door het evanescente veld van een monomode SiN
golfgeleider. Bovendien hebben we ook vastgesteld dat zo’n geintegreerd
Raman platform een betere pomp-naar-Raman conversie-efficiéntie heeft in
vergelijking met een conventionele Raman microscoop. Nochtans kan een
dergelijk platform niet alle nadelen van conventionele systemen omzeilen.
Zo blijft het moeilijk om zeer kleine deeltjesaantallen of nanopartikels te
detecteren. De plasmonresonanties van specifiek ontworpen metallische
nanostructuren (nanoplasmonische antennes) kunnen een oplossing bieden
voor dit probleem. Het elektrisch veld rond zo’n resonante structuur
kan enorm versterkt worden omdat het samengeperst wordt nabij het
metaaloppervlak. Als gevolg daarvan wordt de pomp (excitatie) in-
tensiteit versterkt. Bovendien wordt ook het uitgezonden Raman licht
versterkt door hetzelfde mechanisme. Het uiteindelijke resultaat is een
aanzienlijke versterking van het oorspronkelijke Raman signaal waardoor
extreem zwakke Raman emitters, geadsorbeerd op het metaaloppervlak,
gedetecteerd kunnen worden. Dit proces wordt Surface Enhanced Raman
Spectroscopy (SERS) genoemd.

De meeste SERS toepassingen maken echter nog steeds gebruik van
conventionele systemen, gebaseerd op excitatie en collectie met behulp van
een microscoop. Ondanks het feit dat men recent ook gestart is met het
integreren van nanoplasmonische antennes op fotonische ICs, zijn derge-
lijke ICs tot op heden alleen gebruikt om het SERS signaal van externe,
niet-geintegreerde, metallische nanopartikels te bestuderen. Een dergelijke
aanpak is echter niet kwantitatief als gevolg van de grote onzekerheid op
de precieze Raman versterking en de koppeling tussen het pomp licht en de
metallische nanodeeltjes. Om kwantitatieve SERS spectra te bekomen, is
een complete controle over de Raman versterking en de koppeling met de
onderliggende golfgeleider echter noodzakelijk. Dit uitdagend probleem
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vormt het centrale doel van dit doctoraatsonderzoek. De verschillende
aspecten die onderzocht werden, zijn hieronder samengevat:

* Verschillende fabricagemethodes voor de hybride integratie van
nanoplasmonische antennes en fotonische ICs.

 Invloed van de geometrische antenneparameters op de plasmonreso-
nantie.

* Ontwikkeling van een analytisch on-chip SERS model om de rele-
vante design parameters te achterhalen.

» Experimentele karakterisatie van on-chip SERS signalen, geéxciteerd
en gecollecteerd door de fundamentele golfgeleider mode.

* Strategieén om de signaal-ruis verhouding te verbeteren.

Zo’n geintegreerde monomode SERS probe kan gecombineerd worden met
andere fotonische, microfluidische of biologische functionaliteiten om een
volledig geintegreerd platform te ontwikkelen voor de detectie van extreem
zwakke Raman signalen.

De typische resolutie die nodig is om nanoplasmonische antennes
te defini€éren, kan normaal niet bereikt worden met standaard deep-UV
lithografie. Electron beam lithografie (EBL) is wel in staat om de vereiste
resolutie te bereiken, maar is typisch veel trager. Omdat de resist waarin de
antennes gedefinieerd worden veel dunner is dan de dikte van een typische
golfgeleider, is het aangeraden om eerst de antennes te fabriceren op een
vlak substraat en pas nadien de golfgeleiders rond de antennes te etsen.
Dit verhoogt de uniformiteit en leidt normaal ook tot een betere definitie
van de antennes. Een dergelijk proces vereist wel 2 EBL stappen. In de
eerste stap worden de antennes gedefinieerd en verschillende EBL resists
werden onderzocht om de optimale proces-strategie te bepalen. Er werd
vastgesteld dat een combinatie van ma-N 2400.6 en ma-N 2403 resist de
beste resultaten geeft in termen van reproduceerbaarheid, patroondefinitie
en verliezen in de chip. De beste golfgeleiderverliezen die met dit
geoptimaliseerd proces bekomen werden, zijn 3 dB/cm rond A = 785 nm.

Vervolgens werd de invloed van de geometrische antenneparameters op
de plasmonresonantie onderzocht in het golflengtebereik 700 — 1000 nm. In
onze studie hebben we 3 verschillende antenne types (single rod, double rod
en bowtie antenne) theoretisch en experimenteel vergeleken. De theoretisch
voorspelde trends werden allemaal bevestigd door onze experimenten en
interactie-efficiénties tot 19% rond 800 nm werden waargenomen voor
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een bowtie antenne. We toonden theoretisch ook aan dat deze interactie-
efficiéntie geoptimaliseerd kan worden door de golfgeleidergeometrie aan
te passen. Uit numerieke simulaties werd vastgesteld dat de bowtie antenne
de hoogste Raman versterking heeft van de drie onderzochte antennes.
Bovendien bezitten bowtie antennes met een grote apex hoek naast een
brede dipool resonantie ook een smalle (hogere (Q—factor) quadrupool
resonantie.

Na deze plasmonresonantie-studie hebben we onze aandacht gericht op
het hoofddoel van dit doctoraatswerk, namelijk de excitatie en collectie
van SERS signalen via een hybride nanofotonisch-plasmonisch platform.
Om de pure SERS eigenschappen van een dergelijk hybride platform te
bestuderen, is het belangrijk om het SERS signaal te isoleren en elke
andere contributie van spontaan Raman licht te vermijden. Daartoe werd 4-
nitrothiophenol (NTP) gebruikt. NTP vormt een monolaag op het goudop-
pervlak van de antennes door middel van een Au-S binding, zonder daarbij
te binden op het SiN. Metingen bevestigen inderdaad dat er geen NTP sig-
naal gegenereerd wordt door een referentie golfgeleider zonder antennes.
Daarnaast toonden we aan dat het SERS signaal toegeschreven kan worden
aan een plasmonresonantie effect zodat er een stabiele en reproduceerdbare
Raman versterkingsfactor mee geassocieerd kan worden. Bovendien werd
vastgesteld dat het SERS signaal gemaximaliseerd kan worden door de
golfgeleider met een optimaal aantal antennes te functionaliseren. Een
essentieel aspect binnen onze studie bestond uit het ontwikkelen van een
on-chip SERS model om de relevante design parameters te achterhalen.
Ons eerste (ideaal) model hield echter geen rekening met variaties in de
antennegeometrie als gevolg van fabricagefouten. Om dergelijke variaties
in rekening te brengen werd een veralgemeend model ontwikkeld. Op basis
van een random fit aan dit veralgemeend model is het mogelijk om een
schatting te maken van de variatie op de antenneparameters (die op hun
beurt het gevolg zijn van variaties in de antennegeometrie). Vervolgens
werden deze experimenteel gefitte data vergeleken met de theoretische
voorspellingen. We vonden een excellente correspondentie tussen het
theoretisch voorspelde en experimenteel bepaalde Raman vermogen dat
terug in de golfgeleider koppelt. Het ontwikkelde hybride nanofotonisch-
plasmonisch platform wordt dus gekenmerkt door een complete kwanti-
tatieve controle op de Raman versterking en koppeling van het versterkte
Raman licht met de onderliggende golfgeleider.

Daarenboven hebben we ook een trade-off vastgesteld tussen signaal
optimalisatie en background reductie. Het SiN genereert zelf een aanzien-
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lijke Raman background bovenop het NTP Raman signaal, wat aanleiding
geeft tot zogenaamde shot noise. Shot noise kan de kleinste SERS signalen
maskeren en moet dus vermeden worden om de absolute detectielimiet
te verbeteren. Strategieén die tegelijkertijd het signaal optimaliseren
en de shot noise minimaliseren zijn in dat opzicht dus heel interessant.
Om dit te realiseren hebben we een specificke Y-splitter configuratie
onderzocht waarbij de korte rechte arm van de splitter gefunctionaliseerd
is met antennes, terwijl de twee gebogen armen gebruikt worden voor
respectievelijk excitatie en collectie. Dit leidt tot een efficiénte scheiding
van het SERS signaal en de SiN background. De eerste experimentele
resultaten tonen aan dat de background voor zo’n Y-splitter designs al met
een factor 100 kan verkleind worden.






English summary

Over the past years, there has been an increasing demand for hand-held
devices capable of accurate, sensitive, and in situ spectroscopic detection
of a variety of substances. These devices span a large range of potential
applications in physics, chemistry, biology and environmental science.
Raman spectroscopy is a particularly interesting method as it probes the
fundamental vibrations of a molecule (which act as a molecular fingerprint).
In that respect it is widely employed to identify specific substances from
the characteristic spectrum. However, a common disadvantage for all
traditional spectroscopic systems (so not only Raman systems) is the use of
expensive and bulky instrumentation, which prohibits their dissemination
in non-laboratory environments. The use of high index contrast photonic
integrated circuits (PICs) can provide a potential solution to this bottleneck.
First of all, high index contrast PICs have tightly confined guided modes,
allowing a very strong electric field strength of the evanescent tail for
a given optical power. This leads to an intense interaction between the
PIC and its surroundings, which is of paramount importance for on-chip
evanescent sensing. Moreover, PICs enable miniaturization and integration
of several optical components on a single chip. Integration also leads to
devices which are reliable, mass producible and cheap. Finally, integration
also allows for the possibility of multiplexing.

The most prominent PICs are still based on the Silicon-on-Insulator
(SOI) platform. Such SOI waveguides are transparent in the 1.1 to 4
pum wavelength range. However, the therapeutic wavelength window for
biological media, which induces minimal photodamage to cells and has
negligible water absorption, is 750 — 930 nm. For biological (sensing)
applications it is hence required to extend silicon photonics to shorter
wavelengths, while maintaining the ability to make use of CMOS tools at
these shorter wavelengths. To this end, silicon nitride (SiN) is probably the
most convenient material as it is transparent from 0.4 to 5 pm, which makes
it particularly important for the visible and very near-IR wavelengths (< 1
wm). In this wavelength region there is also a plethora of high-performance
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and low-cost light sources and detectors.

In the context of the ERC Advanced Grant InSpectra, our group
embarked upon the challenging task of realizing on-chip Raman spec-
troscopy using a SiN platform. We reported on the first experimental
demonstration of on-chip Raman sensing using the evanescent field of
a single mode SiN photonic waveguide and showed that such an on-
chip Raman platform offers a clear advantage over conventional confocal
Raman spectroscopy in terms of conversion efficiency from pump to
Stokes power. Nevertheless, this on-chip Raman platform still suffers
from the same drawback of conventional Raman spectroscopy in the sense
that spontaneous Raman scattering is usually extremely weak. As a
result, it becomes increasingly difficult to detect very small amounts of
analyte or single nanoparticles (or molecules) through spontaneous Raman
spectroscopy. Specifically designed metallic nanostructures can exhibit a
so-called plasmon resonance, associated to a subwavelength confinement
of the electric field, which results in a considerable enhancement of the
electric field near the metal surface. This field enhancement is beneficial for
the excitation and collection of Raman signals and nanoplasmonic antennas
can locally boost the Raman signal in order to allow detection of small
amounts of analyte adsorbed to the metal surface. This process is termed
Surface Enhanced Raman Spectroscopy (SERS).

Most SERS applications still rely on off-chip systems and while
researchers also started integrating nanoplasmonic antennas on top of
waveguides, PICs have only been used to probe SERS signals from
external, non-integrated, metallic nanoparticles. Such an approach is
however poor in terms of quantitative results owing to the large uncertainty
on the absolute Raman enhancement and coupling between the excitation
beam and the metallic nanoparticles. A complete control of the plasmonic
enhancement and coupling with the underlying waveguide is however
necessary in order to obtain quantitative SERS spectra. This challenging
problem forms the central goal of this PhD work and to resolve it, we have
investigated several aspects of hybrid nanophotonic-plasmonic chips:

* Different fabrication schemes for the hybrid integration of nanoplas-
monic antennas on SiN waveguides.

* Plasmon resonance tuning as a function of the geometrical antenna
parameters.

* Development of an analytical on-chip SERS model in order to outline
the relevant design parameters and figure of merit.
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» Experimental characterization and demonstration of on-chip SERS
signals, excited and collected by the same fundamental waveguide
mode.

* Strategies for background mitigation in order to improve the Signal-
to-Noise Ratio.

These on-chip single mode SERS probes can be combined with other
photonic, fluidic or biological functionalities in order to develop a highly
dense integrated platform for the multiplexed detection of extremely weak
Raman signals.

The required resolution to pattern nanoplasmonic antennas typically ex-
ceeds the one that can be achieved through standard deep-UV lithography.
Despite the relatively low throughput of e-beam lithography (EBL), it is
nevertheless necessary because EBL can achieve the required resolution.
Patterning of nanoplasmonic antennas generally requires an e-beam resist
which is much thinner than the thickness of the waveguides on which they
have to be integrated. For an improved definition of these structures it
is therefore desirable to fabricate the antennas first, and only afterwards
etch a waveguide around them. This is realized by a two-step e-beam
lithography process starting from a blank SiN slab wafer. The antennas are
defined in the first step. Different processes were considered based on the
type of e-beam resist. We investigated the pros and cons of each strategy
and eventually concluded that a process using the negative ma-N 2400.6
resist is the optimal choice because it allows the definition of smooth and
reproducible structures, while at the same time not having a detrimental
impact on the eventual waveguide performance. The waveguides are
defined in the second step using ma-N 2403 and the best waveguide losses
obtained through this combined process were about 3 dB/cm around A =
785 nm.

Subsequently, we investigated the plasmon resonance tuning in the
700 — 1000 nm wavelength region, as a function of the geometrical antenna
parameters. In our study we theoretically and experimentally compared
single rod, double rod and bowtie antennas. The theoretically predicted
resonance trends were confirmed by our experiments and experimental
interaction efficiencies as high as 19% around 800 nm were observed
for bowtie antennas. We also verified that this interaction efficiency can
be optimized by tuning the waveguide geometry. Moreover, numerical
simulations of the field enhancement were performed and it was shown that
of the three investigated antenna types, the bowtie antenna has the highest
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maximum Raman enhancement. Apart from the broad dipolar resonance
we established that bowtie antennas with a large apex angle also exhibit a
narrower (higher Q) dark resonance.

After our study of the plasmon resonance tuning of integrated nanoplas-
monic antennas in the 700 — 1000 nm region, we turned our attention
to the investigation of on-chip SERS, which was the key challenge of
this PhD. In order to study the pure SERS properties of the platform, it
is important to isolate the SERS signal and avoid any other contribution
from waveguide generated spontaneous Raman scattering. To this end, 4-
nitrothiophenol (NTP) was used as it forms a self-assembled monolayer
on top of the gold through a Au-S bond without binding to the SiN
waveguide. Measurements on a non-functionalized reference waveguide
(without any gold) indeed confirmed that no NTP remained on the SiN
after cleaning. We also showed that the SERS spectra could be attributed
to a plasmon resonance effect, meaning that a stable and reproducible
enhancement factor can be associated with it. Moreover we found that an
optimum antenna number exists such that the SERS signal is maximized.
An essential aspect within our study was the development of an analytical
on-chip SERS model in order to establish the relevant design parameters
and figure of merit. Fabrication induced variations among each of the
antennas will however result in differences between the antenna parameters.
In order to incorporate these potential differences, we have extended our
ideal on-chip SERS model to a generalized model. Based on a randomized
fit to this generalized model, we assessed the experimental spread on
the design parameters and subsequently compared the experimental data
with the theoretical predictions. An excellent correspondence was found
between the theoretically predicted and experimentally observed absolute
Raman power that is coupled back into the waveguide mode. As a result, the
suggested platform enables a complete quantitative control on the Raman
enhancement and subsequent coupling of the enhanced Stokes light with
the underlying waveguide.

Furthermore we identified a trade-off between signal optimization and
background reduction. The SiN itself generates a considerable Raman
background signal on top of the Raman signal of the analyte, resulting in
unwanted shot noise. This background associated shot noise will mask
the smallest signal features and has to be mitigated in order to improve on
the absolute detection limit. Strategies which simultaneously optimize the
signal and mitigate the noise are therefore very interesting. We investigated
a dedicated Y-splitter where an array of antennas is patterned on the short
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straight arm, while the two bend arms are used for excitation and collection
respectively. This results in a more efficient separation of the SERS
signal and the SiN background. Preliminary results already show that the
background can be reduced by a factor of 100 for such Y-splitter designs.






Introduction

1.1 Introduction

The main optical spectroscopy techniques which are used to detect molec-
ular vibrations are based on infrared absorption and Raman spectroscopy.
They are widely employed to provide chemical and physical information,
to identify substances from the characteristic spectral patterns (so-called
fingerprinting) and to quantitatively determine the amount of a particular
substance in a sample. [1] The attraction of Raman spectroscopy for
chemical analysis comes from a combination of advantages. First, Raman
spectra can be acquired noninvasively. Moreover, Raman scattering probes
fundamental vibrations with high spectral resolution. In addition, Raman
has some added features such as the compatibility with aqueous samples.
(2]

A common disadvantage for all traditional spectroscopic systems (so
not only Raman systems) is the use of expensive and bulky instrumentation,
which prohibits their dissemination in non-laboratory environments. In
recent years, there has however been a large demand for hand-held devices
that are capable of accurate, sensitive, and in situ spectroscopic detection
of a variety of substances. The use of high index contrast (HIC) photonic
integrated circuits (PICs) can provide a potential solution to this bottleneck.
First of all, high index contrast PICs have tightly confined guided modes,
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allowing a very strong electric field strength of the evanescent tail for
a given optical power. This leads to an intense interaction between the
PIC and its surroundings, which is of paramount importance for on-chip
evanescent sensing. Moreover, PICs enable miniaturization and integration
of several optical components on a single chip. Integration also leads to
devices which are reliable, mass producible and cheap. Finally, integration
also allows for the possibility of multiplexing. [3]

The most prominent PICs are realized on an SOI (Silicon-On-Insulator)
waveguide platform. However, SOI waveguides are only relevant in the
1.1 to 4 um wavelength range due to the absorption by Si. In order to
extend silicon photonics to shorter wavelengths (below 1.1 pm), while
maintaining the ability to make use of CMOS technology, it is probably
most convenient to use silicon nitride (SiN). SiN is a HIC material and
is transparent from 0.4 to 5 pwm, which makes it particularly important
for the visible and very near-IR wavelengths (< 1 um). This wavelength
region covers the therapeutic window (750 — 930 nm) for biological media
because these wavelengths induce minimal photodamage to cells and have
negligible water absorption. Moreover, there is a large availability of low-
cost and high-performance light sources and silicon-based detectors in this
wavelength range. [3]

Recently, our group established that PICs offer a promising alternative
to standard confocal microscopy to probe spontaneous Raman spectra. [4]
Nevertheless, such an on-chip Raman platform suffers from the same draw-
back of conventional Raman spectroscopy in the sense that spontaneous
Raman scattering is usually extremely weak. As a result, it becomes
increasingly difficult to detect very small amounts of analyte or single
nanoparticles (or molecules) through spontaneous Raman spectroscopy.
Nanoplasmonic antennas are specifically designed metallic nanostructures
which allow a considerable enhancement of the electric field near the metal
surface. Hence, such antennas can locally boost the signal in order to allow
detection of small amounts of analyte adsorbed to the metal surface.

While researchers also started integrating nanoplasmonic antennas on
top of such waveguides [5-12], PICs have only been used to probe
SERS signals from external, non-integrated, metallic nanoparticles [13—
15]. Such an approach is however poor in terms of quantitative results
owing to the large uncertainty on the Raman enhancement and coupling
between the excitation beam and the metallic nanoparticles. In order to
obtain quantitative SERS spectra, a complete control of the plasmonic
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enhancement and coupling with the underlying waveguide is necessary.
This challenging problem forms the central goal of this PhD work. In order
to resolve it, several aspects have been investigated:

* Different fabrication schemes for the hybrid integration of nanoplas-
monic antennas on SiN waveguides.

» Plasmon resonance tuning as a function of the geometrical antenna
parameters.

* Development of an analytical on-chip SERS model in order to outline
the relevant design parameters and figure of merit.

» Experimental characterization and demonstration of on-chip SERS
signals excited and collected by the same fundamental waveguide
mode.

* Strategies for background mitigation in order to improve the Signal-
to-Noise Ratio of the Raman sensor.

A brief overview of the different chapters is given in the next section.

1.2 Outline

In Chapter 2 we give a theoretical overiew of plasmon optics, with a
strong focus on localized surface plasmons. A coupled mode theory
model is used to explain the field enhancement mechanism of isolated and
coupled metallic nanoparticles. Moreover, the optical excitation efficiency
of plasmon modes is explained through the associated dipole moment of
the mode.

Chapter 3 provides an introduction to IR absorption, fluorescence and
Raman spectroscopy and their respective pros and cons. Since the focus of
our work is Raman spectroscopy, we provided a more thorough overview
of this particular technique. At first, spontaneous Raman spectroscopy is
discussed. Secondly, a qualitative treatment of Surface Enhanced Raman
Spectroscopy (SERS) is given in order to introduce the rationale behind
it. The coupled mode theory as outlined in Chapter 2 is then used to
quantitatively describe the simultaneous effect of fluorescence quenching
and Raman enhancement. Finally, we discuss a conventional Raman
spectroscopy setup.
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While Chapter 3 focused on free space spectroscopy, Chapter 4 dis-
cusses an on-chip spectroscopy platform. First, some general theory on
optical waveguides is discussed, after which the silicon nitride photonics
platform is introduced. Subsequently, a theoretical treatment of dipole
emission near a waveguide is outlined. This theory is then applied to
derive the amount of Raman scattering, generated by an analyte on top
of the waveguide, that couples into the fundamental waveguide mode.
Moreover, a detailed description of the measurement setup for on-chip
Raman spectroscopy and the corresponding alignment procedures is given.

Having discussed the spontaneous on-chip Raman case, we turn our fo-
cus to the main topic of this PhD in Chapters 5 to 8. In Chapter 5, different
fabrication strategies for the hybrid integration of nanoplasmonic antennas
and SiN waveguides are discussed. Secondly, the optical characterization
of the eventual devices is described as well. The impact of the metal ion
milling on the waveguide loss is discussed. Moreover, the measurement
setup for characterizing on-chip plasmon resonances is described as well.

Chapter 6 contains an overview of the simulated antenna geometries
and their resonance tuning properties. These simulated trends are subse-
quently compared with the experimental data. Furthermore, the interaction
efficiency of these antennas with the evanescent waveguide mode is studied
theoretically and experimentally. Finally, the excitation of dark plasmon
modes is discussed.

In Chapter 7 we turn our attention to the main result of this PhD
work, i.e. the first experimental demonstration of SERS signals generated
from integrated bowtie nanoantennas, excited and collected by a single
mode silicon nitride waveguide. The influence of the plasmon resonance
and the number of antennas on the SERS signal and the inherent Raman
background is initially discussed. Subsequently, we developed an analytical
on-chip SERS model in order to identify the relevant design parameters
and figure of merit. This model also illustrates the interplay between signal
optimization and noise reduction. A formula for the SERS Signal-to-Noise
Ratio SNR is derived as well. It is found that a minimum number of
antennas is required to obtain an SN R > 1 in forward collection. Since
the actual fabricated antennas will show differences among each other,
we have extended our ideal on-chip SERS model to a more generalized
model which incorporates potential changes among all antennas on the
same chip. Based on a randomized fit procedure to this generalized model,
we were able to estimate the experimental spread on the design parameters
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and subsequently compare them with the theoretical predictions. An
excellent correspondence was found between the theoretically estimated
and experimentally obtained absolute Raman powers. As a result, the
developed single mode SERS probe allows a complete quantitative control
of the Raman enhancement and subsequent coupling of the SERS signal to
the underlying waveguide.

While the development of such a quantitative single mode SERS probe
was the key challenge of this PhD work, we have identified potential
improvements to the current platform as well. A major issue in all on-
chip Raman experiments is the presence of the inherent SiN background.
This background sets a constraint to the absolute detection limit and has to
be mitigated as much as possible. Chapter 8 deals with our ongoing work
on background mitigation in order to improve the SN R and hence pave the
way towards highly dense and sensitive on-chip SERS probes. Concluding
remarks and a future outlook are briefly discussed in Chapter 9.

1.3 Publications

1.3.1 Publications in international journals

1. Peyskens, F.; Dhakal, A.; Van Dorpe, P.; Le Thomas, N.; Baets,
R. Surface Enhanced Raman Spectroscopy Using a Single Mode
Nanophotonic-Plasmonic Platform. ACS Photonics 2016, 3(1), 102—
108.

2. Dhakal, A.; Raza, A.; Peyskens, F.; Subramanian, A.Z.; Clemmen,
S.; Le Thomas, N.; Baets, R. Efficiency of evanescent excitation and
collection of spontaneous Raman scattering near high index contrast
channel waveguides. Opt. Express 2015, 23(21), 27391-27404.

3. Subramanian, A.Z.; Ryckeboer, E.M.P.; Dhakal, A.; Peyskens, F.;
Malik, A.; Kuyken, B.; Zhao, H.; Pathak, S.; Ruocco, A.; De
Groote, A.; Wuytens, P.C.; Martens, D.; Leo, F; Xie, W.; Dave,
U.D.; Muneeb, M.; Van Dorpe, P.; Van Campenhout, J.; Bogaerts,
W.; Bienstman, P.; Le Thomas, N.; Van Thourhout, D.; Hens, Z.;
Roelkens, G.; Baets, R. Silicon and silicon nitride photonic circuits
for spectroscopic sensing on-a-chip (Invited). Photon. Res. 2015,
3(5), B47-B59.
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4. Peyskens, F.; Subramanian, A.Z.; Neutens, P.; Dhakal, A.; Van

Dorpe, P; Le Thomas, N.; Baets, R. Bright and dark plasmon
resonances of nanoplasmonic antennas evanescently coupled with a
silicon nitride waveguide. Opt. Express 2015, 23, 3088-3101.

Dhakal, A.; Subramanian, A.Z.; Wuytens, P.; Peyskens, F.; Le
Thomas, N.; Baets, R. Evanescent excitation and collection of spon-
taneous Raman spectra using silicon nitride nanophotonic waveg-
uides. Opt. Lett. 2014, 39, 4025-4028.

Subramanian, A.Z.; Neutens, P.; Dhakal, A.; Jansen, R.; Claes, T.;
Rottenberg, X.; Peyskens, F.; Selvaraja, S.; Helin, P.; Du Bois,
B.; Leyssens, K.; Severi, S.; Deshpande, P.; Baets, R.; Van Dorpe,
P. Low-Loss Singlemode PECVD Silicon Nitride Photonic Wire
Waveguides for 532900 nm Wavelength Window Fabricated Within
a CMOS Pilot Line. IEEE Photon. J. 2013, 5(6), 2202809.

1.3.2 Publications in international conferences

1.

Peyskens, F.; Dhakal, A.; Van Dorpe, P.; Le Thomas, N.; Baets,
R., In Hybrid Single Mode Nanophotonic-Plasmonic Waveguides
for On-Chip Surface Enhanced Raman Spectroscopy, accepted for
publication in META 2016, Spain.

Peyskens, F.; Dhakal, A.; Van Dorpe, P.; Le Thomas, N.; Baets,
R., In Surface Enhanced Raman Spectroscopy on Single Mode
Nanophotonic-Plasmonic Waveguides, accepted for publication in
CLEO 2016, United States.

. Dhakal, A.; Raza, A.; Wuytens, P.C.; Peyskens, F.; Skirtach, A.;

Baets, R. In Lab-on-a-chip Raman sensors outperforming Raman
microscopes, accepted for publication in CLEO 2016, United States.

Dhakal, A.; Wuytens, P.C.; Peyskens, F.; Subramanian, A.Z.;
Skirtach, A.; Le Thomas, N.; Baets, R. In Nanophotonic Lab-On-
A-Chip Raman Sensors: a Sensitivity Comparison with Confocal

Raman Microscope, Proceedings of BioPhotonics 2015 Conference,
Florence, Italy, May 20-22, 2015.

Clemmen, S.; Zhao, H.; Peyskens, F.; Dhakal, A.; Wuytens,
P.C.; Subramanian, A.Z.; Le Thomas, N.; Baets, R. In Coherent
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Theory of Plasmon Optics

2.1 Introduction

In this chapter we will give a theoretical treatment of plasmon optics.
First the Maxwell equations and corresponding boundary conditions are
introduced. Then a short discussion on Surface Plasmon Polaritons (SPPs)
is given. Subsequently we present a thorough analysis on Localized Surface
Plasmons (LSPs) and their associated field enhancement.

2.2 Maxwell revisited

All classical electromagnetic interactions are goverend by Maxwell’s equa-
tions, which unify position r and time ¢ dependent electric E(r, ¢) and mag-
netizing H(r, t) fields through a set of four partial differential equations:

 OB(r,1)
v xE(rt) = - 2.1)
v x H(r,t) = % £ J(r,0) 2.2)
VD(I',t) = p(rat) (2.3)

V-B(r,t)=0 2.4)
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where D(r,t) is the electric displacement field, B(r,¢) the magnetic
induction field, J(r,t¢) the external electric current density and p(r,t)
the external electric charge density. [1] The electromagnetic properties
of a medium are most commonly described in terms of the macroscopic
polarization P(r, t) and magnetization M(r,t):

D(r,t) = E(r,t) + P(r, t) 2.5)

H(rt) = _B(r[;t)

_M(r,¢) (2.6)
where € and pg are the vacuum permittivity and permeability, respectively.
For a linear, non-dispersive and isotropic medium these relations can be
written as

D = ¢geE 2.7
B = ouH 2.8)

where € and p are the relative permittivity and permeability of the medium
and P = ¢gxE and M = x,,,H, with x. and Y, the electric and magnetic
susceptibility. For non-linear media, D and B can depend on higher
powers of E and H respectively. Anisotropic media are characterized by

introducing a tensorial € and 1. In case of an inhomogeneous medium
the material paramters ¢ and u are functions of the spatial coordinate r.
If on top of that € and p are functions of frequency, the medium is called
temporaly dispersive. When the constitutive relations (2.7) and (2.8) are
convolutions over space, then the medium is spatially dispersive. [2]

At the interface between two different media (characterized by different
permittivity and permeability), the fields need to satisfy a set of boundary
conditions in order to be faithfull solutions of the above equations:

nx(Es-E)=0 (2.9)
n-(D2-Dy) = p, (2.10)
nx (Hy-H;)=J, @2.11)
n-(B,-B;)=0 (2.12)

in which n is the normal vector (from medium 1 to medium 2) to the
interface separating medium 1 and 2, p,(r,t) is a surface charge density
and J(r,t) a surface current density. In most cases there are no sources in
the individual domains, hence p, and Js vanish. [2]
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2.3 Surface Plasmon Polaritons

In this section Maxwell’s equations are applied to the specific case depicted
in Figure 2.1. We consider a surface wave propagating along the interface
between a dielectric and metallic medium, characterized by the relative
permittvities e p and €, respectively. We first discuss the situation in which
a wave with magnetic field H parallel to the interface (p-polarized wave)
propagates along the surface z = 0. Furthermore we require an exponential
decay in the positive and negative z—direction. [3, 4]

H
E Y
€D z
z
} L)]{;SP
Ey
EM

Figure 2.1: Surface plasmon polariton (red area) at the interface of a
semi-infinite dielectric (ep) and metallic (ep;) medium.

The fields in each medium i (i = { D, M }) are hence given by
E' = (EL 0, El)e il (@o=et) (2.13)
H' = (0, H},0) e il @izt (2.14)
in which k; is the decay constant along the z—direction, ¢; the magnitude of
a wavevector along the propagation direction and w the angular frequency.

Substituting equations (2.13) and (2.14) into the second Maxwell equation
(2.2) results in

—knH)' = —jweer By (2.15)
kpH) = —jwegepEY (2.16)
auH)' = ~wegen B (2.17)

qpH) = -wegep EY (2.18)
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while substitution in equation (2.1) gives

kmEY - jauEN = jwpoH,)' (2.19)
~kpEY - japEP = jupgHY. (2.20)

Combining equations (2.15), (2.17) and (2.19) or (2.16), (2.18) and (2.20)

yields

2
w
Ky =q; —€is 2.21)

The boundary conditions (2.9) and (2.11) imply

kD HP + M 7Y =0 (2.22)
€D EM
HY -H) =0 (2.23)

This system only has a solution provided the determinant is zero:

KD KM
— 4+ —— =
€D EM

0 (2.24)

which is the so-called surface plasmon condition. [3] A plasmon is a
collective oscillation of the free electrons in a metal. It can be described
as a quantum of plasma oscillation. Such plasmon oscillations can be
considered as oscillations of the electron gas of a metal, arising as a result
of an external electric field that causes displacements of the electron gas
with respect to the fixed ionic cores. At the surface of a metal, plasmons
appear in the form of surface plasmons (SPs) while the combined excitation
consisting of an SP and a photon is called a surface plasmon polariton
(SPP). [4, 5]

The boundary conditions furthermore imply qp = qps = kgp (invari-
ance per translation), such that the surface plasmon condition can also be

expressed as
ksp(w) = =y [ 2| (2.25)
c\ €p+en

If the metal can be characterized by a Drude model, the permittivity is given
by

wp
=1-———— 2.26

6]\J(("]) w2 +iwl ( )
in which wp is the bulk plasma frequency of the metal and I" a measure for

the friction experienced by the electrons during their motion in the metal.
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[1] The plasma frequency can be expressed in terms of the electron mass
me, charge e and density n.:

2
wp = €& (2.27)
€0Me

A derivation of the Drude model can be found in [1]. For a Drude metal,
the dispersion relation (2.25) has two solutions

1+6D)+w%
2

7 2 4 k? 2, .2
i\Jk%Pc4(1+€D) +w—P+M(1—i). (2.28)

R (ksp) = Kne?

€D 4 2 €D

which are plotted in Figure 2.2 for a metal-air interface (ep = 1). The w_
curve represents the surface plasmon polariton (SPP) solution. For large
ksp (so when the denominator in equation (2.25) becomes very small), the
dispersion curve converges to the classical surface plasmon (SP) frequency
wgsp which is determined by

Re (€M(wSp)) = —€p. (2.29)

or wgp = \/% which boils down to w—\/’% for a metal-air interface. This
non-retarded SP regime holds as long as the phase velocity w/kgp is much
smaller than the speed of light. In the retarded regime (ksp << wgp/c) the

SPP curve approaches the free space (FS) light line w = ckgp. [3, 4]

The SPP field decay is determined by

2
© i
c

(2.30)

KRi =
€EnHE€ED

which can be obtained by substituting (2.25) into (2.21). Because the
dielectric constant of a metal is usually much larger than that of a dielectric,
the SPP field has a shorter penetration depth (L; o< 1/k;) in the metal. Due
to the SPP field concentration close to the metal, the field is significantly
enhanced at the surface. [3, 4] This surface enhancement effect will be
considered in more detail in the next section.
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0 0.5 1 1.5 2

k
praly

Figure 2.2: Dispersion relation for surface plasmon polaritons (SPP). For small
ksp the SPP regime (green area) approaches the free space (FS) light line (red
area), while for large ks p the SPP regime converges to the non-dispersive
surface plasmon (SP) regime.
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In second instance we can also consider an s-polarized wave, where the
electric field vector is now perpendicular to the plane of incidence. The
solutions of Maxwell’s equations that are wavelike in the x—direction and
localized to the interface can then be written as

E' = (0, 5, 0) e rille/ (@t (2.31)
. CEs7i s (S
H' = — (sgn(2)k;,0, jq) il (770 (2.32)
Jw

The continuity of the tangential components of the electric and magnetic
field then yields E;” = E5™ = 0. So an s-polarized SPP cannot exist in
the structure depicted in Figure 2.1. [6]

The wave vector kgp entering the SPP dispersion relation is a 2D
wave vector in the plane of the surface. Hence, if light hits the surface
in an arbitrary direction, then the external radiation dispersion line will
always lie above the light line ckgp, inhibiting an intersection with the SPP
line. Due to this wave vector mismatch, SPPs cannot be excited by light
incident on an ideal surface. Special configurations have been designed
to provide conservation of the wavevector. In the so-called Kretschmann
configuration (see Figure 2.3) , the metal is illuminated through a dielectric
prism (permittivity € p) at an incidence angle which is greater than the total
internal reflection angle. When the in-plane component of the wavector
in the prism matches with the SPP wavevector of an air-metal interface,
light can be coupled to SPPs. This occurs at an incidence angle 0gp which
satisfies

%J‘ /epsin(0sp) = ksp. (2.33)

Under these resonant conditions (i.e. light incident at an angle fgp), a sharp
minimum is observed in the reflectivity from the prism interface because
light can be coupled to SPPs with almost 100% efficiency. [3, 4] This
phenomenon can be used for high sensitivity surface plasmon resonance
(SPR) sensing. Due to the SPR, the reflectance has a minimum at a specific
wavelength and angle. If the refractive index of the dielectric on top of the
metal changes, the resonance angle 6 p will shift. Changes in the refractive
index are then usually detected through variations in the reflected laser light
at the back of the film. SPR sensing is a powerful analytical technique
since it can detect sub-monolayer quantities of analyte at a metal surface
and provides kinetics data through continuous optical measurements. One
drawback is that SPR sensors lack a localized sensing volume, which in
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many cases requires a thick polymer layer or matrix that covers the metal
surface and then must be suffused with a dedicated capture antibody to
generate a detectable binding signal. [5] For a more detailed overview of
other SP excitation strategies and SPR we refer the reader to the following
reference [4]. Highly localized sensing volumes can be obtained through
Localized Surface Plasmons, which will be discussed in the next section.

ep =1 }SPP

€M

Figure 2.3: Kretschmann configuration to excite SPPs by wavevector matching
using photon tunnelling in a total internal reflection geometry.

2.4 Localized Surface Plasmons

In addition to surface plasmons on a plane surface, localized surface plasma
excitations can be considered in geometries involving bound electron
plasmas such as metallic nanoparticles or voids. Such surface plasma
excitations in bounded geometries are called localized surface plasmons
(LSPs). The LSP resonance wavelength can be determined in the elec-
trostatic approximation by solving the classical Dirichlet problem. Such
an approximation is valid if the characteristic size, a, of the system is
small compared to the wavelength of light A, i.e. a < A. [4] It should
be emphasized that the SPP considered in the previous section is a different
type of excitation than the LSP. An SPP is determined by the dispersion
relation (2.25) and is a propagating surface mode along a continuous
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metal-dielectric interface. In contrast, LSPs are confined to isolated metal
particles and are characterized by discrete, complex frequencies which
depend on the size and shape of the object to which the surface plasmon is
confined, as well as its dielectric constant and the environmental refractive
index. LSPs can be resonantly excited with light of appropriate wavelength
(and polarization) irrespective of the excitation light wavevector. Therefore,
LSPs also decay radiatively. In contrast, the SPP mode can only be excited
if both the wavelength and wavevector of the excitation light match the
SPP wavelength and wavevector. Because of their strong dependence on
the refractive index of the surrounding, LSPs can also be used for refractive
index shift sensing (similar to the previously discussed SPR sensing). For
more information on this topic we refer the reader to [5, 7-10]. Since LSPs
are confined to the particle, this results in a significant electromagnetic
field enhancement near the surface of small metallic particles due to
the small volume of the LSP mode. [4] Because the field enhancement
associated to LSPs is essential for the description of Surface Enhanced
Raman Spectroscopy, which is the main topic of this PhD, we will give
a thorough overview of the physics involved in the generation of enhanced
electric fields. To this end, the LSP modes of a spherical particle will be
studied in detail as they can be calculated analytically and provide a good
physical understanding of LSP optics.

We consider a spherical metallic particle with radius R much smaller
than the wavelength A as shown in Figure 2.4(a). As a result of the external
electric field the free electrons in the metal move with respect to the fixed
positive ionic cores. The incident wave is polarized along the z—axis and
propagates along the y—direction, such that the driving electric field can be
represented by

Eq = E, cos (ky —wt) e, (2.34)

where & = 27/)\ and w = ke. In the long wavelength approximation,
ky << wt, such that Ey » E, cos (wt) e,. Since A >> R we can furthermore
assume that the incident electric field does not change much over the
volume of the sphere. In this case, Maxwell’s equations reduce to the laws
of electrostatics. Since there is no net charge density inside the metal sphere
(p = 0) and the relative permittivity of both the metal and the surrounding
dielectric is constant in space, we get

VxE=0=E=-Vp (2.35)
V-D=p=0=>V-E=0 (2.36)
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where ¢ is the electrostatic potential which satisfies Laplace’s equation
because
V-E=0=>V-(-Vp)=0=Ap=0. (2.37)

Converting to spherical coordinates (r,0,¢), which are related to the
cartesian coordinates (z,y, z) according to
r=rsinfcos¢ , x=rsinfsing , z=rcosb, (2.38)
yields the following solutions for the Laplace equation [7]:
Om) (1,0,0) = (Alrl + Blr_(lﬂ)) Pl|m|(cos 0)e’™?. (2.39)

The solutions are quantified by the integer numbers [ and m which can take
on the following values

1=0,1,2,... (2.40)
m=-l,-1+1,...,-1,0,1,...,1-1,1. (2.41)

The radial part is dependent on the constants A; and B;, which are deter-
mined by the specific boundary conditions of the problem. The angular
part is determined by the associated Legendre polynomials Pl|m|(cos 6).

The first solutions for Pl‘m‘ (cos#) can be found in [7].

For a single metallic sphere, the problem is completely spherically sym-
metric, so the solution should be independent of ¢. This corresponds to the
m = 0 solutions, so the ¢ and m dependence will be omitted furtheron. In
addition, the electric field has to converge to 0 when r — oo, while it has to
be finite when r — 0. Since

oy 10¢p
E=-Vo=——e¢,-——¢ 242
L P A (242
these boundary conditions can only be satisfied if
At P2(cosh), r<R
0 = il ECOSO T (2.43)
By )Pl (cosf), r>R
corresponding to
Alr(lljll) _ﬁao(cosa)er i cosGPlO(COSSiGr?;Pﬂrl(cos@)eg)7 r<R

B (l+1) 0 cos 0P (cos0)-Pp; (cosh)
S | P (cosO)e,. + e e), r>R.

(2.44)
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xr

Figure 2.4: (a) Spherical metallic particle (radius R) illuminated by a wave with
wavelength A >> R. The electrons (—) move with respect to the fixed ionic cores
(+) as a result of the driving electric field which is almost constant over the
volume of the sphere (electrostatic approximation). (b) Axis system: the electric
field of the incident light is polarized along the z—axis and propagates along the
y—direction.
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These equations are obtained by using the following properties of the
associated Legendre functions [11]:

dP?(cos0) _ LcosOPD(cos @) — 1P (cosf)

do sin 6
1P (cosf) = (21 + 1) cos O P (cos ) — (1 + 1) P2, (cosf).  (2.46)

(2.45)

At the boundary between the metal and the dielectric the normal vector n
equals e, such that the boundary condition (2.9) at r = R yields

A(1+1)R" = Bi(1+1)R" "2 = B, = 4, R¥, (2.47)

By introducing C; = A; R, one obtains the following expressions for the
electric field

sin @

0 0
C1(1+1) +2 0 cos O Py (cos 0)— Py ; (cos )
R ( ) Pl (COS 9)97- + sin O + e ), T2 R.

(2.48)

Cy(1+1) [y \1-1 1 0 cos@PLO(cos 9)_PIU+1 (cos0)
L2 (5) (-5 PP (cosb)er + e), <R
E = R
r

By imposing the boundary condition (2.10), one finds the condition to
which all resonance frequencies w; should satisfy (see [12])

ep(wy) —enr(wy) (—“Ll) =0= (l+1Dep(wy) +leps(wy) =0. (2.49)

For a metal characterized by a Drude model and a non-dispersive dielectric

this is equivalent to
l (2.50)
wp; =W —_— | .
SR Vi (I+1ep

If the order [ increases (I - o0), the resonance frequency w; converges to
the surface plasmon polariton frequency of a flat metal-dielectric surface

wp
Woo =WSPP = —F———.
Vi+ep

The discussion in the next sections mainly follows the theoretical analysis
presented in [12, 13].

2.51)

2.4.1 Optical excitation of plasmon modes

The surface charge density o;(#) associated to the /th mode can be
evaluated using the normal component of the electric field at the resonance
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frequency w; and for r —» R:
01(0) = (eo (epr(wy) = 1)Ein(R,0) — €9 (ep — 1) Eout (R, 0)) - €.
= co (enr(wr) — 1) Eman. (—“Llplo(cose))
— €0 (6D - 1) Emam’lPlO(COS 9)

€0 Epmans P (cos 6) ((1 ~ (@) (%) ~(ep- 1))

w2
= EOEmafo)lo(COSH) ((w_g) (l-l—Ll) - (ep - l))

l

:eoEmam,lPlO(cosm((””}”6’3)( l fl)—<eD—1>)

20+1
= €0Emaz 1 P (cosf) (2.52)
[+1 k
in which E,,q,; = %(l + 1) is the maximum field just outside the metal

sphere at r = R and 6 = 0. [12] When the mode order [ increases, the field
gets more compressed closer to the metal surface because the field decays
much faster (o< r‘(l+2)) for larger [. Such a concentration of energy near
the metal surface can be characterized through the effective mode volume
Ve sy which is defined through the modal energy U;:

1
U = 560@]33%,1/;”,1. (2.53)

The modal energy U] itself is given by

1
Ui=5 f [ oo d%r (2.54)

which eventually yields the following expression for the effective modal

volume
ATR®  A7R® 3 47 R?

(+12p 3 (I+1)2p 3
This volume is always smaller than the volume of the nanosphere (which
in itself is already much smaller than \3). Electric fields near a metallic
nanoparticle can hence be concentrated in volumes much smaller than
the diffraction limit. As the mode index [ increases, the effective mode
volume decreases roughly with [~2. The higher order modes are therefore
very desirable to achieve enormous peak energy densities and concentrate
electric fields to nanometer-size volumes. [13]

Verpi = (2.55)
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In order to make use of the extreme energy densities of higher order
modes, one has to be able to couple an external excitation source to them.
The ability to do so depends on the effective dipole moment p; of the
mode. For single symmetrical nanoparticles which are much smaller than
the wavelength, p; is given by

p; = jf o; (Re;) dA.

2l 1
- * ReoEmaxlrj£Pl (cos§)e,dA
20+ 1
=27 L+ R360Emaxlf dHPl (cosf)sinf cos@
——

Py (cos®)

20+1
= 2R3 €0Ema:0l i f dcos 0P (cos ) PY(cos )

= 27TR EOEmaJ:l 51 1= 27TR GOEmax 151 1- (256)

The dipole mode (I = 1) is hence the only one which can couple to external
radiation because it is the only mode with a non-vanishing dipole moment
p;. For all higher order modes with [ > 2, the dipole moment vanishes.
This holds as long as the spherically symmetric particle is much smaller
than the wavelength. By placing two metallic nanoparticles in each others
vicinity, it is possible to achieve a coupling to the higher order modes as will
be explained furtheron. Plasmon resonances with small dipole moments
are typically referred to as dark modes, while modes with a larger dipole
moment are referred to as bright modes. The probability to excite a plasmon
mode using an incident plane wave is roughly proportional to the square
of its dipole moment. Hence, bright modes will be visible in an optical
spectrum and will be radiatively broadened. Dark modes cannot be excited
with a pure plane wave and are hence only broadened by intrinsic damping
(so they will typically have a higher ()—factor). [8] More information on
bright and dark plasmon modes can be found in [8, 14-19].

2.4.2 Field enhancement

We will first consider the field enhancement that can be obtained for the
case of a single metallic nanoparticle in which only the dipole mode is
active. In order to calculate the field enhancement of the dipole mode,
Emaz,1 is compared to the field Ey,. of a tightly focused light beam in
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the absence of any metallic nanoparticles. [13] To this end, we consider a
Gaussian beam with frequency w (wavelength A) and half angle 6, which
A

is focused to a diffraction limited spot with radius w = oo The field in

the focal spot E,. is related to the incident power s, |? = ZT (%)2 E? e
where n is the refractive index of the surrounding dielectric and Zj is the
free space impedance. In the presence of a metal sphere, the incident
light can be coupled into the dipole mode (I = 1) but not into the higher
order modes because of their vanishing dipole moment. This process is
reciprocal to the radiative decay of the dipole mode into the free space
radiation modes. The incoupling coefficient ;, can then be related to the
radiative decay rate ,,4 of the dipole mode into a cone with solid angle {2:

6, /3
Rin =\ 1™ 5\ —E“d 2.57)
3

: : 2w 27R 2w
in which ~,.qq = ﬁ(j\r_l) = ﬁ

also experience nonradiative decay due to the imaginary part of the metal
dielectric function at roughly the same rate that is equal to the metal loss
in the Drude model 7,44, ~ . The decay rate for all modes can thus be

written as
+ =1
v = { Yrad T (258)
y [>2.

X3- [13] Simultaneously, all modes

The rate equation for the amplitude A; = /U of the dipole mode is then
given by

A
L = (- Ar = T A s, (2.59)

In a steady state regime we obtain the field enhancement factor at a distance
d (xq = 2wd/Ap) from the metal surface

(75)

V2

3
\/(Q‘1 - E)Z 62 (X fXd)

3€p
v2 ( X )3 (2.60)
VI(Q 1+ )P+ 52 \X ¥ X |

where the (Q—factor of the metal sphere is given by @ = “;’ and the

Emaat,l

Fg =
Efoc

normalized excitation detuning ¢ is determined by ¢ = 2 (1 - %) [13] The
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Q—factor of gold in air is typically around 10 (at resonance). [20] So for
small spheres (R < A\/20), Q™' > x>, such that Fg ~ \/2Q) = 14 near the
resonance (w = w;) and when evaluated near the surface of the sphere.
The radiative decay rate v,,q clearly reduces the maximum achievable
field enhancement. The field enhancement for such a single metal sphere
is relatively low mainly because the higher order modes, which are not
subject to radiative decay, can simply not couple with the external field.
The dipole mode which couples effectively with external radiation hence
acts as an efficient antenna, but also as a bad resonator. On the other
hand, higher order modes are efficient resonators which can confine the
light into much smaller volumes, but are bad antennas. In order to obtain
very high field enhancements it is hence required to have metallic structures
that act as good antennas as well as good resonators. As outlined above it
is impossible to achieve this with a single mode in a symmetric and small
metal nanoparticle. Placing nanoparticles in close proximity to each other
does allow the combination of antenna and resonator properties in order
to boost the field enhancement. [13] This will be discussed in the next
subsection.

2.4.3 Coupled nanoplasmonic particles

We will consider the case of two metallic nanospheres as shown in Figure
2.5. The amplitude A; of the [-th mode on each of the two spheres (i =
{1,2}) is defined as in the previous section

Ai=\JUi = /5606DV;ffJE?m,z- (2.61)

The coupling energy between the different modes is obtained as a surface
integral of the electric potential golll of the /; —th mode of sphere 1 multiplied
by the surface charge density 0122 of the ls—th mode of sphere 2, and

evaluated over the surface of sphere 2 (see [13]):

1l2

ULl = H ol 07, dAy = —4k]7, A A7 (2.62)

We are mainly interested in the coupling coefficients ﬁ}% between the dipole
mode [; =1 in one sphere and all the modes l5 = [ in the other sphere. They
are given by

1 3/2 1+1/2
2 U ( I ) ( e ) . (2.63)
2 R1+R2+A R1+R2+A
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Figure 2.5: Coupled spherical particles with radii Ry and Ry and gap A
inbetween. Each particle has a set of modes {l}. External radiation with
frequency w can only excite the dipolar (I = 1) mode on each sphere (red arrow),
while exciting higher order modes is impossible (black dashed arrow). The
dipolar mode on each sphere can however couple with the higher order modes on
the other sphere (green arrows). The coupling coefficients k between several

modes are also depicted.



2-18 THEORY OF PLASMON OPTICS

The coupling between the higher order modes only shifts the resonance
frequencies of these modes by a small amount, which is typically smaller
than the non-radiative broadening + and will hence be omitted. [13] The
energy balance equations for sphere ¢ can then be written as

dA] _ i i S ij AJ
dtl =j(w-w1)A] - %Al + RS = J O NJwiwrg Al (2.64)
=1
dA; . Y . Gi 4j
o = dW-w) A - S A - sy Ay, 122 (2.65)

The dipolar mode [/ = 1 is the only mode which can couple to the external
radiation field (/ﬁ:n) and hence also exhibits radiative damping apart from
non-radiative damping (7! = fy}; 2dt7)- The higher order modes on the other
hand can only be excited by the dipolar mode of the other sphere and do
not decay radiatively (7y;52 = 7). At steady state one finds

2

E 9 3/2 1+1/2 3/2
mart __on_ (l + 1) (&) (@) (ﬂ) (2.66)
E (w-w)+jg\ 2 /18 s R

max,1

where wy; = \/wiw; and S = Ry + Rz + A. A similar expression between
E%wx’l and E}n a1 €an be found analogously. The electric field at a certain
location in the ga[; is the sum of all modal contributions from both spheres.
After tedious calculations outlined in [13] one can show that the maximum
field enhancement for a zero gap configuration (A = 0) of equal spheres

(Ry1 = R2 = R), excited at the dipolar mode frequency w = w; is given by

9v2

2
Fp~ T Q? (2.67)

where () is again the metal quality factor () = w/~. The field enhancement
factor F'p of this so-called dimer configuration incorporates contributions
from all higher order modes, of which the electric fields are determined by
an expression of the form (2.66). In the case of a nanolens, Ry >> Ra.
Now the large sphere acts as an antenna that allows the coupling of energy
into the system, while the smaller sphere behaves like a cavity in which
the energy can be concentrated. The maximum field enhancement for a
nanolens (again for A = 0) is

Fni ~2V2Q%. (2.68)

Both equations (2.67) and (2.68) overestimate the enhancement because
detuning and finite gap A > 0 are not taken into account. They do
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however provide the qualitative understanding that higher order modes
in coupled nanoparticles allow higher field enhancements as compared
to isolated single nanoparticles. For a single nanoparticle the maximum
field enhancement scales with () while coupled particles give rise to a
Q? scaling. In order to boost the field enhancement one hence needs a
metallic nanostructure that acts as an efficient antenna to interact with the
external fields and moreover realizes a small effective mode volume. [13]
High field enhancements are very useful to boost extremely weak Raman
signals through a process called Surface Enhanced Raman Spectroscopy
(SERS) as will be explained in the next chapter.

2.5 Conclusion

In this chapter we have outlined the physical mechanism underlying the
field enhancement of Localized Surface Plasmon Resonances. For single
metallic nanoparticles the field enhancement approximately scales with the
(-factor of the metal, while coupled nanoplasmonic particles exhibit a field
enhancement which scales with the square of the )-factor. Such coupled
structures are hence of great interest for enhancing sensing processes where
the observable quantity strongly depends on the electric field. In the next
chapter we will discuss how extremely weak Raman signals can be boosted
by the aforementioned plasmonic field enhancement.
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Raman Spectroscopy

3.1 Introduction

The main optical spectroscopy techniques which are employed to detect
vibrations in molecules are based on the processes of infrared absorption
and Raman scattering. They are widely used to provide information
on chemical structures and physical forms, to identify substances from
the characteristic spectral patterns (so-called fingerprinting) and to quan-
titatively determine the amount of a substance in a sample. Raman
scattering is less widely used than infrared absorption, largely due to
problems with interfering fluorescence. However, recent advances in
instrument technology have simplified the equipment and reduced the
problems substantially. These advances, together with the ability of Raman
spectroscopy to examine aqueous solutions, samples inside glass containers
and samples without any preparation, have led to a rapid growth in the
application of the technique. [1] In this chapter we will briefly introduce
infrared absorption and fluorescence spectroscopy and provide a rationale
for performing Raman spectroscopy as a (complementary) alternative.
Apart from spontaneous Raman Spectroscopy we will also discuss Surface
Enhanced Raman Spectroscopy (SERS), which will be the major topic of
this dissertation.
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3.2 Infrared absorption spectroscopy

A quantum mechanical analysis of molecules reveals that each electronic
state can be subdivided in a set of vibrational (and rotational) energy levels.
These levels originate from atomic motions inside the molecule (see Figure
3.1(a)). We will limit ourselves to the vibrational levels. When such
vibrations can be approximated by a harmonic oscillator model, the energy
spacings are equidistant (AE,; = AFE,s = AEy3 = AFE,4 = ...) and given
by

AE, = hw, 3.1

2mc

where w, = N, = 2m f, is a characteristic vibration frequency (depending
on the specific chemical bond). For diatomic molecules (such as I, No,
Hj) the vibrational frequencies f, are typically in the 10 — 100 THz range,
so in the mid-infrared (mid-IR). [2] If a photon with energy Aw is incident
on a molecule, then it can be absorbed and excite a molecular vibration if
its energy matches the transition energy between two different vibrational
levels, i.e. w = w,. In an assembly of a large number of molecules
in thermal equilibrium, the relative populations of all energy levels is
determined by a Boltzmann distribution

Vol () e

where IV, and Ny are the populations of the v-th energy level (with energy
E, = hw,(v + 1/2)) and the ground state (with energy Ey = hw,/2)
respectively. As a result most molecules will reside in the ground state
and the v = 0 — 1 transition will dominate the infrared absorption spectrum
(this is the fundamental transition as shown in Figure 3.1(b)). Other allowed
transitions suchas v =1 - 2, v = 2 - 3,... will give rise to absorption
at the same frequency as the fundamental transition (in case of a harmonic
oscillator). The intensities of these transitions will however be relatively
low because of the lower population of the higher energy levels. These
transitions are termed hot band transitions because the population of the
higher energy levels will increase with increasing temperature. In order
to explain the overtone transitions we first need to introduce an additional
selection rule for IR transitions, which is associated with the change in
dipole moment of the molecule.

While the absorption frequency is determined by the molecular vibrational
frequency, the absorption intensity depends on how effectively the photon
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Figure 3.1: (a) Energy level diagram of a molecule. Each electronic state
(So, S1,...) is subdivided in a set of vibrational states with energy spacings
AE,1,AE 2, AE,3,AE,,,...A photon with energy hw can excite a molecular
vibration when it is absorbed. (b) Different IR absorption transitions.

energy can be transferred to the molecule. This transfer rate is determined
by the change of the dipole moment of the molecule and it can be shown that
the absorption intensity is proportional to the square of the change in dipole
moment. If a molecular vibration does not change the dipole moment, then
that vibration mode will be IR inactive. In Figure 3.2 we depict a set of
molecules and their associated modes. The modes in the left column are IR
inactive because their dipole moment does not change upon vibration (due
to the symmetry). In the right column a few IR active modes are shown.
All heteronuclear diatomic molecules (AB) have a non-zero derivative of
the dipole moment at the equilibrium position as a result of which the
mode is IR active. For the polyatomic ABA molecule the antisymmetric
stretching mode (center) or the bending mode (bottom) also have non-zero
dipole moment derivatives in contrast to the symmetric stretching mode
of the ABA molecule. This renders them IR active. Furtheron we will
show that the IR inactive modes from Figure 3.2 can be probed by Raman
scattering. [3]
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IR inactive IR active

Figure 3.2: Different Molecular configurations. The blue arrows represent the
vibration modes. Left column: IR inactive modes. Right column: IR active modes.

So apart from the energy constraint, the molecular vibration needs to have
a non-zero gradient in the dipole moment. From the energy diagram in
Figure 3.1(b) it is clear that the photon frequency should satisfy w = 2w,
in order to excite the first overtone transition in the case of a harmonic
oscillator. However, if the vibration is purely harmonic there will be no
net dipole moment vibrating at this frequency, so it is impossible to excite
this transition (and also the higher order overtones). In contrast, for an
anharmonic oscillator (in which case AFE,1 # AEy # AE,3 + AE,4 #
...) the dipole moment may still vary periodically, but nonsinusoidal, in
time. This periodic function can then be decomposed in sine and cosine
components where the frequencies are integral multiples of the fundamental
vibrational frequencies (by Fourier analysis). As a result, the dipole
moment of an anharmonic oscillator may oscillate with the fundamental
frequency and integer multiples thereof such that overtone transitions can
be excited. The intensity of these absorption lines will depend on the
amount of anharmonicity. Usually such transitions are however relatively
weak (compared to the fundamental transition). [3]

IR absorption spectroscopy can be used for the identification and study
of a large class of organic compounds (such as polymers, lipids, proteins,
nucleic acids). It can for example be applied to monitor polymerization
processes, determine the relative amounts of lipid present in blood serum,
characterize tissues and diagnose certain diseases. [4] Despite the large
amount of applications, there are also some disadvantages associated to this
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technique. Most relevant fundamental absorption bands are however in the
mid-IR region, which requires the use of expensive sources and detectors.
One way to overcome this issue is to use the overtones, which lie in the near
IR region where well-developed and cheaper light sources and detectors
are available. On the downside, the overtone transitions are also weaker in
absolute strength. An additional problem is water absorption, which is very
high in the mid-IR. As a result it is hard to study compounds in an aqueous
environment. [5] From Figure 3.3 it follows that the water absorption is
much lower in the visible and near-IR wavelength region (400 — 1000 nm).
Optical techniques, such as fluorescence or Raman spectroscopy, which
operate in this region are hence of interest for the analysis of compounds in
watery solvents. Moreover, high-quality and low-cost sources and detectors
are available for this wavelength region. Before we extensively describe
Raman spectroscopy, we will first give a brief introduction to fluorescence
spectroscopy in the next section.
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Figure 3.3: Absorption coefficient of water. [6]

3.3 Fluorescence spectroscopy

Fluorescent labelling and staining, when combined with an appropriate
imaging instrument, is a sensitive and quantitative method that is widely
used in molecular biology and biochemistry laboratories for a variety of
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experimental, analytical, and quality control applications. Commonly
used techniques, such as total nucleic acid and protein quantification and
DNA sequencing, can all benefit from the application of fluorescence
based methods for detection. Fluorophores, i.e. components that cause
a molecule to absorb energy of a specific wavelength and then re-remit
energy at a different but equally specific wavelength, permit sensitive
detection of many biological molecules. Frequently they are the most
sensitive option for detection of DNA, RNA, and proteins compared
to traditional colourimetric methods. [7] The amount and wavelength
of the emitted signal depend on both the fluorophore and its chemical
environment. Fluorophores are also denoted as chromophores, which are
historically speaking the part of a molecule responsible for its color. In
addition, the denotation chromophore implies that the molecule absorbs
light while fluorophore means that the molecule also emits light (as
not all chromophores necessarily fluoresce). The umbrella term used is
luminescence, whereas fluorescence denotes allowed transitions, with a
lifetime in the nanosecond range, from higher to lower excited singlet
states. [8, 9]

Since fluorophores play a central role in fluorescence spectroscopy and
imaging, it is important to outline their interaction with incident light.
In contrast to IR absorption spectroscopy, light absorption now results
in transitions between different electronic levels rather than transitions
between different vibrational levels of the same electronic level. In general
the different electronic states will not have their minimum at the same
nuclear coordinate (see Figure 3.4). Upon excitation, the molecule, which
is in the vibrational Sy ground state, will make a vertical transition rather
than a transition to the .S; minimum. This is a result of the Born-
Oppenheimer approximation which states that electronic motions, when
viewed from the perspective of the nuclear coordinates, occur as if the
nuclei were fixed in space because the electrons move much faster than
the nuclei. The Franck-Condon principle then states that an electronic
transition is most likely to occur without changes to the position of
the nuclei, hence electronic transitions can be considered instantaneous
compared to the nuclear motion. This Franck-Condon state will quickly
relax to the lowest vibrational level of the electronic excited state. For
fluorophores in liquid solutions this equilibrium is reached in a time
scale of the order of one picosecond. The Franck-Condon principle also
applies to the emission (fluorescence). As a result of the vibrational
excitation during the excitation and emission cycle, the fluorescence always
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occurs at a redshifted (Stokes shifted) wavelength. Because of this
redshift, the elastic (Rayleigh) scattering can be efficiently suppressed
using appropriate filtering. From a quantum mechanical point of view,
the overall fluorescence process is a two-step process comprising of a
fast excitation and vibrational relaxation (time scale: picoseconds) and
a slow fluorescence emission (time scale: nanoseconds). Hence the
emission process is completely independent of the initial absorption. Both
photons are not linked to each other in a coherent and instantaneous way.
Consequently, some of the potentially emitted photons from the S state can
go missing due to e.g. nonradiative recombination. [8, 11] As we will see
later, this plays a crucial role in determining the plasmonic enhancement
and quenching of fluorescence processes.

Vibrational states

N AN

Sl -

Excitation Fl
uorescence
Energy

SO-

0 3

Nuclear coordinate

Figure 3.4: Energy level diagram for fluorescence, illustrating the
Franck-Condon principle. Adapted from [8].

The spectral response of fluorophores is used in a variety of applications
such as environmental monitoring, clinical chemistry, DNA sequencing,
genetic analysis, cell identification, etc. If the target analyte of interest
has no intrinsic fluorescence, then external fluorescent labels need to be
added. [12] The addition of labels can be considered as a drawback because
binding an external label can also change the intrinsic properties of the
analyte under investigation. Furthermore the fluorophore can photobleach
in which case it loses its applicability. Photobleaching denotes the loss of
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fluorescence properties due to an irreversible reaction which changes the
absorption and emission capabilities. It would hence be interesting to have
a complete labelfree technique which does not suffer from photobleaching,
while providing the same or higher selectivity as compared to fluorescence.
In these respects, Raman spectroscopy is a very promising candidate.

3.4 Spontaneous Raman spectroscopy

Similar to IR absorption spectroscopy, Raman spectroscopy also probes
the vibrational levels of a molecule. [10] While for IR spectroscopy one
needs a light source of which the frequency exactly matches the vibrational
frequencies, a spontaneous Raman spectrum is obtained by pumping the
molecule to a certain virtual state >* after which the molecule relaxes
almost instantaneously to one of the vibrational levels of the electronic
ground state (see Figure 3.5). This virtual state lies below the first excited
electronic state and the excitation energy hw satisfies

hw, << hw < A. 3.3)

As will be shown furtheron, Raman spectra are extremely weak and
the reason for the hw < A constraint is to avoid a large fluorescence
background originating from the excitation of the electronic 57 state. A
Raman process is essentially a one-step process, in which the excitation
is immediately followed by a de-excitation. If one photon has been taken
from the laser beam to produce a Raman process, then there will always
be a scattered photon as well (in contrast to fluorescence). [11] If the
system relaxes back to its original state, then no energy is exchanged. This
elastic scattering process (termed Rayleigh scattering) will dominate the
overall emission and proper filtering has to applied in order to separate
the Rayleigh scattering from the inelastic (Raman) scattering. Raman
scattering can be subdivided into Stokes and anti-Stokes scattering. During
a Stokes transition, the molecule relaxes back to a vibrationally excited
Sp state such that the excitation beam transfers part of its energy to the
molecule. The emitted light will be redshifted and has a frequency of
ws = w — w, (for the transition depicted in Figure 3.5). For an anti-Stokes
transition, the molecule is already in a vibrationally excited Sy state and
relaxes to a lower lying energy state. As a result, the emitted light will
have a higher frequency w g = w + w, (for the transition depicted in Figure
3.5) and is hence blueshifted. The majority of the molecules will be in
the electronic ground state (due to Boltzmann statistics). Therefore most
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Raman events will be Stokes scattering events. The ratio of the Stokes and
anti-Stokes intensities depends on the number of molecules in the ground
and vibrationally excited states and can be calculated using the Boltzmann
distribution

o-(=4)

assuming non-degenerate levels and a Stokes transition which results from
a ground state excitation while the anti-Stokes results from a v = 1
excitation. [1] For typical vibrational frequencies (10 — 100 THz), the ratio
exp (%) >> 1 at room temperature. So usually Raman scattering is
recorded at the Stokes side. However, sometimes anti-Stokes scattering is
preferred in order to mitigate fluorescence interference since fluorescence is
always redshifted with respect to the excitation while anti-Stokes emission

is at the blueshifted side.

=exp( (3.4)

exp (- (5%)) Xp(hwv)
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Figure 3.5: Energy level diagram for Raman spectroscopy. The molecule is
pumped to a virtual state and instantaneously relaxes to one of the vibrational
levels of the electronic ground state.

In contrast to IR absorption spectroscopy, where a change in dipole
moment was necessary for a vibration mode to be IR active, Raman active
vibrations are associated to a change in the polarizability as will be outlined
below. The frequency-dependent linear induced electric dipole vector of a
molecule is given by

p=a-E (3.5)

where E is the electric field vector of the incident, plane wave, monochro-
matic radiation of frequency w and « is the polarizability tensor of the
molecule. We will consider the scattering of a molecule which is free
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to vibrate but does not rotate. The variation of the polarizability with
vibrations of the molecule can be expressed using a Taylor series with
respect to the normal coordinates of vibration. Maintaining only the first
order terms (i.e. the electrical harmonic approximation) and assuming a
scalar polarizability for simplicity, we get

oo
- - 3.6
a Oéo+zk:(an)OQk (3.6)

where «q is the equilibrium polarizability and (), are the normal coordi-
nates of vibration associated with the molecular vibrational frequencies
wg. If we focus on one particular normal mode of vibration J; then we

eventually get
Oa

OQk
Assuming a harmonic motion for the normal coordinates, the time depen-
dence of @), is given by

Oé=0[0+(

) Qr = ag + Q. (3.7)
0

Q. = Qo cos (wit + 0 ) . (3.8)
For the monochromatic field E we can write
E =E(coswt 3.9)
such that the induced dipole moment eventually equals

p = agEg coswt + apEgQo cos (wit + i) cos wt

= apEg coswt
—_—
Rayleigh

aLE
L Gk 0@ro

5 cos ((w+wg)t+ k) +cos((w—-—wg)t—0d) |. (3.10)

anti—Stokes Stokes

Rayleigh scattering originates from the electric dipole oscillating at w
and induced in the molecule by the external electric field, which in itself
oscillates at w. Raman scattering arises from the electric dipoles oscillating
at w + wy, which are produced when the electric dipole oscillating at w is
modulated by the molecule oscillating at wg. [3]

The average radiated power by an oscillating electric dipole, induced in a
molecule by an electric field of frequency w, is given by

2
B Pl w:‘i

P, =
d 12megc?

(3.11)
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where |p,| is the amplitude of the induced electric dipole and wy the
frequency of the dipole radiation. Generally w, will differ from w (e.g. for
Raman scattering wy = w + wy). [3, 13] For Stokes or anti-Stokes radiation,

P, = %Q’CO such that Raman active transitions need to satisfy
Oa
ay = (—) #0. (3.12)
OQk 0

This means that a Raman active vibration mode needs to have a non-zero
gradient of the polarizability. Returning to Figure 3.2, the IR inactive
modes will now be Raman active since both vibrations will generate a
change in the polarizability. On the other hand, the ABA antisymmetric
stretching and bending mode have a zero polarizability derivative at
equilibrium, which makes these modes Raman inactive. [3]

The strength of a Raman transition can also be expressed by means of a
Raman scattering cross-section o (in m? per steradian per molecule) which
relates the scattered intensity I to the irradiance J of the incident radiation,

I, =07. (3.13)
The irradiance can be written as a function of the amplitude |[Eg| of the

incident radiation J = %ceo |E0|2, while the intensity of the scattered
radiation equals

mTC 2
s = m P4l
= 2% IEo|® (3.14)

in which ay, is a general transition polarizability oy, and A4 the emission
wavelength of the scattered radiation. Substituting the irradiance in the
former equation yields

T=C 2 2
ISZ (8% |E0|
4 “tr
260y
_ 7T20 ) 2 5
2€0A3 trCEO
2.2
T
= 62A3rj=”j (3.15)
07d
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such that the Raman cross-section is given by

2 2
T Oy

= . 3.16
7= (3.16)

Usually such a cross-section has an extremely low value on the order of
10735 m? per steradian per molecule (depending on the specific emission
wavelength \;). [3] If N; is the number of scattered photons in an element
solid angle df) falling on the detector in unit time (i.e. the photon rate),
then the scattered intensity also equals

Nihe
= 3.17
5= 3d) (3.17)
The photon rate is then finally given by
N, = 0224 (3.18)
hc

It is instructive to calculate this photon rate for a realistic experimental
situation in order to assess the expected strength of a typical Raman signal.
Assume a laser beam with power 10 mW which is focused to a spot with
area 10712 m? (corresponding to a spot diameter of 1 ym). The incident
irradiance is then 10'° W/m?. For a single molecule with a cross-section of
1073 m? per steradian per molecule emitting at Ay = 877 nm (and df2 = 1),
the photon rate N, = 44 x 10~ photons per second. So in order to generate
1 Raman photon per second, one would need about 2 million molecules.
[3, 14] In this particular case, a 10 mW beam would produce a Raman
signal of about 2.3 x 10~ fW. Due to the extreme weak nature of Raman
signals, it is desirable to enhance them. Plasmonic structures, as introduced
in the previous chapter, are ideal candidates for this purpose. This so-called
Surface Enhanced Raman Spectroscopy (SERS) will be discussed in the
next section.

3.5 Surface Enhanced Raman Spectroscopy

The field enhancement generated by metallic nanostructures has been
extensively discussed in the previous chapter. Surface Enhanced Raman
Spectroscopy (SERS) uses this effect to enhance Raman signals by several
orders of magnitude. We will first give a qualitative treatment of the
enhancement effects associated to molecules in the vicinity of a metal
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surface and highlight the most important features that influence the field
enhancement. In second instance, we will elaborate on a quantitative
analysis of Raman enhancement and fluorescence quenching near metal
nanoparticles.

3.5.1 Qualitative treatment of SERS

Assume a molecule is brought in the vicinity of a metallic nanoparticle
which is resonant in the proper wavelength region. The enhanced field
around the nanoparticle will excite the molecule such that its induced dipole
moment is given by

pZOéREF()\p)EO (319)

in which a is a general polarizability, EF'(Ap) the field enhancement at
the excitation (pump) wavelength Ap (see Figure 3.6) and E( the incident
electric field. This induced dipole will generate an electric field Eg;oes at
a given Stokes wavelength \g, which in itself can also be enhanced by the
nanoparticle

Estokes o< EF()‘S) (aREF()‘P)EO) ) (3.20)

where EF'(\g) is the field enhancement at the Stokes wavelength (see Fig-
ure 3.6). A similar argument holds for the anti-Stokes process. The overall
intensity Iggrg of the scattered SERS light will then scale according to

[Estores|” o< Isprs o< akEF(Ap)2EF(\s)?Io (3.21)

where I is the incident intensity. The SERS enhancement factor EF',
defined as the ratio of the Raman scattered intensity in the presence of the
metal nanoparticle to its value in the absence of the particle, is then

2
EF = (ﬂ) EF(\p)2EF()\g)? (3.22)
QRO
which takes into account the fact that the polarizability of the isolated
molecule apgy can change because of (chemical) interactions with the metal
nanoparticle. For Raman modes with Stokes wavelengths close to the
pump wavelength (i.e. low wavenumber modes), the SERS intensity scales
with the fourth power of the field enhancement. Despite this non-linear
scaling, SERS in itself is a linear optical effect which scales with the first
power of Iy. Moreover it is important to note that ag is the polarizability
of the molecule when the molecule is adsorbed on the metal surface.
Hence it can contain contributions from the metal and may be greatly
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altered in magnitude. This effect can significantly contribute to the so-
called chemical enhancement of SERS. The electromagnetic enhancement
of SERS on the other hand is included in the fourth power of the field
enhancement. [15] Alternatively the SERS enhancement can be written
in terms of the Local Field Intensity Enhancement Factor LFIEF () =
EF()\)2:
2
EF = (OO;—R) LFIEF(Ap)LFIEF()\g). (3.23)
RO

Any optical technique that depends on the intensity of the light at a specific
point will hence be linked to the LFIEF and, in general, depending on
whether the LFIFEF is > 1 or < 1 the optical process will be enhanced or
quenched. [11]

.......................
. "
s
..
..
..

5
.
LT

Spontaneous Stokes Enhanced Stokes

Figure 3.6: Schematic of Surface Enhanced Raman Spectroscopy. The excitation
field (with pump wavelength \p) and emitted field (with Stokes wavelength
As > Ap) are enhanced by EF(\p) and EF(\g) respectively.

3.5.2 Size and shape effects on field enhancement

Figure 3.7 depicts the extinction spectra of several silver nanoprisms
and nanodiscs. Extinction spectra represent the sum of absorption and
scattering losses due to the metallic nanoparticle and can be measured
by simple transmission spectrometry. [17] One can see that the resonance
wavelength can be tuned over a broad wavelength range by changing
the size and shape of the metallic nanostructure. [16, 17] As a result,
the previously introduced enhancement factor EF' will also be strongly
affected by these geometrical quantities.
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Figure 3.7: Effect of size and shape on the plasmon resonance of silver
nanoprisms and nanodiscs. Taken from [17].

In the previous chapter we meticulously studied the plasmon resonances of
a spherical nanoparticle (<< ) in the electrostatic approximation. Within
this approximation the resonance wavelength is size independent and only

depends on the dielectric environment and the mode order /.

However,

when the size of a plasmonic structure is a substantial fraction of the
wavelength, size effects cannot be ignored anymore and the electrostatic
approximation no longer holds. The study of size effects on the plasmon
resonance is often very complicated and mostly relies on the numerical
solution of Maxwell’s equations. In a later chapter, such geometrical effects
will be studied in more detail using FDTD simulations. Qualitatively one
can however summarize size effects as follows [11]:

* The resonance wavelength redshifts if the size increases.

* Resonances are strongly damped as the size increases, mostly be-
cause of increased radiation losses. This results in a broadening of
the resonance, and more importantly in a decrease of the associated
field enhancement (see also previous chapter).
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* Another typical consequence of size is the appearance of resonances
that do not exist in the small size limit (where the electrostatic
approximation was sufficient). These size-related resonances, for a
fixed shape, are typically the result of the activation of multipolar
resonances that do not couple to light very efficiently in the limit of
small sizes.

The example of the spherical particle in the previous chapter clearly
introduced the concept of geometry-induced resonance, because the reso-
nance appears at a wavelength where there is no intrinsic feature (or peak)
in the bulk dielectric function of the materials themselves. In other words,
these resonances appear as purely geometrical aspects of the problem. It
would therefore be interesting to know what happens with other geometries
than spheres, i.e. how shape can affect the resonance. Unfortunately, the
shape influence is usually only obtainable through numerical simulations.
In order to highlight some important features that result from shape
changes, we consider a triangular nanoparticle as shown in Figure 3.8. [11]

e e e S
2x10* - LFIEF .
F at point B 1
1x10* -

F LFIEF
bo9x10%- atpoint A |
E L 4
6x10% -
3x 103 -

0 1 N |

300 350 400 450
Wavelength (nm)

Figure 3.8: LF'IEF at two different wavelengths for a triangular silver shape in
the electrostatic approximation. The incident electric field E is polarized
vertically as shown. Taken from [11].
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Some important conclusions can be drawn from this Figure [11]:

* In general, there will be more than one resonance condition associ-
ated with a given shape. Some of these resonances have complicated
spatial enhancement distributions.

* Different points on the surface can have their maximum LF'IEF's at
different wavelengths. The LFIEF is strongly position dependent
in most cases.

* The maxima of the LFIFEF's shown in Figure 3.8 are examples of
what is normally called the lightning rod effect (i.e. electric fields
concentrating at sharp ends). The LF'IEF' can hence be very high
for particular shapes, especially near sharp corners.

* In general, the resonances (in their spectral position and intensity)
will not only depend on the shape but also on the orientation with
respect to the excitation field. If the direction of the electric field in
Figure 3.8 is changed while keeping the triangular shape in the same
position, the LF' I E'F's at points A and B will change accordingly. So
even when the triangular cross-section is equilateral, the electric field
breaks the symmetry and points A and B are no longer equivalent. In
the full (non-electrostatic) solution of the problem, there is also the
direction imposed by the incident wavevector k. While the latter
has in general less importance than the direction of E (in particular,
for really small objects), there are many subtle details of the field
distribution that do depend on it.

The strength of the LFIEF will furthermore depend on the type of
metal used, and more specifically on the real and imaginary part of the
dielectric permittivity, which determine the ()-factor. In Figure 3.9 the
LFIEF of asilver and gold spherical particle is compared. The resonance
wavelength is determined by Re (epr(M\)) = —2Re(ep(N)), while the
imaginary part of the metal dielectric function Im (ep;(\)) determines the
width and strength of the resonance. Silver has a stronger and narrower
LFIEF as compared to gold because Re (epr(A)) = —2Re (ep(A)) is
satisfied at a wavelength \ where the imaginary part of silver is much
smaller (comparatively speaking) than that of gold at its corresponding
resonance wavelength. This makes the resonance in gold more lossy
and hence broader (lower ()-factor). [11] In the previous chapter we have
indeed shown that the field enhancement is related to the (J—factor and the
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exact relationship will depend on the configuration of the nanoparticles.
In Figure 3.10 the quality factor of a metal/air nanoparticle for different
metals is shown. [18] Below 650 nm, silver will clearly have a higher
field enhancement (due to the larger (J—factor) as compared to gold. In
the near-IR region (700 — 1000 nm) there is not much difference between
the qualtiy factors of silver and gold so both materials will exhibit similar
field enhancement. Nevertheless, for biosensing applications gold is more
prefered because of its chemical stability (silver can e.g. oxidize).
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Figure 3.9: LFIEF at point A (inset) on a sphere of either gold (Au) or silver
(Ag) in the electrostatic approximation. Taken from [11].

3.5.3 Fluorescence quenching versus Raman enhancement

Previously, we addressed the potential issue of fluorescence interference
when acquiring Raman spectra. Fluorescence signals are typically much
stronger as compared to spontaneous Raman signals such that the Ra-
man signal can easily be drowned in a large fluorescence background.
Fluorescence can be (partially) avoided by chosing a pump frequency
which is much lower than the transition frequency to the first electronic
state. By introducing a metallic nanoparticle near the analyte under
study, there is however an additional channel by which fluorescence
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Figure 3.10: Quality factor of a metal/air nanoparticle for different metals. The
shaded area is the area of interest for many plasmonic applications. Taken
from [18].

can be mitigated while preserving the full enhancement of the Raman
process. This simultaneous effect of fluorescence quenching and SERS
will be quantitatively discussed in this section. Additionally, this analysis
also provides a more thorough and quantitative understanding of the
electromagnetic SERS enhancement.

For the theoretical analysis, assume a molecule at distance d from a
spherical metallic nanoparticle with radius R (see Figure 3.11). Among
all the plasmon modes of a single sphere, the [ = 1 dipole mode (with
resonance frequency wy) is the only one with non-zero dipole moment and
hence the only one which can couple to external fields and decay radiatively
with a decay rate ,,4. All modes will furthermore decay nonradiatively at
a damping rate v due to metal losses. At first instance the fluorescence
process will be considered. The energy level diagram and corresponding
decay rates are depicted in the top part of Figure 3.11. A pump beam with
frequency wp excites the molecule to a vibrational level |3) of the first
excited electronic state. This level undergoes a quick vibrational relaxation
at a rate 32 to a level |2) (which typically has a relatively long lifetime).
From level |2) the molecule can decay radiatively with an original radiative
efficiency 7,4 Which is determined by the radiative ;.44 2 and nonradiative
Vnrad,2 decay rate,

Yrad,2

_ (3.24)
Yrad,2 * Ynrad,2

Nrad =
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Figure 3.11: Energy level diagram for fluorescence and Raman emission near a
metallic nanoparticle. Adapted from [19].
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The fluorescence enhancement process is effectively a multistep process
as depicted in Figure 3.12(a). [19] In the first step, the incident optical
excitation at frequency wp couples into the dipolar / = 1 mode because
all higher order modes have vanishing dipole moments and are hence not
coupled with external fields. In the second step, the molecule makes a
transition from the ground state |1) to the excited state |3), absorbing energy
from the dipole mode with rate

Co-abs( R )6

3.25
Veff,l R+d ( )

VYabs =
where 04 is the original absorption cross section (at wp) and V¢r 1 = TR3
the effective dipole mode volume. Relative to the case in which no metal
sphere is present and the molecule is situated in the diffraction-limited
focal spot of a Gaussian beam with an electric field Ef,., the maximum
enhancement during this optical absorption process (proportional to the
square of the electric field) is given by

R 6
( R+ d)

6
_ 2 . ( R ) (3.26)
(M+7rad+7) +52 R+d

wp wp

2
Emax,l

Efoc

Faps (WP)

where E,,,,1 is the maximum electric field of the dipole mode and § =

2 (1 - 5—;) the excitation detuning. [19] As opposed to the previous chapter,
there is an additional channel by which the dipole mode can decay (see
Figure 3.12(a)). Apart from the radiative ;.4 and nonradiative y decay,
part of the energy can now be transferred to the molecule itself (at a rate
Yabs)- This explains the additional factor La—f in the denominator. After
absorption, the molecule quickly relaxes nonradiatively to level |2). All
the energy stored in level |2) can now decay into multiple channels (see
Figure 3.12(a)). First there is a nonradiative decay with rate 7,,qq42. The
original radiative decay rate ;4,2 (at the Stokes frequency wyg) is enhanced
by the Purcell factor F'p; of each of the corresponding plasmon modes (I =
1...00), effectively changing the decay rate to F'p;7,q4,2 into each of these
modes. The Purcell factor Fp;(w) itself is given by [19]

2 2l+4
3mepw (2L+1)(1+1) ( X ) Li(w)
83 (I+1)ep+l \x+xqa

Fpy(w) = (3.27)
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Figure 3.12: Decay channels of the optical excitation and subsequent
fluorescence (a) and Raman (b) emission with corresponding decay rates.
Adapted from [19].
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where x = wR/¢, x4 = wd/c. Lj(w) is the normalized Lorentzian linewidth
of the [th mode:

.
Ll(w) = 2—71—272, (328)
(w-w)”+

where the resonance frequency of the /th mode is w; and its decay rate
iS v = 7+ Vradd,1. Among all the modes, only the dipole mode
will subsequently couple to external radiation modes with out-coupling
efficiency nq, = 'yj:;i»y and at a rate v,qq. All the higher order (I > 2)
modes dissipate energy in a nonradiative way. The large F'p;(w) of the
higher order modes indicates that energy can be coupled rather efficiently
into them for sufficiently small d. Because these modes are uncoupled to
external fields, they will however not contribute to fluorescence emission.

This phenomenon can be expressed by the fluorescence quenching ratio

Y2 FP,l(w)_

fq(w) = FP,1(W)

(3.29)

The efficiency by which the molecule then radiates in the presence of a
metallic nanoparticle is given by

Yrad,2 T FP,l (WS) Yrad,2"dp

N (ws) = (3.30)
Yrad,2 T Ynrad,2 + FP,l (WS) (1 + fq (WS)) Yrad,2
such that the overall emission enhancement eventually equals
MmN (ws 1+ Fpy(ws)na
Fomn(ws) = - (ws) _ ) ey (3.31)

Mad 1+ Fpy(ws) (L+ fy (ws)) Mrad

This enhancement factor not only strongly depends on the radius R but
also on the separation distance d. The optimal size R,,; will occur at a
radius where the nanoparticle is small enough to yield a small effective
mode volume (for an enhanced Purcell factor), yet is still sufficiently large
to assure strong radiative out-coupling. If higher order modes could be
neglected, it is always better to position the molecule as close as possible
to the metal in order to take advantage of the strong Purcell factor of the
dipole mode. However with higher order modes, the energy of a molecule
which is too close to the metal surface will also couple to nonradiative
(dark) modes and hence dissipates as metal loss. As a result, an optimized
separation d,,; will exist that allows significant coupling into the dipole
mode while adequately suppressing the fluorescence quenching by higher
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order modes. [20] The overall fluorescence enhancement Fry(wp,wg) is
then a combination of the absorption and emission enhancement,

Frr(wp,ws) = Fops(wp) Fem(ws)- (3.32)

This fluorescence enhancement will furtheron be compared with the Raman
enhancement which we will now discuss in more detail. The same
configuration of a molecule at distance d from a metallic sphere with radius
R is considered. The energy diagram for the Raman process is shown in the
bottom part of Figure 3.11. The pump beam (at wp) excites the molecule
to a virtual level |3*) which lies below the previously considered levels
|2) and |3) of the first excited electronic state. Almost instantaneously the
molecule relaxes to one of the vibrational states |1,v1) of the electronic
ground state |1). As long as the energy difference A is sufficiently large,
i.e. as long as the excitation frequency is far from any absorption resonance
wy, of the molecule, the process is a pure spontaneous Raman scattering
process. The overall rate of spontaneous Raman scattering equals

2 |deex‘2 |H€v|2 ’dmIZWS
_2r wg), (3.33)
YRM h B2 (wp —wm)2 h2 (wg wm)2 €0 p(ws)

where d,, is the dipole moment of the molecular transition, F,, the electric
excitation field experienced by the molecule, H., the strength of the
electron-vibrational coupling responsible for the Raman process and p (wg)
the effective density of states (DOS) at the Stokes frequency. [19, 21] In the
absence of a metallic nanoparticle, F, = E o and p (wg) is the DOS of the
radiation mode p,.q (wg). If the nanoparticle is introduced, the excitation
field gets enhanced by the previously introduced field enhancement Flg to
Eey = Efoe = FsEf,.. Moreover it will induce a change in the DOS,
which can now be written using the DOS for each plasmon mode

p(ws) # praq (ws) + Z o (ws) . (3.34)
I=1

From Figure 3.12(b) one can see that in the absence of a real molecular
level, the energy which is stored in the dipolar [ = 1 mode (due to optical
excitation) now directly splits in three different path ways: radiative decay
of the [ = 1 mode, metal loss and Raman scattering into multiple plasmon
modes at the Stokes frequency. The decay into the higher order plasmon
modes is again lost as metal loss, while only the coupling to the [ = 1 mode
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will result in far field Raman scattering. The modified Raman decay rate is
then

‘ 2

MN _ 21 ‘deSEfoc |I{ev|2 |dm|2 ws
RM — | & 2 2 X
b b2 (wp —wm)” h? (ws — wm) €0

(pmd (ws)+ (ws))
=1
:F2(1+ = pL(ws) )X
s ; Prad (WS)
2
21 |dmFErocl |He,|? |dm|2w5p ()
ho b2 (wp —wm)? h2 (Ws —wm)® €

=F§ (1+ZFPJ (wg))'yRM (335)
=1

since the Purcell factor Fp;(wg) can be estimated as the ratio of the

effective density of the /th modes p; (wg) to that of the radiation continuum
2

Prad (Ws) = S:Tscg [20] Since only the coupling to the [ = 1 mode will result

in far field Raman scattering with a dipole out-coupling efficiency 74, the

radiative Raman rate will be

Viirt rad = FS (1+ Fp1 (ws) Tlap) YRM (3.36)

such that the overall Raman enhancement is then given by

VM rad
Fray = —% = F5 (1+ Fp1 (ws) 1ap)
YRM
Enai|'( R\
mazx,l

= ’ 1+ F . 3.37
e () 0o oo e
In most cases, the Raman decay related to the [ = 1 mode is much

stronger than that of the radiation mode, ie. Fpj(ws)ng >> 1,

Emacv,l
E foc
dipole mode is proportional to the square of the field enhancement at

the Stokes frequency, one obtains the E* dependence of the Raman
enhancement (as in the qualitative treatment before). The main difference
between Fr; and Fgrys is the absence of the quenching denominator
1+Fp; (ws) (1 + fy (ws)) Nraq in the formula for Frps. In a non-resonant
Raman process (where A is sufficiently large such that one is far from

2
Fpy (ws). Because the Purcell factor of the

hence Frps o |
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a molecular resonance) the Raman cross-section is typically many orders
of magnitude weaker than the absorption cross-section o,;s. As a result,
the non-resonant Raman enhancement F'rj; can be obtained from the
fluorescence enhancement in the limit of o, — 0 and 7,.,q — 0 (this can
be seen by comparing formulas (3.37) and (3.32)). [19]

In order to illustrate the difference between fluorescence and Raman
enhancement, we consider the case of a molecule with o,s = 0.1 nm?
near a gold sphere with radius R = 30 nm for different separations d
and radiative efficiencies 7,.,4 (see Figure 3.13). The excitation for both
processes is at the dipole mode resonance wp = w; = 2.562 eV, while
fluorescence and Stokes emission are both at wg = 2.462 eV. [19]

10°

Enhancement

10'1 i 1 2 I i 1 L I
0 5 10 15 20

Separation [nm]

Figure 3.13: Comparison between Raman and fluorescence enhancement of a
molecule with o,y = 0.1 nm? near a gold sphere with radius R = 30 nm for
different separations d and radiative efficiencies 1qq. Taken from [19].

The Raman enhancement always outperforms the fluorescence enhance-
ment, since the latter undergoes various degrees of quenching depending
on the original radiative efficiency. In the case of Raman, this quenching
is absent and one can think of a Raman process as a fluorescence process
with extremely low efficiency. The Raman enhancement will hence always
be the upper limit of the enhancement one can obtain for fluorescence.
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In the case of fluorescence there is an optimal separation d which will
maximize F'rr, while for Raman it is desired that the molecule is placed
as close as possible to the surface. [19] This immediately provides a
scheme to suppress unwanted fluorescence interference. As long as the
molecule is close enough to the metal surface, the Raman scattering will
be enhanced while the fluorescence is quenched, effectively improving the
Raman scattering Signal-to-Noise Ratio.

3.6 Conventional Raman spectroscopy setup

In this section we will discuss a typical conventional Raman spectroscopy
setup (see Figure 3.14) and introduce its conversion efficiency in order to
compare it later on with chip-based Raman systems. The excitation laser,
at pump wavelength \p = 2mc/wp, is focussed on the sample through
an objective. Usually a pinhole will also be present in order to image a
very small feature of the sample, in which case the system is denoted as
a confocal Raman microscope. This sample can be a bare analyte, but
also an analyte on top of a SERS substrate. The Raman (Stokes or anti-
Stokes) radiation is then collected back through the same objective lens.
The beamsplitter preferably filters out as much as possible of the pump
and Rayleigh light because this light is much more intense than standard
Raman scattering and can flood the detector, eventually masking the Raman
spectrum. A notch filter behind the beamsplitter should assure that any
remaining pump or Rayleigh light is completely filtered out before the
beam is coupled to a spectrometer. Other interfering light sources, such
as specular reflection from the surface of the sample, should be avoided as
well. [1]

The spectrometer itself can come in a variety of configurations, how-
ever the development that is most responsible for the major increase in
Raman applications is the introduction of multiplex and multichannel
spectrometers (see Figure 3.14). A multichannel spectrometer monitors
many wavelengths simultaneously, using many detectors in parallel (e.g. a
CCD array). A common example is a grating-based dispersive spectrograph
with a CCD at its focal plane. Since a multichannel system monitors all
wavelengths simultaneously, it acquires a spectrum faster as compared to
a scanning, single-channel system that has to monitor each wavelength in
turn. In a multiplex spectrometer, the (broadband) spectrum is first sent
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Figure 3.14: A typical Raman spectroscopy setup. The multiplex and
multichannel drawings are adapted from [22].
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through an interferometer (e.g a Michelson interferometer) after which the
resulting signal is collected by a single photodetector. The single detector
monitors the resulting signal S as a function of the optical path difference
OPD created in the interferometer. Finally, the S(OPD) is Fourier
transformed (FT) to obtain the original spectrum. It is important to note
that a multichannel spectrometer disperses the light for detection by many
parallel detectors, while a multiplex spectrometer directs all of the scattered
light onto a single detector. This difference between multichannel and
multiplex approaches has major effects on the characteristics of the Raman
spectrum, in terms of resolution, spectral coverage, signal magnitude, and
Signal-to-Noise Ratio. [22] For more details we refer the reader to the book
of McCreery [22].

Since the Raman scattering cross-section depends on the fourth power
of the frequency, the obvious way of improving Raman sensitivity is to use
the highest frequency possible, which usually means that a UV excitation
source has to be used. UV excitation also has the advantage that there is
less fluorescence than with visible excitation. However many compounds
absorb UV radiation, which in combination with the high energy of the
photons means that there is a high risk of sample degradation through
burning. It also means that spectra may be rather different from normal
Raman spectra due to resonance with any electronic transition that may
cause absorption. This changes the relative intensities of the bands.
Additionally, the required lasers can be quite expensive and the quality
of the optics in the UV (detection systems, etc.) needs to be very high.
Currently, most laboratories either choose visible or NIR laser excitation.
For visble excitation, a dispersive spectrometer and a CCD are used for
detection (such as the previously described multichannel system). NIR
laser excitation typically requires an interferometer-based system and a FT
program to produce the spectrum (i.e. the multiplex system). Both types
have their advantages and disadvantages. For the visible, high-quality and
low-cost lasers and detection systems are available, but there is always the
potential issue of fluorescence (as described earlier). The main advantage
of NIR excitation is that fluorescence can be avoided as much as possible.
On the downside, the Raman scattering is inherently weaker because the
radiated energy is lower since the fourth power law applies. However,
since the exciting radiation does not absorb into most samples, the laser
powers that can be used are relatively high (up to 2 Watts). Moreover,
the interferometer detection system is usually very sensitive. On the other
hand, detectors are typically more expensive for this wavelength region.
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The major problem of visible source instruments is that the CCD chips
(typically Si) lack sensitivity at wavelengths above 1000 nm. An inbetween
solution is therefore the use of NIR lasers with excitation lines in the
790-850 nm wavelength region. Lasers that operate in this region will
usually produce Raman signals that can still be detected by common CCD
chips, however a drop in sensitivity for higher frequency peaks (larger
wavenumber) is possible. [1]

From the above introductory discussion it is clear that depending on the
application (and budget) one must make a careful choice of the excitation
source (UV, visible or NIR) and corresponding detection unit (multichannel
or multiplex). Furthermore it is interesting to calculate the amount of
Raman power that can be captured by such a microscopy system for a
given pump power. Later on this efficiency will be compared with the
efficiency of waveguide-based Raman systems. For a diffraction limited
confocal microscope, it is reasonable to assume that only particles located
within the focal volume will contribute significantly to the Raman signal.
In that case the conversion efficiency for a diffraction limited microscope
npL, expressed as the ratio of collected Raman power Ppy, to the pump
power Ppymp, 1s given by

Ppp,

DL = =Qpob, (3.38)

Ppump

where (2 is the solid angle subtended by the optics, p and ¢ the respective
concentration and Raman cross-section of the analyte under study and b the
depth of focus. [23] The solid angle (corresponding to a half angle 8) can
be expressed in terms of the numerical aperture VA of the objective lens
and the refractive index n of the immersion medium,

Qz27r(1—cos€):27r(l— 1—(N—A)2)%W(NTA)2. (3.39)

n

For a Gaussian beam, the numerical aperture and depth of focus can be
expressed in terms of the free-space excitation wavelength A p and the beam
waist wo,

A
NA=2E2 (3.40)
TWo
9 2
p= 20 (3.41)

Ap
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such that the conversion efficiency is eventually given by

A
nprL = 2p0 (f) : (3.42)

For a diffraction limited system it is hence impossible to improve on the
conversion efficiency by changing the optics, as npr only depends on
the analyte properties and the excitation wavelength. Later on it will
be shown that waveguide-based Raman systems generate a Raman signal
which is proportional to the length L,,, of the waveguide. This provides a
major advantage for the overall collection of Raman light, since Ly,4/Ap is
usually much larger than 1. [23]

3.7 Conclusion

In this chapter we outlined the rationale for conventional Raman and
Surface Enhanced Raman Spectroscopy. A brief overview of IR absorption
and fluorescence spectroscopy was included as well. Moreover, we
discussed the mechanism of simultaneous Raman enhancement and fluo-
rescence quenching by metallic nanoparticles. However, we only briefly
touched upon the potential advantages of chip-based Raman platforms. An
extensive discussion on this matter will be the subject of the next chapter.
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On-Chip Raman Spectroscopy

4.1 Introduction

In the previous chapter we have introduced several spectroscopic tech-
niques and discussed their pros and cons. A common disadvantage for
traditional spectroscopic systems lies in the fact that they usually rely
on expensive and bulky instrumentation, prohibiting their widespread use,
especially in non-laboratory environments. In recent years, there has been
a large demand for hand-held devices that can be used in the field and
that are capable of accurate, sensitive, and in situ spectroscopic detection.
Such devices can serve applications ranging from physics and chemistry
to biology and environmental science. Although optical sensing can be
performed on different platforms ranging from bulk optics and optical
fibers down to nanophotonic waveguides, an integrated photonics approach
has significant advantages. First of all, it enables the integration of
active and passive optical components. Second, the integration leads to
devices that are robust, reliable, mass reproducible and cheap. Finally,
integration allows for extensive parallelism and multiplexing. [1] After a
short description of the basic concepts of optical waveguides and a brief
introduction to the silicon nitride platform, we will give an in-depth analysis
of spontaneous on-chip Raman spectroscopy.

The discussion on the coupling of dipole emission to the fundamental
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waveguide mode [2] (see Dipole emission near a waveguide subsection)
is the key theoretical cornerstone of both this PhD work [3], and the
PhD work of Ashim Dhakal [4]. The measurement setup and procedures
(see Measurement setup subsection) are also common to both PhD works.
Nevertheless, the theoretical derivation of the amount of spontaneous
Raman scattering coupling into the waveguide mode (see Spontaneous on-
chip Raman scattering subsection) and the experimental demonstration of
spontaneous on-chip Raman scattering (see On-chip bulk Raman sensing
subsection) are at the heart of Ashim Dhakal’s PhD work. In a later chapter
we will describe how the key theoretical formula is used to describe on-chip
SERS, which is the major topic of this PhD work.

4.2 Optical Waveguides

The fundamental idea behind integrated photonics is the manipulation of
light by optical waveguides and not by free-space optical components like
lenses and mirrors. A dielectric waveguide consists of a high refractive
index core surrounded by lower refractive index cladding materials. The
optical field in such structures can then be guided because light prefers to
be concentrated in the area with the highest refractive index. A typical
waveguide structure is shown in Figure 4.1(a). The higher index core is
separated from the carrier substrate (which might have a higher refractive
index as the core) by a lower index under- and uppercladding. [5] The
discussion in this section is mainly taken from [5].

In order to discuss the modes of optical waveguides, an isotropic and non-
magnetic medium and a harmonic time dependence of the electric and
magnetic fields is assumed,

E(r,t) = E(r)e’“t. (4.1
Moreover it is assumed that the following constitutive relations hold

D(r) = €E(r) = eon(r)’E(r) (4.2)
B(r) = p1oH(r), (4.3)
where the real part of the refractive index n(r) determines the wavelength

in that medium A\ = Mo/n(r) (Ao = 27mc/w = 2m/ky is the vacuum
wavelength for a field with angular frequency w). The Maxwell equations
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(a) (b)

Uppercladding

Uppercladding

Undercladding

Undercladding

Substrate

Figure 4.1: (a) A typical waveguide structure consisting of a substrate, a low
refractive index under- and uppercladding and a high refractive index core. (b)
Plot of the field intensity.

can now be used to derive the vectorial wave equations for the electric E(r)
and magnetic H(r) field:

2
V2E(r) + v (%E(r)) + k2n(r)?E(r) = 0 (4.4)
VZH(r) + (%r;f) x (V x H(r)) + k3n(r)?H(r) = 0. 4.5)

In the above equations the gradient of the refractive index occurs, which
couples the three components of the field vector. However, when the
refractive index is piecewise constant or if the variation of the refractive
index is small, we can neglect these gradients. In the latter case both
vectorial equations decouple and reduce to the Helmholtz equation for
every component of the electric and magnetic field vector:

V2 (r) + kgn(r)*y(r) = 0. (4.6)

Moreover, the electric and magnetic fields should satisfy the boundary
conditions as introduced in an earlier chapter. In its simplest form a
waveguide is invariant along the propagation direction of the optical power.
Assuming the z-direction as the propagation direction, the refractive index
profile can be written as n(r) = n(x,y). An eigenmode of the waveguide
structure is a propagating or evanescent wave of which the transversal shape
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does not change during propagation and can be represented by

E(r) = e(z,y)e P 4.7
H(r) = h(z,y)e 7. (4.8)

An effective refractive index n.r; (and dielectric constant €.¢s) can be
associated to the propagation constant 3

s
negr =3 (4.9)
€eff =nlf)- (4.10)
For lossless optical waveguides (Im (e(z,y)) = 0) one can show that [5]

1. There are no eigenmodes with an eigenvalue larger than the maxi-
mum of the dielectric function.

€erf <max (e(x,y)) (4.11)

2. Guided modes belong to a discrete set of eigenvalues which are in
the range max(€ecqq) < €cff < max (e(x,y)), where €.,q represents
the dielectric constants of the different cladding materials, usually
upper- and undercladding. For these modes

lim ¢(z,y)=0. (4.12)
|(y)|—>o0

3. The continuous part of the spectrum is formed by the radiating modes
for which the eigenvalues satisfy e.ry < max(eqqq). Radiating
modes show an oscillating behaviour along at least one side of the
waveguide structure. Depending on their effective refractive index
they are classified as propagating or evanescent radiating modes. In
the latter case the effective refractive index is purely imaginary.

4. Guided and radiating modes form a complete set of functions. This
means that every field inside the waveguide can be represented by a
superposition of these modes:

E(r) = Zamem(x,y)e_jﬂszrfa(k‘)ek(x,y)e_jkzdk (4.13)

The superposition consists of a discrete sum of guided modes and a
continuous spectrum of radiating modes.
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Usually numerical methods are required to solve for the complex field
distributions in waveguide structures. Only a few cases can be calculated
analytically and it is instructive to study one of such cases in order to
show how discrete modes emerge and introduce the concept of TE and TM
polarization. To this end, a symmetric slab waveguide depicted in Figure
4.2 is considered. A slab waveguide is not only invariant in the propagation
direction (z), but also in one direction perpendicular to the propagation
direction (here y). A symmetric slab has a high index core (index n; and
thickness d) surrounded by two equal index (ng < n1) materials. [5]

2

ny

2

Figure 4.2: Geometry of a symmetric slab waveguide. [5]

The modal fields of a symmetric slab waveguide can then be written as

E(r) = e(z)e75? (4.14)
H(r) = h(z)e 7%, (4.15)

Substituting these fields into Maxwell’s equations leads to two sets of
equations for the so called transverse electric (TE) and transverse mag-
netic (TM) eigenmodes, which are characterized by the field components
e,(x), hy(z), h.(x) and hy(z), e,(x), e.(x) respectively. For the TE
polarization, the electric field is parallel to the interface between the two
media, while for the TM polarization the magnetic field is parallel to
the interface. After applying Maxwell’s equations and the appropriate
boundary conditions, one can show that the solution for the TE case is
given by

Ae™%%, x

e,(x) ={ Acos(kx) + Bsin (k) -d<z<0 (4.16)
(Acos (kd) - Bsin (kd)) 2@+ g <
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with

& =+/B% - n2k? (4.17)
k=1\/n2k3 - 2. (4.18)

The eigenvalue equation for 3, which will determine the discrete modes, is
given by
2K6

K2 - 52"
The constants A and B can be detemined by imposing the proper boundary
conditions. With each eigenvalue 3, an eigenmode can be associated.
Often an w(f) diagram is used, being the graphical representation of the
dispersion relation for the different eigenmodes. The associated effective
index can be considered as some kind of average refractive index felt by the
guided mode. In the specific case where there is only one guided mode, the
waveguide is termed single mode. Outside the core, the field has the form

tan (kd) =

(4.19)

E(r) o< ¢ 0kl=38% (4.20)

so while propagating along the z—direction, the field decays in the direction
perpendicular to the core (x). This evanescent part of the field is prone to
environmental variations around the core and is the basis for several on-chip
sensing applications such as refractive index shift sensing and absorption
spectroscopy. For a discussion of each of these applications we refer to the
appropriate papers [6-9]. In the next section we will discuss the silicon
nitride photonics platform and motivate why it is an appropriate choice for
performing on-chip Raman spectroscopy.

4.3 Silicon nitride photonics

Of all the possible photonic integrated circuit (PIC) platforms that have
been reported, those that are based on high index contrast (HIC) have
gained the most attention in the past decade. HIC waveguides have a large
difference between the refractive index of the core and that of the cladding
and allow the fabrication of strongly miniaturized circuits, because one can
make tight bends with very low loss. Furthermore HIC waveguides have
tightly confined guided modes, implying that the electric field strength of
the evanescent tail is very strong for a given optical power. This will lead
to an intense interaction between light propagating in the waveguide and
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its surroundings, which is of paramount importance for on-chip evanescent
sensing. [1]

The most prominent example of a HIC waveguide platform is the sil-
icon photonics waveguide platform. In this platform, Silicon-on-Insulator
(SOI) wafers are used to form waveguides with a silicon core (refractive
index of about 3.5 at 1550 nm) and a silica cladding (refractive index
of 1.45 at 1550 nm). Silicon photonics has now reached a considerable
level of maturity by using the same CMOS technologies and tools of the
microelectronics industry to fabricate high-quality PICs on 200 and 300
mm SOI wafers with a high level of process control and yield. The major
thrust for developing silicon photonics came from telecom applications, but
increasingly silicon photonics is finding its way in important sensing and
biosensing applications. Silicon is transparent between 1.1 and 8 pm, but
the underlying oxide starts to absorb light from about 4 pm onwards. As
a result SOI waveguides are only relevant in the 1.1 to 4 um wavelength
range. [1]

In order to extend silicon photonics to shorter wavelengths (below
1.1 pm), while maintaining the ability to make use of CMOS tools and
preserving HIC, it is probably the most convenient to use silicon nitride
(SiN). SiN has a refractive index of 1.89 around 780 nm. [10] Although
SiN is transparent from 0.4 to 5 pm, it is particularly important for the
visible and very near-IR wavelengths (< 1 pm) since this wavelength region
covers the therapeutic window for biological media (750 —930 nm). Within
this region, there is minimal photo-damage to cells and negligible water
absorption. Moreover there is a large availability of high-performance and
low-cost light sources and silicon-based detectors in this wavelength range.
[1] As we already discussed in a previous chapter, it is also beneficial to
perform Raman spectroscopy in this near-IR window because fluorescence
interference is largely mitigated due to the fact that the excitation energy is
too low to excite electronic transitions.

Silicon nitride is predominantly deposited using low-pressure chemical
vapor deposition (LPCVD) or plasma-enhanced chemical vapor deposition
(PECVD). LPCVD provides an excellent control over the homogeneity of
the refractive index and thickness. However, it remains a high-temperature
process (> 700°C) and induces high stress, particularly in thicker films
(> 300 nm). On the other hand, PECVD is a low-temperature process
(200 - 400°C) and enables stressfree thicker film deposition, making it a
better alternative for many photonic-based applications. The PECVD film
homogeneity is however poorer than in the case of LPCVD films. There-
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fore, an optimized process for low-loss PECVD SiN waveguides provides a
very attractive route towards high-volume fabrication of integrated photonic
devices. [10] Moreover people are trying to minimize the fluorescence from
PECVD nitride, which is important for e.g. sensing applications. Cladded
single mode rib waveguides with low waveguide (< 0.7 dB/cm) and bend
(< 0.05 dB/90° for radii as small as 35 um) loss at 660 nm were fabricated
within a CMOS pilot-line using PECVD technology. [11] A cross-section,
perpendicular to the propagation direction, of a typical rib waveguide is
shown in Figure 4.3. Such waveguides will also be used for the initial
on-chip Raman work described furtheron. The high index core (refractive
index ncore) has a width w,.;, and height h..;;, and is surrounded by a lower
index top (index ny.qq) and bottom cladding (index npeqq). A substrate
with index ngyp, is used as a carrier. Waveguide losses of < 1 dB/cm
were also achieved for cladded photonic rib waveguides at 532 nm and 900
nm wavelength using PECVD SiN. [10] The fabrication process of such
photonic wire waveguides, as described in [10], is briefly outlined below.

Ntclad

Neore Ihmb

Nbelad

Figure 4.3: Cross-section of a photonic rib waveguide. The high index core
(refractive index nore) has a width w,.;;, and height h..;, and is surrounded by a
lower index top (index nyciqaq) and bottom cladding (index npciqq)- A substrate
with index ngyy, is used as a carrier.

To build a photonic circuit in SiN, one starts with a 200 mm bare silicon
wafer. After cleaning the wafer, 2-2.4 yum of SiO; is deposited using a
high-density plasma (HDP) CVD process. On top of the oxide, PECVD
SiN is deposited using SiHy, N2 and NH3 at 400°C, ensuring CMOS back-
end compatibility. After SiN deposition, waveguides are patterned with 193
nm optical lithography. This is followed by an inductive coupled plasma
reactive ion etch process (ICP-RIE), using fluorine-based etch chemistry.
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After dry etching, the wafers are cleaned with an oxygen plasma and a wet
chemical process. A few typical waveguide dimensions and corresponding
waveguide losses are summarized below.

Usually waveguides are designed to work in single mode operation,
such that only the fundamental TE and TM mode propagate in the
waveguide core and all other modes are in cut-off. If we assume a SiN
refractive index of 1.89 (at 780 nm), a SiO, refractive index of 1.46 and
hrip = 220 nm, then the single mode width (at 780 nm) is 900 nm for
an uncladded (i.e. an air top cladding) and about 630 nm for an SiO,
top cladded waveguide. At 900 nm wavelength, single mode operation
is obtained at (h,;; = 220 nm, w,; ~ 1100 nm) for an uncladded and at
(hrip = 220 nm, w,; ~ 770 nm) for a cladded waveguide respectively.
In the relevant Raman window (780 — 950 nm) single mode waveguide
operation can hence be obtained for uncladded rib waveguides with a height
h = 220 nm and widths smaller than 900 nm. If the width gets too small,
then also the fundamental modes will go into cut-off, which will result in a
tremendous increase of the waveguide loss. At (h,.;5 = 220 nm, w,.; = 700
nm), the waveguide losses at 780 and 900 nm are in the range 0.5 — 1.5
dB/cm, hence low-loss single mode propagation in the relevant Raman
window can be obtained using PECVD SiN. [10] In the next chapter we will
discuss the performance of SiN waveguides which were fabricated with e-
beam lithography in the context of the hybrid integration of SiN waveguides
with nanoplasmonic antennas.

4.4 Raman radiation near a waveguide

In the above section it was shown that low-loss single mode SiN waveg-
uides can be fabricated in the relevant Raman window using CMOS-
compatible processes. Nevertheless, it remains to be shown whether the use
of photonic integrated circuits can provide an advantage over conventional
Raman spectroscopy systems. In this section we will outline the theoretical
rationale for using on-chip Raman systems over conventional microscopy
systems. The next sections will deal with the experimental on-chip Raman
results.

A molecule emitting Raman radiation can in first instance be approx-
imated by a dipole emitter (see previous chapter). The overall on-chip
Raman scattering process then breaks down into the excitation of this dipole
by the waveguide mode at the pump wavelength, and subsequent dipole
emission, at the Stokes or anti-Stokes wavelength, into the waveguide
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mode. The dipole moment of the emitter is then determined by the
polarizability of t