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Nederlandse samenvatting

Biosensoren en silicium fotonica

Tijdens dit doctoraatsproject bestudeerden we wat er gebéutwee veelbelo-
vende, maar heel verschillende onderzoeksgebieden saimaot worden.
Fotonica is het vakgebied dat ‘licht’ bestudeert, in veehven en toepassingen.
Licht kan uit verschillende kleuren of golflengtes bestablet kan op verschil-
lende manieren geleid worden, bijvoorbeeld door een opdgimg van spiegels
of door een glasvezel. Het kan gemanipuleerd worden; v&tsteerzwakt, ver-
traagd, versneld... In het vakgebied ‘silicium fotonicandt licht geleid en gema-
nipuleerd in kleine silicium chips, zoals we kennen uit dekélonica.
Biosensoren worden gebruikt in de biotechnologie. Ze diereor het bestud-
eren van interacties tussen moleculen en voor het detactare moleculen in
lichaamsvloeistoffen zoals bloed en serum. Dit is nietdal; omdat biomoleculen
erg klein zijn en in zeer lage concentraties voorkomen (pggtmg/ml). Boven-
dien komen ze voor in vloeistoffen die ook duizenden andeskeculen kunnen
bevatten in veel hogere concentraties. Biologisch moécwinderzoek steunt
vandaag voornamelijk op het detecteren vanlaeel dat vastgehecht wordt aan
de molecule, het virus of de cel die men wil bestuderen. Dge#lustreerd in
Fig. 1(a). Fluorescente en radioactieve labels, alsookdegltjes, zijn courant
gebruikte indicatoren omdat ze gemakkelijk gedetectearth&n worden en dus
indirect de aanwezigheid van de gezochte biomolecule kuaaatonen. Hoewel
gelabelde methodes sterk ingeburgerd en heel gevoeligvajonen ze enkele
grote nadelen. Wanneer een biomolecule aan een label kandje vorm en de
functionaliteit ervan beinvlioed worden. Het labelen zslfluur, tijdrovend en
moet in een gecontroleerde omgeving gebeuren. Bovendieetigquasi onmo-
gelijk om een kwantitatieve meting uit te voeren, of om malae interacties in
de tijd te volgen.

Om deze redenen ontstond het laatste decennia een trendenaatwikkeling
vanlabelvrije detectiemethodes. Zoals illustratie 1(b) toont, bestaai&belvrije
biosensor uit een sensor die de aanwezigheid van een meldiratt kan de-
tecteren, zonder tussenkomst van een label. Dit gebeudmbasis van de fysieke
eigenschappen van die molecule. Optische biosensoresobijgeld, sturen licht
door de biomoleculen waarbij deze het licht ‘vertragen’ Himsensor zet deze ver-
traging om in een uitleesbaar signaal. In dit werk bestudere een affiniteitge-
baseerde biosensor. Aan het oppervlak van de sensor wadeptoren gehecht.
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«— Biomolecule met label
Te detecteren biomolecule

« (bv. antilichaam)
Oppervlakte bedekt met
receptormoleculen (bv. antigenen)

(a) Biosensor op basis van een ‘label’

Te detecteren molecule
(bv. antilichaam)
Receptor molecule

(bv. antigen)

(b) Labelvrije biosensoren

Figuur 1: lllustratie van biosensoren op basis van ‘labels’ en ‘lalygé’ biosen-
soren.

Deze vertonen een hoge affiniteit voor de biomolecule die wiedetecteren en
zullen er dus een binding mee aangaan. Dit zal resulterennsgnaal aan
de uitgang van de sensor. Op die manier kan de binding gewvatgden in de
tijd en bij het plaatsen van verschillende sensoren in egriaiainnen verschil-
lende biomoleculen tegelijk worden gedetecteerd. Lafjeloiosensoren kunnen
voor een doorbraak zorgen in verschillende toepassinggsdge, 0.m. voor de on-
twikkeling van geneesmiddelen, omgeving- of voedseladaten voor draagbare
toestellen voor ziektediagnose, zogenaamde point-afsymtemen.

Labelvrije biosensoren die vandaag verkrijgbaar zijn tdees uit losstaande op-
tische componenten die het licht geleiden. Hierdoor zijrgmsot en zwaar en
moeten ze mechanisch stabiel, dus in labomgevingen, deplaarden. Deze
toestellen kunnen niet uitgebreid worden naar systemegrdie hoeveelheden
moleculen simultaan kunnen detecteren, zonder aan ggheéi of kostprijs in
te boeten. Daarom is er de laatste jaren onderzoek naar tegtéren van la-
belvrije biosensoren op kleine chips, bijvoorbeeld fosghie chips. Fotonische
geintegreerde circuits bestaan uit geminiaturiseerdgponenten die licht kun-
nen geleiden, opslaan of manipuleren. Alle componentendeanhip worden
in een stap gefabriceerd en zijn automatisch goed geposéid ten opzichte
van elkaar. Vermenigvuldigen van de detectie kan eenvewetiggebeuren door
meerdere sensoren in een matrix te plaatsen en ze met derbdmdetector te
verbinden door middel van golfgeleiders. Maar, nog belgkeyr bieden deze
chips de mogelijkheid om verder geintegreerd te wordenetestronische of bi-
ologische functies. Uiteindelijk zullen alle labostappeadig ter bestudering van
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Figuur 2: Werkingsprincipe van een ringresonator biosensor.

een bloed- of serumstaal, door &én chip uitgevoerd wordéris het zogenaamde
laboratorium-op-een-chiponcept.

Het werkingsprincipe van de geintegreerde biosensondlé werk is bestudeerd,
is geillustreerd in Fig. 2. In een ringresonator kunnetisape golven circuleren
als hun golflengte voldoet aan de volgende vergelijking:

Ln
A7"es = eff

m

waarbij L de omtrek van de ring isp een geheel getal en. sy de effectieve bre-
kingsindex van de circulerende mode. Als de brekingsindexet oppervlak van
de ring verandert door het binden van een biomolecule, zastmantiegolflengte
verschuiven. Deze verschuiving is een kwantitatieve maat Wet aantal mole-
culaire bindingen in de omgeving van de ring en kan dus gkbwbrden als
uitgangssignaal van de biosensor.

Silicium-op-isolator als materiaalplatform voor geipteerde fotonische circuits
biedt verschillende voordelen. Door het hoge brekingsindetrast van het ma-
teriaal, kan licht opgesloten worden in structuren met disies kleiner dan een
micrometer. Licht zal geleid worden doorheen heel kleinehven, wat leidt tot
ringresonatoren met potentieel heel kleine opperviakiese(30.m?). Er zijn
slechts kleine hoeveelheden biomoleculen nodig om dezeruolgikte volledig te
bedekken, terwijl de verschuiving van de golflengte nietastthmet deze opper-
vlakte. Bijgevolg kunnen potentieel heel kleine hoeveadrebiomoleculen gede-
tecteerd worden. Een vierkante millimeter op de chip kanrrdae 1,000 sensoren
bevatten. Als elke sensor met receptoren van een versaifélleoort is bedekt,
kan een enorm aantal verschillende biomoleculen, bijveelidantilichamen ter
bepaling van een bepaalde aandoening, tegelijk wordentgmderd. Een an-
der belangrijk voordeel van silicium als fotonisch matakiplatform, is dat het
kan gestructureerd worden met bestaande apparatuur digkkeltd werd voor
fabricage van CMOS componenten, meer bepaald 193 nm optsofectielitho-
grafie en droog plasma-etsen. Dit maakt massaproductielijkogeat leidt tot
een enorme kostenreductie per chip zodat de chips als wppreglucten kunnen
geleverd worden.
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Theoretische studie

We maakten een theoretische analyse van de intrinsiekeitgipen van SOI ring-
resonator biosensoren, waarbij drie criteria werden arotdnt: de meetresolu-
tie, de gevoeligheid en de detectielimiet. De meetreskdimt overeen met de
kleinste golflengteverschuiving die met voldoende nauwikéeid kan gemeten
worden. Deze hangt af van de vorm van de resonantiecurveretieveigenschap-
pen van de meettoestellen (zoals golflengtestap en ruis)mé@&sresolutie kan
veel kleiner zijn dan de breedte van de resonantiepiek pf dbor gebruik van
een gepast fittingalgoritme. Het reduceren van de ruis emdrgtoten van de Q-
factor van de resonantie zijn de belangrijkste manierenlemd&waarden voor de
meetresolutie te verkrijgen. De Q-factor, die een maat & @@ breedte van de
resonantie, is beperkt door de propagatieverliezen inrdg vieroorzaakt doordat
water licht met golflengtes rond 1550 nm sterk absorbeert.b@&ekenden een
meetresolutie van 0.67 pm voor de SOI ringresonatoren. Deedigheid van de
sensor weerspiegelt de grote van de golflengteverschuixangeer veranderingen
aan het oppervlak plaatsvinden. We bestudeerden deze faxtoverschillende
omgevingsinvloeden, voor verschillende afmetingen vagalégeleider en voor
verschillende polarisaties van het licht. De detectiediniDL) wordt dan bepaald
uit de verhouding van de meetresolutie en de gevoelighegb&vekenden de de-
tectielimiet voor homogene veranderingen van de hele semgeving (DL=0-°
RIU), voor moleculaire oppervlaktedichtheid en voor molage massa. Het SOI
sensorsysteem kan een oppervlaktedichtheid van 5.02 podetecteren, dit komt
overeen met ongeveer 158 ag moleculen gebonden aan hatpierytak.

Biosensor platform: chemie, fluidica en uitlezing

Om de theoretische resultaten experimenteel te bewijzerd @en biosensor plat-
form uitgebouwd, bestaande uit de fotonische chip zelfjibigschemie, een vioei-
stofsysteem en uitleesapparatuur.

De gevoeligheid van de biosensor is afhankelijk van de bH&iltvan de recep-
toren op het oppervlak. De bindingschemie die de receptaaenhet silicium-
opperviak van de golfgeleiders moet koppelen is een cruoiederdeel van de
biosensor. Ze moet ervoor zorgen dat receptoren efficiérden gebonden, en ze
moet tegelijk interactie van andere moleculen in het vioé&itaal met het opper-
vlak tegengaan (zogenaamde niet-specifieke interactiech@mische laag moet
stabiel en homogeen zijn, en mag het transport van de melecslar de opper-
vlakte niet in de weg staan. Courant gebruikte bindingsdbdrastaat erin de
siliciumgolfgeleiders te bedekken met een silaanlaag raetfenctionele groep
aan het uiteinde. We onderzochten deze methode, maar delagen bleken
onvoldoende immuun tegen niet-specifieke interactie. Etarb methode werd
ontwikkeld. Die bestond erin een extra polymeerlaagje vakeke nanometers
dik aan te brengen. Twee heterobifunctionele poly(ethe/ggcol) (PEG) lagen
met verschillende functionele groepen werden onderzagisulfanylw-carboxy
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vloeistofstaal ‘ ° ‘ .
e o A
te detecteren —m A
biomoleculen PEG laag met
receptoren

Figuur 3: Golfgeleider met PEG laag voor binding van receptor moleoutén
voor het verhinderen van niet-specifieke interacties.

. - . Si wafer Si wafer

1. O, plasma 2. Spinnen van 3. Stempelen van PDMS in
behandeling van PDMS dunne laag SU-8 SU-8 laag
SOl sensor chip SOl sensor chip
4. Uitlijnen t.o.v. SOI 5. Contact maken en
sensor chip harden met UV licht

Figuur 4: Stempelprocedure voor het verpakken van SOI fotonisches chet
PMDS microvloeistofkanalen.

PEG (HS-PEG-COOH) en diamino-PEGMMPEG-NH-Boc). Dit wordt schema-
tisch weergegeven in Fig. 3. De polymeerlagen verlaagdenietespecifieke
interactie in hoge mate zodat het systeem nu moleculen keattdeen in een
lichaamsvloeistof met een veel verschillende componenten

De vloeistoffen moeten met gelijke snelheid over alle sesrs0p de chip worden
geleid. Hiervoor gebruikten we vloeistofkanalen met disies van enkele tien-
tallen micrometers, zogenaamde microfluidische kanaléraréns de kanalen op
de chip aan te brengen, zullen de verschillende recepteculgin op de sensoren
worden aangebracht. Tijdens het binden van de kanalen mdase/oor gezorgd
worden dat de receptormoleculen niet beschadigd gerakamedpessieve opper-
vlaktebehandelingen, hoge temperaturen of lijm. Om dederren gebruiken we
een stempelprocedure om de chip te verpakken met de kamixer.procedure is
geillustreerd in Fig. 4, er wordt ook een foto van het afgiivgeheel getoond.
Na de chemische behandeling en het verpakken van de chip icretioeistofka-
nalen, kan de detectie gebeuren en moet de chip uitgelezelemo/Ne maken ge-
bruik van geintegreerde roosterkoppelaars om het liahtieehorizontale golfgelei-
der naar de verticale richting te koppelen, waar het verdggigd) wordt door op-
tische vezels of in de vrije ruimte. In tegenstelling tot coerciéle biosensoren,
is het uitleessysteem hier volledig ontkoppeld van het@®mschanisme en kun-
nen beide afzonderlijk geoptimaliseerd worden. De tolgeaop de posities van
de componenten is veel groter wat belangrijk is voor drasgtmepassingen. We
installeerden en bestudeerden een uitleessysteem méizsimbelichting van ver-
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Figuur 5: lllustratie van een verpakte SOI sensor chip met een madrsensoren
in de meetopstelling.

schillende ingangsgolfgeleiders en een infrarood camaoa simultane uitlezing
van verschillende uitgangsgolfgeleiders. Dit systeenitlesa laag ruisniveau en
biedt de mogelijkheid tot het uitlezen van meer dan 1,008@@m tegelijkertijd.

Een illustratie is weergegeven in Fig. 5.

Experimentele resultaten

Voor het testen van het SOI biosensor platform, gebruikternieerste instantie
avidine en biotine. Dit zijn twee stabiele biomoleculenekéa hoge affiniteit voor
elkaar vertonen en daarom als modelmoleculen worden debvodr de karak-

terisering van het systeem. De detectielimiet bleek orgre8e8 ng/ml avidine
concentratie te bedragen. Voor simultane detectie vandeezmoleculen, werd
een matrix van ringen bedekt met een homogene polymeeragrop werden
vervolgens drie verschillende receptormoleculen aaragéib(ook aangeduid op
Fig. 10): Hu-lgG, HSA en BSA. De vierde kolom van de matrix derijge-

laten en als referentie gebruikt. Fig. 6 toont het resultaateen karakterisatie-
experiment. Wanneer serums met verschillende antilichasaer de chip werden
gevloeid, kunnen deze antilichamen worden gedetecteardeaband van het sig-
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Figuur 6: Experimenteel resultaat met drie verschillende receptdidu-1gG,
HSA en BSA) op een matrix van ring resonatoren. Twee vidkstmet de comple-
mentaire biomoleculen (anti-Hu-1gG en anti-HSA) werdearale chip geleid en
de desbetreffende ringresonatoren vertonen een duidggijkaal aan de uitgang
wanneer binding optreedt.

naal van de overeenstemmende ringresonatoren.

Nu een basis biosensor platform met SOI ringresonatoreitgehouwd en een

theoretische studie werd voltooid, kan het systeem verdeden geoptimaliseerd
om de detectielimiet te verlagen, bijvoorbeeld met anderegonenten of betere
uitleesapparatuur. Verdere integratie met microvlo&ggiemen en elektronica
kan uiteindelijk leiden tot SOI fotonische wegwerpbioaibijvoorbeeld voor ge-

bruik in draagbare toestellen voor ziektediagnose.
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English summary

Silicon photonics and biosensors

Biosensors provide the ability to study interactions betmvbiomolecules and to
detect analytes from body fluids, manufacturing processesvironmental sam-
ples. The development of this technique is challengingabse biomolecules are
extremely small and sometimes present within a sample gtlear concentra-
tions (pg/ml to fg/ml) that simultaneously contains thaudsiof other molecules
at much higher concentrations. Biological research hdsiigslly relied upon at-
tachment of dabelto one or more of the molecules, viruses or cell being studied
Commonly used labels are fluorescent dies, radioactive aulgs or nanoparti-
cles. These are easily measurable and serve to indicategbenge of the analyte
to which they have been attached indirectly. While labelection methods can
be sensitive down to a single molecule, labels can strubumad functionally al-
ter the assay and the labeling process is labor intensiveastly. Quantification is
difficult since the bias label intensity level is dependenaé working conditions.
Moreover, a labeled assay can only be performed in an ‘et fashion so that
no kinetic information on the biomolecular interaction daobtained. Due to
these considerations, there has been a drive to reduce @sstagnd complexity
while providing more quantitative information with highrdughput. Label-free
biosensors measure the presence of a biomolecule direotiygh some physical
property. The type of label-free biosensor we studied isfanitg-based biosen-
sor: a so-called ‘receptor’ or ‘ligand’ is attached to theface of a sensor that
responds to the affinity interaction of the receptor with aalgte. The forma-
tion of complexes can thus be monitored continuously andynrgeractions can
be followed simultaneously. Emerging applications inelpaint-of-care diagnos-
tics, drug development, environmental control and food iteoimg. Point-of-care
systems are designed to process clinical samples for a mohbiferent types of
biomarkers and to work in a variety of settings.

Optical label-free biosensors make use of the fact thabgiohl molecules reduce
the propagation velocity of electromagnetic fields thatsghsough them, which
is translated in into a quantifiable signal proportionalte amount of biological
material present on the sensor surface. Commerciallyablailoptical label-free
biosensors exist mainly in free-space beam sensing coafigns, where discrete
components such as mirrors and lenses are used. Coupliigriign one com-
ponent to another in free-space setups typically requicearate and therefore
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Figure 7: Basic principle of a ring resonator biosensor.

time consuming and expensive mechanical alignment. Foréagon portability
of the equipment is low and its use is limited to dedicateddalelinical envi-
ronments. Expanding the optical sensing principle to mplaiied sensing is not
straightforward with these tools, as the complexity and obthe optical compo-
nents of the read-out equipment scales with the degree diptexing. Over the
past decade, there has been a vast research effort in itivegod optical label-
free biosensors on photonic chips. Photonic integrateniits (PIC) consist of
optical components, such as light sources, detectorsneosg that are integrated
on one single chip. The integrated approach allows for afgignt simplification
of the optical system, since the light routing and processam be accomplished
by a waveguide circuit that is fabricated by a collectivedigraphy process. The
sensing part is fully decoupled from the optical read-out pad can thus be op-
timized separately. Extension to multiplexed sensor arigysimply attained by
arraying one sensor next to the other and connecting theimswitrce and detector
through integrated waveguides. Most importantly, adddidevels of integration
with electronic and biologic functions are possible. Thémate goal is to inte-
grated several laboratory functions in a single chip, aated lab-on-a-chip.

The working principle of the integrated optical label-filgiesensor we studied is
illustrated in Fig. 7. A ring resonator supports circulgtimaveguide modes with
resonant wavelengths that are related to the effectivealgiath length within the

resonator:
Lneff

)\7‘68 =
m

whereL is the circumference of the ringy is an integer anak.;, the effective
refractive index of the circulating mode. When the refraeindex near the ring
resonator surface is modified due to the capture of target¢cntds on the surface,
neys Will change which in turn leads to a shift in the resonancealevgth), ...
This wavelength shift is a quantitative measure for the nemab binding events
near the surface.
Silicon-on-insulator (SOI) as a material platform for dmit biosensors offers
several advantages. SOl waveguides confine light withinrsigoon structures
because of the high omni-directional index contrast. Thsults in very sharp
bending structures and in micron-scale ring resonatorgchnis of importance
when detecting very small amounts of molecules. The resmnanavelength shift
does not scale with the size of the cavity, hence the smdikcavity, the less
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molecules are needed to cover its entire surface, whilegbjgonse does not de-
crease with decreasing surface area. Moreover, not ongntladl surface area, but
also the high mode confinement itself is beneficial for higdépsitive detection.
Due to the high integration density of structures in SOI, sqeare millimeter on
a photonics chip can contain over 1,000 biosensors. Whem &athem is cov-
ered with different receptor molecules, large sets of bitkes can be screened
simultaneously within very small sample volumes. Last nitleast, using sili-
con as a photonics platform offers the advantage of reuse@fhsively developed
CMOS processing technology, in particular 193 nm opticajgution lithography
and dry etching. This allows for mass production and econsraf scale. For
point-of-care diagnostics the availability of cheap disgales is a prior require-
ment, since reuse of the sensor chip is excluded. Also in dismpvery where
immense numbers of test assays are run, cheap disposabiesiease efficiency
and keep down the development costs of the drugs.

Theoretical study

We performed a theoretical study of the intrinsic biosegsiapacities of SOI ring
resonators. Three important characteristics were iryatstd: the measurement
resolution, the sensitivity and the detection limit. Theam&rement resolution
corresponds to the minimum wavelength shift that can berately measured. It
depends on the shape of the resonance spectrum and on equipeters such
as wavelength step and noise. It can be much smaller thargthtesburce line
width and the resonance peak width by using a peak fittingrifgn. Suppress-
ing intensity noise and increasing the Q-factor are impuittaobtain a good mea-
surement resolution. The Q-factor however, is limited bgpagation losses in
the ring mainly caused by the large absorption of water aD1%8 wavelength.
The measurement resolution of our devices was found to beréon average.
The sensitivity of a biosensor reflects its response to enuiental changes. It
was studied for various waveguide dimensions and variquestpf environmental
changes (bulk refractive index changes and molecular lelyanges that can cor-
respond to a thickness or a density increase). The detdgtidrof a biosensor
includes the effect of the two other parameters: it is thie @tthe measurement
resolution to the sensitivity. We calculated the detediioit of SOI biosensors for
bulk index sensing, layer detection, surface coverage badlate mass and find
the current system being capable of detecting a surfaceage®f 5.02 pg/mm
corresponding to a total molecular mass of about 158 ag orirthesurface.

Platform: chemistry, fluidics and read-out
For experimental verification of the theory, we built a bioser platform con-

sisting of the photonics chip itself, coupling chemistnfjuadic sample delivery
system and read-out equipment. All parts were developed avitocus on low
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detection limit and high throughput biosensing.

The intrinsic sensitivity of the biosensor is reduced whaa density of the re-
ceptor molecules at its surface is not optimal. Thus, th@gnties of a biosensor
critically depend on the quality of the receptor layer. Theging chemistry has
to allow for immobilization of receptor molecules and at #aene time effectively
block non-specific interactions with the macromoleculanponents of the sam-
ple. It must be stable, homogeneous and must not hindepwatref the chemical

or biological compounds to the transducer surface. Sitdium of a silicon oxide

layer on top of the silicon waveguide is a straightforwardmng procedure for

dense receptor coverage. However, silanes perform paotdyiins of non-specific
interactions with proteins in the analyte solution. To reglthe non-specific inter-
action, we coupled thin poly(ethylene glycol) (PEG) lay&rshe silane coating.
We investigated two heterobifunctional PEG layers witlfiedtént reactive groups:

a-sulfanylw-carboxy PEG (HS-PEG-COOH) and monoprotected diamino-PEG

(H2N-PEG-NH-Boc). This is schematically shown in Fig. 8. The@Ryers
are a few nanometers thick and show good homogeneity. Wepreilent various
characterization experiments to verify the effectivenafsthe coatings towards
non-specific interaction reduction.

In order to deliver a sample liquid to an array of ring resonstit is important
that the flow characteristics are equal over the entire chie need for compact
fluidics in which the flow velocity is similar at all locatioren the chip implies
the use of channels with dimensions in the order of a few teafimicrons, so-
called ‘microfluidics’. Different receptor molecules aposted on the chip before
microfluidic channels are mounted. This is in contrast wht approach in which
receptor molecules are coupled to the surface after bortdghannels, which
requires a more complex channel network with multiple ind antlets. Our ap-
proach asks for a low-temperature bonding process duringhwio contact is
allowed between an adhesive glue an the receptor moleculggedOl chip. We
use a stamp-and-stick method to transfer PDMS channelsdd@h chip without
damaging the fragile receptor molecules. This is illustléh Fig. 9 together with
a picture of the finished device.

The chips with chemistry coating and packaged with PDMS ofiicidics, are
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Figure 9: Stamp-and-stick procedure for packaging an SOI photonip efith
PDMS microfluidics and a picture of the finished device.

subsequently placed in a read-out setup. Integrated gretinplers couple light
from the horizontal waveguides to the vertical directiorewehit is further guided
through single-mode optical fibers or in free-space. A systensisting of flood

illumination of multiple input waveguides and imaging of itiple output gratings

with an infra-red (IR) camera offers a good trade-off betwadigh degree of mul-
tiplexing and low noise. The chip with read-out system iseschtically shown in

Fig. 10. The read-out system of an integrated optical biemeis fundamentally
different from the read-out system of commercial free-sgaiosensors like Bia-
core SPR. Here, read-out is completely decoupled from thecten, offering a

much higher degree of multiplexing and a much higher alignn@erance. The
latter is important for portable applications and redubesciost of the overall sys-
tem.

Biosensor experiments

Using the platform, we performed a number of experimentshiaracterize the
SOl microring biosensor. Avidin/biotin was initially used a model biomolecular
pair. The detection limit of the system was determined torbarad 3.8 ng/ml. For
multiplexed protein detection experiments, an array ofrariogs was covered
homogeneously with a PEG layer, on top of which differentgires were spotted
on different ring resonators (see Fig. 10). Fig. 11 showsékalt of a proof-of-
principle multiplexed sensing experiment. Three difféf@moteins are spotted on
the resonators: Hu-1gG, HSA and BSA. The fourth column obnegors was left
for reference. When flowing diluted serums with differertilaodies (anti-Hu-1gG
and anti-HSA) across the chip, the analytes could be detedth high specificity.
Now that a basic biosensor platform has been installed andr&@oring biosen-
sors have been characterized, other filter configuratiothbetter read-out schemes
can be developed to obtain lower detection limits. Higheele of integration,
with microfluidics and optoelectronic components, are stigated as well. This
will ultimately lead to integration of a disposable SOI piwaits biochip in a point-
of-care diagnostic tool.
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Figure 11: Experiment with three different receptor molecules sjplotie the SOI
chip: Hu-1gG, HSA, and BSA. Two serums were pumped over tiserss contain-
ing 128u.g/ml anti-Hu-1gG and 1.9 mg/ml other proteins, and 82dgml anti-HSA
and 1.5 mg/ml other proteins. The resonators spotted wéltttmplementary pro-
teins responded sharply, while the response of the othenagers remained low.






Introduction

In this PhD project we studied and developed a label-fresdvisor based on a
silicon-on-insulator photonic chip. The sensor itself sists of an integrated opti-
cal resonator that responds when biomolecules interatst sutiface. It was a mul-
tidisciplinary project during which different researchdiglike chemistry, fluidics
and optics were combined to obtain a sensitive, disposattip for multiplexed
protein detection. We closely collaborated with thalymer Material Research
Groupat Ghent Universityith Prof. Em. Etienne Schacht in the framework of a
UGent GOA project.

This chapter serves to set the context of this work. It willegan answer to the
guestions “Label-free biosensing: what, why and what far?%ections 1.1 and
1.2. Section 1.3 introduces the device that we studiedicsHon-insulator (SOI)
ring resonator biosensor. We will briefly introduce the fief&SOI photonics and
its connection with biology. The working principle of thewitee will be explained
as well as its main assets. The outline of the rest of the nuaiptiss given in
section 1.4. The chapter concludes with an overview andidgan of competing
technologies in section 1.5.

1.1 Affinity biosensors

A biosensor provides the ability to study interactions hestv biomolecules, to
observe the activity of cells, and to specifically detectiyaea from body fluids,
manufacturing processes, or environmental samples. Thelafement of tech-
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nology to meet these requirements is challenging becaushdinical analytes
are extremely small and sometimes present within a sampleratentrations in
the fg/ml to pg/ml concentration range that simultaneogsiytains thousands of
other molecules at concentrations orders of magnitudetgredhe analytes to
detect can include drug compounds with molecular weighisiB00 D&, DNA
oligomers, peptides, enzymes, antibodies, viral padicleAn additional chal-
lenge arises from the need to perform many thousands ofithgiymeasurements.
For example, researchers working in pharmaceutical desyaand life science re-
search seek to perform large numbers of assaygarallel [1].

Due to the difficulty in detecting biological analytes ditlg¢hrough their intrinsic
physical properties (such as mass, size, electrical impegar dielectric permit-
tivity), biological research has historically relied upattachment of some sort of
‘label’ to one or more of the molecules,viruses or cells bestudied. The label
is designed to be easily measured and indirectly indicaeptesence of the an-
alyte to which it has been attached. For example, many coniaflgravailable
fluorescent dyes can be conjugated with DNA, proteins, ds & that, when
illuminated with a laser at the excitation wavelength of thu@rophore, light is
emitted at a characteristic wavelength. An example istilfued in Fig. 1.1(a).
ELISA (enzyme-linked immunosorbent assay) allows for enneg of an antigeh
in a sample (e.g. the blue antigen in the figure). In briefstm@aple is adsorbed to
a surface first. The surface is then treated with a solutioriaioing the primary
antibody - an antibody against the antigen of interest. Wnbi@antibody is washed
away and the surface is treated with a solution containirijpadies against the
primary antibody. These have been linked to fluorescentdat¥éhe fluorescent
signal is proportional to the concentration of the antibofiyterest in the sample.

Though labels have been central to implementing nearlyiadhHemical and cell-
based assays, the labels themselves pose several pgteolil@ms. For example,
though the detection ghdioactive labelan be performed with tremendous sen-
sitivity, their usage requires specially outfitted 'hot $aland the generation of
large quantities of contaminated reagents and labwarerthat be properly dis-
posed. With advanced microscopy, fluorescence can be détdotvn to very
small amounts [2]. However, the emission efficiencyflabrescent labelss de-
graded by time and exposure to light (including room lighd #re laser excitation

11 Dalton (Da) is the atomic mass unit corresponding to onéttwef the mass of an isolated atom
of carbon-12 (12C) at rest and in its ground state.

2An assay is a procedure in molecular biology for testing @nafeasuring the activity of a drug or
biochemical substance in an organism or organic sample.

3Antibody/Antigen: Antibodies or immunoglobulins (Ig) afee proteins at the heart of the human
immune system. They bind bacteria, viruses or other foreiglkecules and target them for destruction.
An antigen is any molecule or pathogen capable of elicitingnanune response, it may be a virus, a
bacterial cell wall or another macromolecule. An individaatibody binds only one particular antigen,
more specifically, it binds to one particular molecular stinwe within the antigen.
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Figure 1.1: lllustration of labeled and label-free biosensors. Lalel#osensing

relies on attachment of a label to the analyte and is illustchwith the ELISA

principle. The label (fluorescent, radioactive, nanopelgj ...) can easily be mea-
sured and indirectly indicates the presence of the analgtevhich it has been
attached. Label-free affinity biosensing relies on a regeptolecule attached to
a transducer that responds to affinity binding between rewegnd analyte.
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light) by photobleaching, reducing the ability to supplglilly quantitative mea-
surements and requiring that assays be read in an ‘end feshibn so that kinetic
information from an assay is lost. Quenching and self-ghigmecmay also reduce
the efficacy of fluorescent tags in an unpredictable manietfjractice, label-
based assays require a high degree of development to abstithe label does
not block an important active site on the tagged moleculeadtify the molecular
conformation.

Due to the above considerations, there has been a drive togebsay cost and
complexity while providing more quantitative informatiavith high throughput.
Label-free detection generally involves a transducer lol@paf directly measur-
ing some physical property of the chemical compound, DNAeuole, peptide,
protein, virus, or cell. A well-known example is the glucasmsor, this is an
‘enzyme-based’ biosensor. It uses an enzyme (glucose s&jidhat breaks the
glucose down into gluconic acid and,8-, under consumption of © The glu-
cose sensor will produce a transducer signal proportianeither the HO, con-
centration, the pH of the gluconic acid or the @msumption. This signal relates
thus directly to the original glucose concentration [4].

The type of biosensor handled in this work is an affinity-loHsiesensor. Affinity
biosensors are analytical devices composed of a biologécalgnition element,
the so-called ‘receptor’ or ‘ligand’, interfaced to a trdanser which responds to the
affinity interaction of the receptor with an analyte. Themgtor molecule can be an
antibody, receptor protein, biomimetic material or DNA amalogy with ELISAS,
in Fig. 1.1(b) we illustrate a label-free biosensor for détn of antibodies in
a sample. Identical sensors are placed in an array, eacteof toated with a
different antigen. When immersed in a sample, the compléangantibodies will
bind to the antigens resulting in an output signal of theegponding sensor. In
contrast to labeled detection, the formation of the congdeis now monitored
continuously and many interactions can be followed sinmatausly. This real-
time data results in information on the kinetics of the rieacas well as on the
concentration of the antibodies in the sample. More deta@ffinity binding is
given in chapter 4.

Below we list a number of biosensor requirements. Depenadinthe application
area, the tolerances on the requirements differ. The tdratate introduced here
will be used throughout the next chapters and will be relédeitie SOI ring res-
onator biosensor where appropriate. Some metrics, suanagigity or cost, can
be defined numerically. Others, such as portability, argestibe but can have a
significant impact on the commercial success of a method.

 Sensitivity is defined as the amount of change in sensor output response
resulting from a molecular change on the sensor surface.

* Resolutionis the smallest change in output signal that can be observed.
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It depends on transducer, read-out equipment, overalereigel and data
processing.

 Limit of detection (LOD) refers to the minimum detectable concentration
or mass amount of an analyte, such as a protein, in a test saihphn be
expressed with various quantities: minimum bulk refraziivdex change
[RIU], minimum surface coverage [pam?], minimum analyte concentra-
tion [ng/ml], minimum detectable molecular mass [g]... Hetection limit
depends on intrinsic transducer properties as well as dacgichemistry,
sample delivery, affinity of the analyte for the receptofféuconditions etc.

 Selectivity is the sensor characteristic that prevents molecules dtfaer
the analyte to attach or adsorb to the surface and causeeadaalground
signal, thus deteriorating the biosensors detection lindielectivity is is
provided by an appropriate surface coating.

* Thedynamic rangeis the ratio of the largest measurable target concentra-
tion to the limit of detection.

» High throughput or multiplexed screening of biomolecular interactions in
arrays is crucial. For example, researchers working inmphaeutical dis-
covery and life science perform large numbers of assaysrallpbto un-
derstand how many molecular permutations affect the efficdica drug
candidate.

« Costbreakdown has two components: cost of the disposable ahdfthe
instrumentation. Adoption of biosensor technology for tagplications in
diagnostics or pharmaceutical screening will be driverotae extent by the
cost of performing an individual assay. The cost of a readrmirument is
related to its complexity and the cost of the componentsiredto reach a
specified level of performance.

 Portability is important for detection systems that need to serve in geran
of locations (e.g. diagnostics in the doctor’s office or & gatients’ bed)
and in time-restricted settings where real-time deteatifters considerable
advantages over transportation of the sample to the lab éaxgronmental
pollution control).

» Thesample volumea biosensor consumes in order to make a reliable mea-
surement can be important when measuring rare or experasivelss.

1.2 Application areas

The study of biomolecular interaction finds applicationsrany fields. Here we
discuss some emerging applications for label-free biassns
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1.2.1 Drug discovery

The analysis of molecular interactions is a key part of thegdtiscovery process;
many millions of dollars are spent early in drug developnmnscreening com-
pounds for receptor binding in vitro. Biosensors with fllsment or radioactive
labels are nowadays commonly used for such tasks, but fed®ebiosensors are
increasingly deployed for their high information contentadfinities and kinetics,
and flexibility to the process of assay design and qualityrobnHigh through-
put is currently important to a lesser extent. An informaticch assay that gives
a quantitative ranking of interaction affinities and theiactoncentration of an
expressed receptor or ligand can be extremely valuablesiedhly stages of drug
discovery, including target identification, ligand fishjragsay development, lead
selection, early ADME and manufacturing quality control. In [5], Cooper et al.
give an overview of the use of biosensors at all stages indisagpvery and give in-
dications on where label-free sensors might become indsgisde, some of which
have already been implemented today.

1.2.2 Point-of-care diagnostics

Biosensors for multiplexed diagnostics are currentlyaating the most commer-
cial interest [6]. Point-of-care (POC) systems are deglgo@rocess clinical sam-
ples for a number of different types of biomarkeend to work in a variety of
settings, such as clinical laboratories, doctors officesementually, at home. Ba-
sically, POC systems make state-of-the-art technologifqrtas accessible to a
large population pool. This can be achieved by integratetesys that combine
biosensor technology with sample preparation. Insteadioifpde pre-treatment
(including for example cell lysing and extraction) in romized laboratories, all
preparation steps have to be performed on-chip. Thesed&xdias can contribute
to the realization of personalized medicine by creatingla lietween the diagno-
sis of disease and the ability to tailor therapeutics to tithvidual. Aside from
the technological difficulties, another bottleneck diagfimbiosensors face is the
additional regulatory challenge of demonstrating thatitiiermation provided is
of clinical significance.

Biosensors in point-of-care systems for cancer diagnoatie believed to be very
promising [5]. Cancers arise as a result of the disruptionavfal cell signaling
pathways, which can produce cells (cancer cells) that éxaidecisive growth
advantage compared to their neighbors. The common methedrcer diagnosis
and prognosis relies heavily on technologies that are o08rykears old (visual

4A drug compound with poor ADME (absorption, distributionetabolism and excretion) binds a
high level of serum proteins and therefore scores low on dlieate balance between intended physi-
ological activity, long term efficacy and potential sideeeffs of the drug.

5A biomarker for diagnostics is a term used to refer to a pnoteeasured in blood whose concen-
tration reflects the severity or presence of some diseatge sta
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inspection of cell morphology by a pathologist). Unfortteigin terms of diag-
nosis, there is not one molecular marker that can providegrit information to
assist the clinician in making effective prognoses or eviagmbses. Large panels
of markers must typically be evaluated. Therefore, newrtetdgy platforms must
possess the capability to provide data on a large panel dferaacross several
different classes of biomarkers. Multiplexing becomessthery important. It is
likely that the concentration of biomarkers in either seramnurine will be very
low. This will require that biosensors for cancer diagnmstvill have to possess
excellent sensitivity. It also imposes very stringent i@ty requirements for the
biological recognition elements.

The goal of using optical biosensors for diagnostics in tbgiag countries [7] has
become an important driver for engineering more cost-gffesystems. Tech-
nologies for cheap, robust, low-cost, user-friendly d@gfits with minimal re-
guirements for external energy sources are in the developamel clinical testing
phase. Successful approaches will work just as well in teldyically advanced
cultures and be more rapidly accepted due to the lower castenf

1.2.3 Environmental control and food testing

Environmental concerns are driving the development ofitsnaonitoring sys-
tems to reduce the response time and cost of pollution dantimmparison to
shipping samples to a central laboratory. Label-free isses are being tested
for monitoring air, water, and soil, with the primary intsteoming from environ-
mental regulatory agencies, for example online screerfimgter quality for both
household and industrials use [8].

Food processing companies are interested in automatedoringisystems to pro-
mote safer products and reduce liability. A few companieglaready emplaced
optical biosensors for food testing, but the efficacy of ¢hegstems for process
monitoring is just beginning to be investigated [6].

1.3 Silicon-on-insulator microring biosensor platform

1.3.1 Towards integrated optical biosensors

From the wide variety of applications for label-free biosers, we can extract
a few key requirements: low detection limit, high throughmortable systems,
integration with sample preparation and low cost of theatsple. Depending on
the actual application, some requirements are more stririgan others.

Optical label-free biosensors have received consideratdation over the past
years. The key behind optical biosensors’ ability to debéclogical analytes is

that biological molecules, including proteins, cells, @A, all have a permit-

tivity e greater than that of air and water. Therefore, these mi&aligpossess the
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intrinsic ability to reduce the propagation velocity of @l®magnetic waves that
pass through them. Optical biosensors translate changles propagation speed
of light into a quantifiable signal proportional to the ambaofbiological material
present on the sensor surface.

In this category, there exist a number of detection methimd ding refractive
index (RI) detection, optical absorption detection, andnBa spectroscopic de-
tection. RI and absorption are the real and imaginary pathefmore general
complex refractive index constant= /¢/e, and are related to each other via the
Kramers-Kronig relations [9]. Raman detection is unique in that, o diand,
like Rl and absorption detection, target molecules are alo¢led, on the other
hand, emitted Raman light is used for sensing, similar torélscence-based de-
tection. All optical biosensors are immune to electromaigrieterference. The
biosensor platform we developed is based on RI detection.

Commercially available optical label-free biosensorseixi free-space beam sen-
sing configurations, where discrete optical componentsasaenirrors, lenses, and
spatial filters are used to define the wave front and the t@jgof the beam. A
well-known example are SPR (surface plasmon resonancggisors by Biacore
and other companies. Coupling light from one component tdteer in free-space
setups typically requires accurate and therefore timewoirgy and expensive me-
chanical alignment. For the same reason portability of themment is low and its
use is limited to dedicated lab or clinical environmentsp&xding the optical sen-
sing principle to multiplexed sensing is not straightforsvas the complexity and
cost of the optical components of the read-out equipmetesedth the degree of
multiplexing (see also section 1.5).

Over the past decade there has been a vast research effotégnation of op-

tical label-free biosensors on photonic chips. Photoniegrated circuits (PIC)
consist of optical components, such as light sources, tigtgaata processing
units or sensors, that are integrated on one single chip.intbgrated approach
allows for a significant simplification of the optical systesince the light routing

and processing can be accomplished by a waveguide ciratiistfebricated by a
collective lithography process. The sensing part is fugalpled from the opti-
cal read-out part and can thus be optimized separately.nEixte to multiplexed

sensor arrays is simply attained by arraying one sensortoé¢lée other and con-
necting them with source and detector through integratectgusides. Most im-

portantly, additional levels of integration with electiorand biologic functions

are possible. The ultimate goal is to integrate severalr&boy functions in a

single chip, a so-called lab-on-a-chip. These functiomsloa diverse, like cell

lysis, sample amplification and dilution, sample cleanlabeling etc. Biosensors
can be included in various functions of the lab-on-a-ctop gixample for quality

control or real-time detection.
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1.3.2 Working principle

In Fig. 1.2 the basic working principle of an integrated riegonator biosensor is
illustrated. The ring resonator consists of a waveguidedéia confine light within

the submicron scale. The resonator supports circulatingeguade modes with
resonant wavelengths that are related to the effectivealgiath length within the

resonator:

Ln
)\Tes = eff

m

whereL is the circumference of the ringy is an integer anak.;; the effective
refractive index of the circulating mode. When the refraeindex near the ring
resonator surface is modified due to the capture of targeteutds on the surface,
neys Will change which in turn leads to a shift in the resonancealevgth, ...
This wavelength shift is a quantitative measure for the nemab binding events
near the surface.

In a wavelength interrogation setup the spectrum is scanegehatedly and the
location of the resonance is tracked, while in an intensitgrrogation setup the
output intensity is monitored at one specific wavelengthi.dharp peaks, intensity
interrogation can be more sensitive, however it is largelgahdent on the peak
shape and thus very susceptible to slight shape variatiotisiaise. On top of
that intensity interrogation offers a limited dynamic rand-or these reasons we
applied wavelength interrogation in all experiments.

1.3.3 Silicon photonics for biotechnology

Unlike in electronic integration, where silicon is the dont material, photonic
integrated circuits have been fabricated from a variety afemal systems like
silica-on-silicon, polymers, IHV semiconductors, SION (silicon-oxynitride), silicon-
on-insulator etc. Aside from ease and cost of fabricatiba,ftumber of compo-
nents per surface area (the integration density) is a ke igsr the choice of
material. This is related to the minimal waveguide bendusithat supports guid-
ing without substantial losses and the minimal device sejuar that avoids mode
coupling. Essentially this relates to the degree of confererin the waveguides.
As higher confinement is achieved in material systems withelaindex contrast,
platforms consisting of semiconductor materials likecsiti or IlI-V semicon-
ductors with refractive index around 3 offer the highestrdegf integration, in
contrast to glasses or polymers with indices in the range®f2L In literature in-
tegrated biosensors based on resonant cavities are deatedstith different ma-
terial systems such as hydex glass [10, 11], polymers [1@Fditon nitride [13].
In this section we will argue that silicon-on-insulator ($@s a material system
for integrated biosensors is a valuable option.

An SOI wafer consists of a silicon membrane and a buriedositicxide layer
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Figure 1.2: Basic principle of a ring resonator biosensor. A ring restorasup-

ports resonating modes with wavelengths determined by fttieab path length
Ln.sy. Upon biomolecular at the ring surface, the effective indethe resonat-
ing mode will change which in turn leads to a measurable rasca wavelength
shift.
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Figure 1.3: SEM picture of SOI waveguide for monomodal operation wittithvi
= 450 nm, height = 220 nm. SOI ring resonator with radiug. and straight
section Zum.

(BOX) on a supporting substrate. Silicon is transparerftiértear infra-red (NIR)
beyond 1.2um, which includes the main telecom wavelengths Ju80and 1.55
um. The silicon membrane is of sub-wavelength height, lhtssafinement is
achieved by etching fully through the silicon membranehis tvay, a high omni-
directional index contrast §3=3.46, 1y;0,=1.44) is achieved which enables guid-
ing through sharp bends and thus large density sensor attegr Fig. 1.3 shows
a SEM picture of a fabricated SOI wire with typical dimengoiihe silicon mem-
brane of our fabricated devices measures 220 nm in heigtitmeomomodal op-
eration is achieved for waveguide widths around 450 nm (deipg on the top
cladding -often watery solutions in biosensing- and thepoation).

Low detection limit The high index contrast of SOI thus results in micron-
sized ring resonator biosensors, which is of importancewvdetecting very small
amounts of molecules. The resonance wavelength shift diesale with the size
of the cavity, hence the smaller the cavity, the less mokscate needed to cover
its entire surface, while the response does not decreakedeireasing surface
area. This is treated in more detail in chapter 2. There, Vlealgo show that not
only the small surface area but also the high mode confineitsefitis beneficial
for highly sensitive detection.

Integration density Because of the high index contrast, the ring resonatorgcove
only a 10«14 m? area. One square millimeter on a photonics chip can thus con-
tain over 1,000 biosensors. When each of them is covereddifférent receptor
molecules large sets of biomarkers can be screened sirealiaty within very
small sample volumes. Today very few techniques exist toemddsurfaces this
small with molecules. Thanks to advances in genome scrgevith microarrays,
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Figure1.4: SOI microring resonators of 0.4 um area addressed separately with
liquid drops of compatible dimensions produced with a BicdgdNanospotter’.

there has been vast investment in tools that produce malesaimple spots with
a few hundred micron radius. SOI compatible molecular spbis few tenths
micron radius however can only be made with few commercialstcamongst
them ‘Bio-jet’ nanodispensing system of Olivetti and ‘Napotter’ of Bioforce.
Fig. 1.4 shows pictures of SOI ring resonators with liquidh of 15um radius
produced with the Bioforce ‘Nanospotter’.

Fabrication Using silicon as a photonics platform offers the advantdgewse
of extensively developed CMOS processing technology. cgtpgninimum SOI
photonic feature sizes are around 100 nm, which fits welliwithe capacities of
today'’s industrial fabrication tools based on 193 nm oppcajection lithography
and dry etching. As a consequence of the high index contnagh& waveguide di-
mensions being close to the diffraction limit, device ras®s are very sensitive to
minimal dimensional variations. Therefore, an accurateattisional control in the
range of 1-5 nm is needed. To achieve such requirement a ésgiution fabrica-
tion process is needed. In [14-16], members of our group galetailed descrip-
tion on how industrial techniques are adapted for fabmeatf high quality SOI
photonic integrated circuits. All test devices used in thisk are fabricated with
the research facilities of IMEC (Interuniversity Microeteonics Center), Leuven,
Belgium.

Fabrication of photonic chips with nanoscale reliabilitydawith no extra equip-
ment development cost is a major asset for SOI biosensomlloWs for mass
production and economics of scale. For point-of-care diatjos the availability
of cheap disposables is a prior requirement, since reudgeageénsor chip is ex-
cluded. Also in drug discovery where immense numbers ofassays are run,
cheap disposables can increase efficiency and keep dowevtbbgment costs of
the drugs.
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Active—passive integration We mentioned that label-free biosensors can be in-
tegrated in a lab-on-a-chip. A first additional level of mmation is between optical
structures and microfluidics. Microfluidics can serve foruanber of applications
like cell sorting and cell manipulation required for the gd@preparation prior to
diagnostic biosensing. A second level of integration, rigites integration of the
sensors with light sources, and detectors, as well as thhesmonding on-board
or on-chip optical and electronic controls is the next stepeatrds fully integrated
hand-held sensor systems.

While SOl is a promising platform for passive functions léensing, the fabrica-
tion of active optoelectronic devices (light emission, éifigation and detection)
at telecom wavelengths using electrically contacted @avis difficult. The inte-
gration of active optical functions on a silicon platfornaisactive area of research.
This implies the integration of silicon-based modulat&i§e photodetectors and
silicon light sources. A literature review of state-of-ta in silicon photonics is
givenin [17].

A second route to achieve active functionality is heter@ges integration of sili-
con with Il1-V material systems. As state-of-the-art active optoeteitrcompo-
nents are fabricated in InP/InGaAsP, heterogeneous atiegmwith silicon results
in exploitation of advantages of both material systems.ioder routes towards
integration are possible: one can integrate preprocefised dlevices onto the si-
licon host substrate or one can integrate the material figtpaocess the devices
after. Both approaches offer advantages and have drawb&cksec, the second
option has led to a number of publications [18—22]. By in&tigin of InP/InGaAsP
as individual dies on the silicon host and processing theémeguently, tolerances
on the misalignment of positioning is very high and positigncan thus be done
quickly and cost effectively. This approach leads to effitigse of expensive In-
P/InGaAsP material. In this work we do not address the it with active
components. Various functional components have been ala®elin parallel to
this work and integration of passive sensors and light ggidvith active sources
and detection will ultimately lead to fully integrated bérsors.

1.4 Outline of the manuscript

For an innovative biosensor platform like the SOI ring reson biosensor, not
only the sensor technology needs to be developed. Basibaig are four parts
contributing to a successful detection: the sensor, th@lewyuchemistry, fluid
delivery and read-out system. They are schematically ggdtin Fig. 1.5. In
general, the quality of the weakest part will be the limitfagtor for the overall
quality of the system. For instance, high-quality read-@ari never compensate
for a bad-quality sensor chip. Separate chapters are deimthe various aspects.
The sensor elementis discussed in chapter 2. Chapter 8irttes a new technique
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Figurel.5: A biosensor platform consists of four parts contributing&uccessful
molecular detection: the sensing element, the couplingni$tey, sample fluid
delivery and read-out system.

to extract additional data from ring resonator biosensGrapter 4 overviews the
work we performed to obtain high quality coupling of receptmlecules to SOI

biosensors. The development of microfluidics delivery amelaal-out system for
low noise and parallel detection is described in chaptersdba Chapter 8 gives
an overview of possible routes for continuation of this wasime of which have
already been initiated. It also introduces an alternativelémentation of SOI ring
resonator biosensors, namely transfer of a resonator tgtcabfiber facet for

extreme portability and in-vivo sensing.

1.5 Competing technologies

Detection via the optical properties of biomolecules isyame of the many op-
tions that are considered for label-free biosensors. Tleeotver main categories
are electrical and mechanical sensors based on electraatuoiar properties or
mass. We will briefly give an overview of the three main lafvel biosensor
classes in a current commercial context. Only affinity-basiesensors are listed,
other mechanisms -like the enzyme-based glucose sensaseussied earlier- are
not discussed here. We intentionally choose a technolbpgaat of view and
do not discuss other metrics such as time-to-result andfgpgc While these
metrics are critically important to sensor utility, as wikcome clear in chapter
4 and 5, they can be complicated by other factors that areetettied to the fun-
damental physical performance of the device. For the saasoreit is hard to
compare detection limits of the different platforms. Nonstard evaluation exists
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and performance numbers in literature reflect not only thiertelogy, but also the
quality of the interfacial layer, the fluidics and the kimstof biomolecular pairs.
Moreover different figures of merit can be used such as cdrat@m detection
limit, surface coverage etc. They are discussed in chaptse@ion 2.4. Lists
on published detection limits for various sensing platferamd additional infor-
mation can be found literature reviews [23-25]. We only dsscaffinity-based
biosensors.

1.5.1 Optical biosensors

Optical biosensors were already introduced in sectiori1They have a long his-
tory in biosensing, since most labeled biosensors are alstabin nature. We cat-
egorize optical biosensors in 3 categories: plasmonicehisars, interferometer-
based biosensors and cavity biosensors. Each of them cammmmber of differ-
ent implementations (free space optics, integrated wagleguphotonic crystals,
fibers...) and material systems. We will briefly introduce thain working princi-
ples, which can be used to understand many other implen@mgatot mentioned
here. Plasmonic biosensors can also be combined with éntenfeter or cavity
biosensors, but we will treat them separately for their amedntally different na-
ture. Photonic crystals can be part of an interferometer cavaty but can also
serve as a biosensor as such and will also be treated sdpaFatea discussion
on fiber optic sensors, we refer to chapter 8.

Plasmonic biosensors

Undoubtedly the most established label-free optical lnisseis based on surface
plasmon resonances (SPR). A surface plasmon wave (SPW)hargecdensity
oscillation that occurs at the interface of two media witklectric constants of
opposite signs, such as a metal and a dielectric. Thereraaisy implementations
of SPR biosensors that mainly differ in the method to extiee$PR: prism cou-
pling, waveguide coupling, fiber optic coupling, gratingupting... In the prism
coupling configuration an incident light beam is totally eefled at the prism-metal
interface and generates an evanescent field penetratmthmnetal layer. At the
resonant angle (or resonant wavelength), the propagatiostant of the evanes-
cent field matches that of the SPW and the photon will be calipi® the SPW.
This angle is dependent on the refractive index of the enwirent and can be used
for sensing. This principle first got commercialized by Riezand generally has
a good detection limit. However it is bulky and it is difficadt integrate. Fig. 1.6
illustrates a prism coupled label-free optical biosensultiplexed sensing with
imaging prism coupled SPR (SPRi) was first introduced in.[26CCD camera is
used to image the intensity of light reflected off the surfaddewever this comes
with a cost: SPRIi typically has a limit of detection-21D0 times worse than stan-
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Figure 1.6: Prism coupled SPR sensor configuration, based on [5].

dard SPR biosensors [23]. Today, the list of SPR biosensoufaeturers and the
range of products is extensive. In the past few years, SPRS&RI have been
applied in molecular biology for the detection of proteinghaa detection limit
ranging from picomolar to nanomolar. Generally commergyatems are capable
of detecting 1 pg/mrsurface coverage of molecules. This detection limit de-
pends on many parameters, but particularly on surfaceifwraltzation. We refer
to [27, 28] for reviews on SPRi technology literature.

Waveguide coupling offers an integrated alternative toghism: a SPW is ex-
cited at the interface where a metal strip is included in thgeguide. This way
multiplexing will be achievable at virtually no cost by silppntegrating more
sensors on one chip. At Intec, Peter Debackere examineeéd$BR modes for
biosensing, this work is published in [29-31].

Interferometer-based biosensors

The phase change introduced by molecular interaction abiteensor’s surface
is transduced in a spectral shift of the interference wheomiining the sensor
signal with a reference signal. In general the sensitivitarointerferometer in-
creases with longer interaction length. This principle banimplemented in a
Mach-Zehnder interferometer, a Young interferometer akbeattering interfer-
ometer.

In a Mach-Zehnder interferometer the sensing and referbreoech are recom-
bined and the output intensity is monitored. Mach-Zehndars be fully inte-

grated on chip, and will be discussed in more detail at theafrzhapter 2. A

Hartman interferometer is a type of Mach-Zehnder implerigwr, receptor mol-
ecules are patterned on top of a planar slab waveguide. isgletombined on
the chip which creates interference patterns between pgitsictionalized strips
and is then coupled out of planar waveguides using gratiad$artman interfer-

ometer has been used by Schneider et al. for immunoassaysrf@n chlorionic
gonadotropin (hCG) [32]. They achieved 5 ng/ml detectiamitland improved it
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Bulk silicon

Figure1.7: Schematic of a porous silicon backscattering interfersiméiosensor
from [39].

to 0.5 ng/ml using signal amplification with gold nanopdescconjugated second
anti-hCG antibodies.

In a Young interferometer the two arms are not recombineddrut interference
fringes on a detector screen (e.g. a CCD) and the spaciaisityedistribution
is interrogated. A commercialized Young interferometerskensor from Farfield
Scientific [33] is currently available (called AnaLight®)t can probe two po-
larizations of light sequentially, and this additional ree@ment provides extra
information on the conformation of the biolayers. A simitaechanism has been
investigated in this work, see chapter 3.

The previous implementations are similar in nature whicults in similar per-
formance. Most notably, to produce a sensitive device, g loteraction length
between guided wave and sample is necessary. A last clasdeoferometer-
based biosensors is called backscattering interferomEhig typically consists of
a laser focused onto a small sensing area and a detectoryaatize reflected in-
tensity. Sub-wavelength structures on the sensing suréstsdt in interference at
the detector. This technique was implemented in varioufigarations and com-
mercialized by Quadraspec and Silicon Kinetics, amondmtrst[34, 35, 37, 38].
In Fig. 1.7 one of the first implementations of this concepliustrated. The top
and bottom surfaces of the porous sensor serve as the maflectifaces. When
analytes are specifically captured by biorecognition mdeimmobilized inside
the pores, a shift in the interference signal is observed.

Cavity biosensors

Ring resonators Optical microring resonator biosensors have recently been
der a lot of attention [40]. The light propagates in the forimvbispering gallery
modes (WGM) or circulating waveguide modes, and its evasragield present at
the ring resonator surface responds to the binding of bieoubés. This type of
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biosensor will be extensively discussed in the next chaptéigh number of rev-
olutions in the cavity results in sharp resonance peakshwidarges the sensor
performance. A ring resonator can deliver sensing perfag@aimilar or superior
to an interferometer while using orders of magnitude lestasa area and sam-
ple volume. The sensors have been implemented in ring-; distt microtoroid-
shaped resonators on a chip. Since the concept was firstiltbdry Boyd et
al. [41], over 100 papers have been published on ring ressifatr various sensing
applications, even showing single molecule detection.[42hao et al. showed
biomolecular detection with planar polymer microring neators, fabricated by a
direct imprinting technique, with a detection limit of 25¢/mn? [12]. In [10, 11]
planar glass-based microring arrays with 5 microrings veeguentially scanned
for rapid detection of whole bacterial cells, proteins andlaic acids. [43, 44]
published results on SOI microring resonator biosensingshiurn et al. recently
reported a limit of detection of 2 ng/ml for an SOI microringsonator sensor
applied to a clinically relevant cancer biomarker [43].

Microsphere resonators An optical WGM may be represented by a light wave
that travels around near the surface of a glass sphere amdsétack upon itself in
phase. The optical effect of binding a compact monolayeratigins is to increase
the average radius of the sphere. Because the resonandengitigs proportional
to the radius, the fractional shift in the wavelength is dquéhe fractional change
in the radius. In contrast to circulating waveguide modesrig resonators, the
sensitivity in whispering gallery mode biosensors depedshe sphere radius.
A comprehensive work on viral detection with a microsphemessr that includes
theoretical discussion as well as experimental results puddished in [36]. It
predicts that the microsphere is capable of detecting desinigs.

Liquid-core ring resonators The liquid core optical ring resonator (LCORR)
utilizes a thin-walled micro-sized capillary. As illusteal in Fig. 1.8, the circular
cross section of the capillary forms the ring and supports@WThe capillary
wall is sufficiently thin & 4 zm) so that the WGMs of high Q-factors (0°) are
exposed to the core and interact with the analyte in proyiofithe capillary inner
surface [45]. The LCORR was used for quantitative deteaioDNA sequences
with base-mismatch studies. DNA concentration down to 10wAd experimen-
tally detected and the estimated surface coverage detdictii is 4 pg/mnt [46].

Photonic crystals

A photonic crystal (PC) has a periodic dielectric structwith a periodicity on
the order of the wavelength, from which forms the photonindgmp. Incident
light whose wavelength lies within the photonic bandgamcapropagate through
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Figure 1.8: Conceptual illustration of a liquid core optical ring resator sensor
array from [47].

the PC and a wide bandgap emerges in the transmission (arti@flespectrum.
However, a photonic ‘defect’ within the bandgap can be wiied by locally
disturbing the PCs periodic structure, leading to the fdiomeof the defect mode.
Light resonant with the defect mode can propagate in the B fesult, in the
transmission (or reflection) spectrum, the defect modeasyses a relatively sharp
peak within the bandgap. Since the spectral position of #iea mode is highly
sensitive to the change in the local environment arounddetett’, it can be used
as the sensing transduction signal when the refractivexiodanges as a result of
the binding of the molecules to the defect.

Lee et al. for the first time demonstrated a PC microcavitgéisor that is capable
of monitoring protein binding on the walls of the defect haled quantitatively
measuring the protein diameter [48]. Mandal et al. recetgiyonstrated a novel
sensor array based on the use of arrays of 1D photonic cmgstahators and a
single bus waveguide (Fig. 1.9). Using the streptaviditi/stneptavidin model,
they characterized the dose-response of the device andveldsee dynamic range
of 1 to 100u.g/ml [50].

The directionality of 1D grating couplers has also been disetliosensing, upon
biomolecular interaction at a grating surface, the anglinewavelength shift of
the guided mode resonance can be interrogated. In this lcagptical layout of
the sensor system is almost identical to that used in SPRragstvith a free space
laser beam incident on the sample from above or below thersik$49].

1.5.2 Mechanical biosensors

Two classes of mechanical biosensors have been succgésiplémented and are
commercialized: acoustic wave biosensors and microexetis.

Acoustic wave biosensors include quartz crystal micraida (QCM) and inte-
grated surface acoustic wave technologies. Both appreaitliee a piezoelectric
quartz crystal connected to an oscillating external cirtait is able to measure the
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Figure 1.9: Photonic crystal sensor array: 1D photonic crystals are mescently
coupled to a bus waveguide from [50].
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Figure 1.10: lllustration of two classes of mechanical biosensors.

resonant oscillatory frequency of the system (Fig. 1.9)0@inding of molecules
to the surface of the sensor is measured as a shift in theaeseifrequency of the
device [51-53]. By collecting both the dissipation and tesonance frequency of
a quartz crystal, kinetics of both structural changes anssrohanges are obtained
simultaneously. The dissipation is an indication for wieetsoft film (water rich)
has formed on the surface or if the film is rigid (less waterhe®ey advantage
of this class of sensors is that it is amenable to a wide rahgaréace coatings.
QCM technology has been commercialized, a.0. by ‘Q-seasel can be used to
characterize the formation of thin films (nm) such as pratgoolymers and cells
onto surfaces in liquid [54].

Microcantilevers are a second class of mechanical biosgndlastrated in Fig.
1.10(b). A binding event near a cantilever surface can besthaced with three
methods: deflection of the cantilever [55], a change in tisemance frequency of
the cantilevers [56], or a change in the stress exerted aratiitdever, which in turn
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generates an electric currentin an attached piezoeletdneent. To achieve great
sensitivity, especially when working in liquids, it is nessary to pre-energize the
cantilevers by using alternating electric, magnetic, @ustic fields. The simplest
transduction event to monitor is the change in deflectiorasueed by reflecting
a laser beam off the back of a cantilever and measuring thigrowiith a split
photodiode.

A review by Carrascosa et al. [57] covers the basic workiriggiples and the
types of cantilever sensor formats, the fabrication andéperted applications in
chemical and biological analysis, trends in cantileveritation, examples of the
commercial instrumentation available, and future develepts.

Recently, report [58] demonstrated sensitive proteinaliete using very large ar-
rays of up to 960 individually readable microcantileverswli ng/ml PSA (prostate-
specific antigen) detection limit and minimal response to-specific proteins at
much higher concentration. Currently, several companesdeaveloping commer-
cial microcantilever- based systems, including Cantio®i,[BioScale [60] and
Concentris [61].

1.5.3 Electrical biosensors

Electrical biosensors relate on a binding-induced chang®ine electrical prop-
erty of a circuitry of which the sensor is a vital component.cémmon mode
of electrical biosensing is based on the principles of thkl figdfect transistor
(FET). In normal transistor operation, a semiconductiregrednt is attached to
a source and a drain electrode, and current flowing througlelgment is modu-
lated by changing the voltage applied to a gate electrode FIBT-based nanowire
biosensor configuration, the SINW (silicon nanowire), fiimealized with appro-
priate receptor molecules is connected to a source and dledtrode (see Fig.
1.11). Binding of target biomolecules changes the didleetmvironment around
the nanowires and plays a role similar to that of the gatetrelde. Thus, molec-
ular binding can be directly quantitated as a change in tmelwctivity of the
nanowires [62]. The small size of nanowires means that iddal binding events
result in a more significant change in the electrical progef the circuit. This
unique feature of nanowire FETs provides ultrahigh seiisitdown to a single
virus [63]. A significant challenge of multiplexed biosamgiwith nanowire FETs
however, relates to the integration of nanowires on sutestraith reproducibility
and uniformity [64, 65].

Carbon nanotubes (CNTSs) and electrochemical impedancérepeopy (EIS) are
two alternative electrical biosensing implementationdNTE have been investi-
gated for a number of applications because of their uniguetsire-dependent
electronic and mechanical properties [66]. CNT arrays ifi EBnfiguration have
shown potential for biological detection. However, widesl utility has been
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Figure 1.11: A silicon nanowire based field effect transistor as a biosen#\
binding event with a net positive charge yields a decreaskdrconductance.

limited to date by difficulties in controlling the physicah@ameters relevant to
biosensing: length, diameter and chirality. In EIS, segpsthaccomplished by
measuring changes in the resistance and/or capacitanbe efdctrode/solution
interface upon binding of a target molecule to a receptocfionalized surface
[67, 68]. At this stage, several commercialized systemahbieady available for
cell-based screening (ACEA Bioscience [69], Applied Big§ibs [70]).

In general, electrical detection methods have been sugtjastattractive alterna-
tives to optical readouts owing to their low cost, low powensumption, ease of
miniaturization, and potential multiplexing capabilithowever some significant
challenges are to be addressed. One inherent challengs thély suffer reduced
sensitivity when operated at physiological ionic stresgdpproximately 0.15 M).
lons in solution respond similarly to the biomolecular &trgand thus the device
can experience a much diminished response to the binding gX&. This can
be avoided by desalting the sample prior to analysis, brdoices an additional
preparative step prior to analysis.

A second challenge is to avoid disturbing the receptor muiéelayer: covalent
bond energies are on the order of 13 eV but biomolecule bineirergies can be
much less, and applied voltages will apply a force on changel@écules [68]. EIS
performs best on that front, the applied voltage can be @uitall, an important
advantage over voltammetry or amperometry where more regtneoltages are
applied.

1.6 Conclusion
In this chapter we introduce the concept of this work: |afioe¢ optical biosensing

with microring resonators. We started with a general intiitbn on biosensors,
with a focus on affinity biosensors and the main biosensarirements. The most
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promising application areas include drug discovery, poirtare diagnostics, en-
vironmental control and food testing. The basic workinghpiple of biosensing

with ring resonator biosensors was explained and we justifie choice of silicon-

on-insulator as a material platform for integrated biosesisThe high index con-
trast enables achievement of a low detection limit and higdgiration density. On

top of that, the possibility of reuse of CMOS electronicsrfedition equipment

leads to mass fabrication of biochips at very low cost. Irdegd biosensing has
become a vast area of research and many configurations hatezisb be commer-
cially implemented. We gave an overview of the three mairsénsor categories:
optical, electrical and mechanical biosensors with ségeitaclasses.
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Evanescent field sensing with SOI
microring resonators

This chapter is devoted to a study of the key device in this Ptdject: a single
microring resonator, used as a sensor. In the first sectierstudy the relation
between the design parameters of a single ring microresoaad its performance.
We examine silicon-on-insulator (SOI) microring resomateith a focus on their
sensing capabilities. However, at the same time we aim ® giuseful overview
with generic design guidelines for microring filters.

All devices are fabricated using standard CMOS processints tin particular
193nm deep-UV lithography and dry etching. Throughout thisk, the fabri-
cation process has evolved immensely [1-4]. The expergnianthapter 7 are
performed in the course of several years and thus make usgatioflbchips that
are fabricated in different optimization stages. In thigter we discuss the per-
formance of the devices as they are today, anno 2009. Alcds\are fabricated
according to the processing steps described by Selvarajaigt[4].

When using a ring resonator as a sensor, one has to trackematelshifts caused
by refractive index changes of the environment. This resoeavavelength shift
is studied in section 2.2.

The detection resolution, being the minimum detectableelength shift, is an
important property of a sensor system. In section 2.3 wechkdar the resolution
for resonators with various spectral parameters and vaitdarrogation methods.
The measurement setups employed to obtain the resultslokxbsan chapter 7 are
compared in terms of the measurement resolution they peovid
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Combination of the results of sections 2.3 and 2.2 leads tonalasion on the
overall detection limit of SOl microring resonator bioserss(section 2.4).

At the end of this chapter other optical waveguide configonatfor sensing are
briefly discussed and their performance is compared to tHfenpeance of a single
ring microresonator biosensor.

2.1 SOl microring resonators

Optical microresonators are extensively described imditee [5-8]. In general
a ring resonator consists of a loop and a coupling mechamisaudess the loop.
When waves that travel in the loop have a round trip phase staf equals an
integer time27, the waves interfere constructively and the cavity is ioresce.
From this condition we can calculate the resonance wavtieng

Moo = Rettl 105 2.1)

m

, WhereL is the cavity length and. s ; is the effective index of the resonant mode.
In what follows, we will briefly summarize all concepts andrfulas that are
needed for understanding the rest of the manuscript: ak-pad add-drop config-
uration, photonic wires, coupling section and spectratattaristics. After that,
the performance of fabricated SOI ring resonators is dsedigsection 2.1.4).

All-pass ring resonators Inits simplest form a ring resonator can be constructed
from feeding one output of a directional coupler back inoiniput, the so-called
all-pass or notch filter configuration (see Fig. 2.1 A). Theibapectral properties
can easily be derived by assuming continuous wave (CW) tiparand matching
fields. Under the assumption that reflections are negligfbden the ratio of the
transmitted and the incident field, we obtain the transmissj, *:

2 2
Tpass a® —2racosp +r
T, = =

= 2.2
Linput 1 -2arcos¢ + (ra)? (2.2)

¢ = BL is the single-pass phase shift, withthe round trip length ang the
propagation constant of the circulating modés the single-pass amplitude trans-
mission, including both propagation loss in the ring and lwsthe couplers. It
relates to the power attenuation coefficienfl/cm] asa® = exp(-al). r and

k are the self- and cross-coupling coefficients. Hericand k? are the power
splitting ratios of the coupler, they are assumed to satiéfy k> = 1. This as-
sumption causes a small error on the transmission powdsleVbe width of the

INotation: we use subscript from notchnot to confuse with the pass transmissiBp from an
add-drop filter in the next paragraph.
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input T pass input Pl pass

Figure 2.1: (A) All-pass and (B) add-drop ring resonator.

resonance remains correct, as long as the losses thatraduoed by the couplers
are included in the resonator round trip loss coefficient

When the cavity is in resonance the phase shift equals ageinteanes2r. For
ideal cavities with zero attenuatiom~ 1, the transmission is unity for all values
of detuning¢. Under critical coupling, when the coupled power is equaht®
power loss in the rind — a? = k2 or r = a, the transmission at resonance drops to
zero.

The phase argument of the field transmission varies peatidifor different fre-
guencies. All-pass resonators delay incoming signalsw@dagmporary storage of
optical energy within the resonator.

Add-drop ring resonators When the ring resonator is coupled to two wave-
guides, the incident field is partly transmitted to the dropt isee Fig. 2.1 B). The
transmission to the pass and the drop port can also be dérormd”\W operation
and matching the fields.

T - Ipass B r%aQ —2r1r2acos¢+r% 2.3)
N Linput 1 -2rreacosd + (r17r2a)? '
T, - Lirop _ (1-r)(1-73)a 2.4)

Linput 1 —2r1m2ac08¢ + (r112a)?

If the attenuation is negligiblex(~ 1), critical coupling occurs at symmetric cou-
pling (k1=k2). For a lossy resonator, critical coupling occurs when thesés
match the coupling aga = r;. The shape of the transmission curves approxi-
mates a Lorentzian curve around resonance.

2.1.1 Photonic waveguides

SOl waveguides channel light through transverse and laterdinement in a sili-
con ‘core’ of refractive index 3.47 surrounded by a bottolicen oxide cladding
with index 1.44 and a low index top cladding. A SEM picture déhbricated SOI
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wire was shown in chapter 1, Fig. 1.3. In most of the biosensioplications,

the top cladding consists of a aqueous solution like seruith, an index of ap-

proximately 1.31 at 1550 nm wavelength [9]. The index cattlzetween core
and cladding is very high, this gives rise to very strong amrfient which enables
light guiding in bends with very small radii without radiati losses. The criteria
for single mode operation are met for a limited range of waigg dimensions.

An SOI photonic wire with a core thickness of 220 nm and widtbuad 450 nm

guides a single TE mode. An in-depth study of the dimensionsihgle mode

operation is performed in chapter 3.

Propagation losses in straight SOl wires Propagation losses originate from
multiple sources and were measured to be+20706 dB/cm [4].Bulk absorption
mainly caused by Boron-dopants in the crystalline silic@mbrane, accounts for
an absorption of 0.02 dB/cm [7]. Dangling bonds and bondeghehts at the side-
wall introducesurface state absorptiorFor high powers, two-photon absorption
and free carrier absorption contribute to tien-linear absorption In the device
used in this work, power levels are low enough to avoid naedr absorption.
During propagation, part of the power is coupled to rad@tivodes in the sub-
strate, thissubstrate leakages expected to decrease exponentially with bottom
cladding thickness. For the bottom oxide of this devicegitd, these losses are
negligible for the Tl mode and in the order of 0.001 dB/cm for the JjvMnode,
which was calculated in the PhD thesis of P. Dumon [7]. Thel&mental lower
limit of propagation losses is associatedRayleigh scatteringcaused by deep
sub-wavelength index perturbations in the bulk of the waneegs. Thanks to the
high quality SOI material, the Rayleigh scattering for theasured devices is ex-
pected to be extremely lowLight scattering at sidewall roughness the main
propagation loss contributor. The losses are correlatdutvée periodicity of the
roughness as well as its dimensions. In [7] the author etbsron the effect of
sidewall roughness on scattering and phase deviationedgfribpagating modes
in SOI wires. A last small loss figure comes fratattering at top surface rough-
ness Depending on the polishing process that was used for waleication, top
surface roughness can be induced. The rms roughness of theg®€s is about
0.1 nm [7], and its calculated loss contribution is negligib

Bend losses The strong mode confinement in SOI wires allows for very sharp
bends (radius down to3m) with still low radiation as compared to bends in con-
ventional waveguides (radius down to 1@@). However, both the substrate leak-
age and scattering loss might be influenced by waveguideimgnas the mode

is slightly pushed outwards. Excess bending losses of 50Wita SOl wave-
guides fabricated with 193 nm deep-UV lithography are reggbby Selvaraja et
al. in [4]. A 4.5um radius bend induces 0.01 dB/@ss. For bend radii below
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3 um the losses increase rapidly to 0.071 dB/%@r a 1 um radius bend. The
excess bending loss of a circulardgend includes mode mismatch at the straight-
bend interface, coupling to TM and higher order modes in #edbsection and
propagation loss in the bends.

Dispersion Because of the high index contrast, silicon wires are higlidper-
sive. This means that the effective index of the propagatinde is frequency de-
pendent so that monochromatic waves of different frequenwill travel through
the waveguide with different velocities. This causes pgapag pulses (that com-
prise a sum of monochromatic waves) to broaden and to beeatklay

The group velocity is the velocity at which the envelope of a propagating pulse
travels and is a characteristic of the dispersive mediumcestihe refractive index

is mostly measured as a function of optical wavelength ratien frequency, it is
convenient to express the group veloaityat a central frequencyy in terms of
n(A):v= nLg with n, the group index of SOI waveguide mode:

dneyy
dXo

Ng =Neff — Ao (2.5)
where)g = 27c/w.

An SOI photonic wire has a normal first-order dispersion mwavelength range
of interest and for the dimensions we performed the charaaten on:d’;% <0
[7,10,11]. The group index is almost twice as large as thecéffe index. This has
a large impact on the spectral characteristics of a respaatbon the sensitivity
of the sensor. SOI resonator sensors rely on the resonawvedangth shift when
the effective index of the mode changes. Because of digperiis wavelength
shift will induce an additional effective index change. Orifinately both effects
counteract. The influence of the dispersion on the sertgitifian SOl waveguide
will be discussed in section 2.2.

2.1.2 Coupling section

A good understanding of the behavior of the coupling sedsoerucial for ring
resonator filter design. Especially for multistage ringorestors (section 2.5), the
design of directional couplers is one of the main bottlesdokachieve accurate
operation. Two coupling schemes are commonly used for aoyight from
a waveguide to a resonator: multimode interferometers (8)Mhd directional
waveguide couplers.

Although MMIls [12] can provide 50% coupling with high tolaige to dimen-
sional variations, they are much more instable when usegéor low coupling
as required for near critical coupling in low loss ring reatoms. Moreover they
are typically larger than directional couplers and theyrexa two-step etch pro-
cess [13]. A study on MMls in SOI is ongoing within our resdagecoup.



2-6 CHAPTER2

Figure2.2: SEM cross section of typical SOI directional coupler.

Directional waveguide couplers consist of two waveguitesidose proximity. A
typical SEM cross section is shown in Fig. 2.2. Their thdoaedbehavior is well
documented [14, 15], however few experimental studieseperted in literature.
In this section, the coupling between a straight waveguideeebend-straight-bend
waveguide is determined experimentally. This is the coméiion that was mostly
used for the racetrack resonators in this work. Its comeastensures coupling
control with conservation of a high FSR (the FSR scales selgrwith the total
resonator lengtii).

Method A waveguide-based Mach-Zehnder interferometer (MZI) wsaduas
a test device for this study. It consists of a splitter, two/@guides with a given
group delay, and a combiner. The splitter is a directionalegaide coupler, the
combiner is a balanced MMI with0% combining ratio. Fig. 2.3 shows the device
with a zoom on the directional coupler. When both the splittand combining
ratios are50%, the MZl is balanced. In this case, complete destructiverfatence
occurs when the phases in both arms are opposite. When itiegar combining
ratios are different, we can extract the imbalance from thealength dependent
ratio between adjacent minima and maxima of the output spact The output
field E,,, is calculated using the matrix formaligifi6]:

[TEom] = [Tcombiner] : [Enterferometer] : [Tsplitter] : [TEZn]

o s sl

41
Ew=| 5 550 o || T viceE || B

2The transfer matrix of an electromagnetic circuit is a nxattrat describes the relation between the
output quantities and the input quantities. When cascadifferent circuits, the transfer matrix of the
entire system is found by multiplication of the individuabtrices of the cascade. More information
can be found in various text books.
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coupling length L
b= 1

Lz T gap width
diréctional MMI k

coupler

Figure2.3: Left: A Mach-Zehnder Interferometer (MZI) was used as adesice
for the study of directional waveguide couplers. From thégaeent minima and
maxima of its spectrum we can extract the coupling coefti@éthe splitter or
combiner. Right: Zoom on the directional waveguide coupler

1 , 1
i 'ke—J¢1Ein +—1- k2€_]¢2Ein
Nk V2
1
%m=ﬂEwd2=5(1+2k¢1—k%hﬂA¢»]ﬁ
1
IoutdBm - IindBm = 10109 (5 +k vV1- kQSZTL(A(b))

Eout =

With ¢1 = BL1, ¢2 = Ly and A¢ = ¢1 — ¢2. The directional couplers are
assumed to be lossless. The method is illustrated in Fig. Prdm the wave-
length dependent extinction ratio (ER) between the uppér@aner envelope of
the normalized intensity, we can determine the wavelengtifeddent amplitude
cross-coupling coefficierit:

Lrkvi-k2
_ 2
ERdB = 10l0g (7% ~ km (26)
BR=-10%e _EYRVI-R 2.7)
B Sl k/I-R2 '
2
2
koK sl 1—(ER 1) 2.8)
2% 2 ER+1

For our experiments, the coupling length (L) and the gaph(@) are swept. This
way we obtain a two-dimensional sweep of the coupling cdefiic Of course, by
scanning a broad spectrum, the wavelength dependencealiscstas well. The
L sweep was used to fit the power coupling coefficient to a sijuaed and ob-
tain the coupling coefficient per unit distane¢1/um] and the offset coupling
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Figure 2.4: Method to obtain the wavelength dependent coupling caoaftigier
unit distances [1/um] as well as the initial coupling coefficiert of a directional
waveguide coupler from the output intensity of a Mach-Zehiterferometer.

coefficient due to the bend sectiors’:
K(\) =k(\)? = sin®(k(A\)L + ko()\))

This fitting was performed for all wavelengths and for all gédths.

Results We compared coupling coefficients of symmetrical and asytricad
SOl waveguide directional couplers, i.e. with Siénd air cladding respectively.
From fabrication data we know the waveguide widths are 427anchgap widths
are 195, 226, 239 and 261 nm. Results are shown in Fig. 2.5firshgraphs show
x [1/pm] andkg as a function of wavelength. As expected, the coupling eses
with longer wavelengths because of the lower mode confinemegtlis very sensi-
tive to dimensional deviations, wavelength and fitting esrand hence displays a
larger variation. Fig. 2.6 comparesat 1550 nm wavelength for a waveguide with
air and oxide cladding. Waveguides that are covered with 8&Ye a lower index
contrast, hence the mode is less confined and coupling deetcare higher.

The beat length is the propagation length after which alicappower is trans-
ferred to the other waveguide and is equafto- ~2. The beat length of a direc-
tional coupler with an air cladding is about 1.5 times lontjm the beat length
of a directional coupler with an SiCcladding because of the stronger mode con-
finement.

Fitting of a sine squared to the data obtained from the etitincatio is not trivial
for two reasons. Afirstissue is that equation 2.7 has twdisois X', andK_. For

all lengthsL one of them has to be discarded. Second, the accuracy of mdasu
spectra is limited because of the limited resolution of tlgglént Spectrum An-
alyzer used for the experiments (60 pm). This limited resoturesults in larger
errors on the sharpest features. The error is thus largeigbeihextinction ratios,

3This situation solely describes coupling with zero phasenmatch, meaning the propagation con-
stants of the ground modes of both waveguides are equal.
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Figure 2.5: Directional waveguide coupler study. Measured couplingfficient
per unitlengths [1/pm], initial coupling coefficient, and beat lengtiL = versus
wavelength. Waveguide widths=427 nm, left: air claddinght: SiO, cladding.

corresponding to coupling coefficients near 50%. Howewarthe experiments
presented here, fewer data points were taken around 50%irguwhich natu-
rally decreases the impact of the larger error for most oféiselts. These fitting
complexities cause the small defects in the fitting resdlEag 2.5.

2.1.3 Spectral characteristics

The spectrum of a ring resonator is depicted in Fig. 2.7. Wthenround trip
phase shift equals an integer tirmies the cavity is in resonance. The resonance

wavelength equals:

)
Apes = 2II% n=123... (2.9)
m
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Figure 2.6: Measured coupling coefficient per unit lengthil/um] at 1550 nm
as a function of gap width for directional couplers with am&SiG, cladding.
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Figure 2.7: General spectrum of a ring resonator with important paraengt

The characteristic parameters are indicated in the figurey depend on the losses
and coupling coefficients and can be extracted directly fiteerformulas for trans-
mission (2.2), (2.3) and (2.4). The results are listed belowection 2.1.4 we will
perform the reverse operation: starting from the measypectsal characteristics,
the losses and coupling coefficients of SOI ring resonatdtderdetermined.
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Resonance width From expressions (2.2) (2.3) and (2.4) we can derive the full
width at half maximum (FWHM) of the resonance spectfum

, (1-ra)X;
All-pass ring resonatotts'W HM = L7 ves 2.10
P 9 mngl/ra ( )

(1 7’17"2(1) N2 T P1T2%) Ares (211)

Add-drop ring resonatott' W H M =
Pring mngL\/r1r2a

Free spectral range Within a first order approximation of the dispersion, the
wavelength range between two resonances or free spectg (BSR) in function
of wavelength equals

FSR=—— 2.12
SR T ( )

Ng

with L the round trip length. The strong confinement in SOlesirallows for
very sharp bends (radius down tog3n) with still low radiation. This largely
increases the potential FSR of SOI ring resonators as cadparconventional
optical resonators.

Extinction ratio  The on-off extinction ratio of through, respectively drogrts-
mission is equal to=—— Tf respectivelyﬁ. The extinction ratio at resonance
between through and drop port of an add-drop resonator engdy = T"m. Ty,
Rpvin, Tmae andTy are defined as: "

4Possible derivation method: use third order Taylor serigsirad resonance and substitute
sin(¢/2) =0, cos(¢/2) =1, dneff = w

SPossible derivation method start with the definitidtf R(Am ) = Am —Am+1 = L(—LM
%) In first order approximationsie s (Am-+1) = e (Am) + (4%),  (Ams1=Am) =
Negp(Am) + (L )Am FSR(M\). Substitution of this formula in the formula for FSR and irdihg
the definition of the group index (2.5), returns formula &.1
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2
All-pass ring resonatorl; = % (2.13)
(r-a)?
Rmin = (1 _ Ta)2 (214)
. (roa +11)?
Add-drop ring resonatofl}; = ~———— (2.15)
(1+7ir2a)
R r§a2—2r1r2a+rf (2.16)
(1= rrea)? '
;== 2.17)
e (1-rirea)? '
.2 .2
Td: (1 Tl)(l 7’2)(1 (218)

(1+7rirea)?

Finesse and Q-factor The finesse is defined as the ratio of FSR and resonance
width,
FSR

FWHM
It is thus a measure of the sharpness of resonances relatilieit spacing. The

quality factor (Q-factor) is a measure of the sharpnessefésonance relative to
its central frequency,

Finesse- (2.19)

>\T€S
Q-factor= ——
FWHM

The physical meaning of the finesse and Q-factor relatesstagimber of round-
trips made by the energy in the resonator before being Idatéonal loss and the
bus waveguides. This is a temporal phenomenon and must bare@with the
transient response. The mathematics are described in pum&xt books and
publications [5, 8, 17, 18]. The finesse is found to repreggthin a factor of2sx
the number of round-trips made by light in the ring beforesitergy is reduced to
1/e of its initial value. The Q-factor represents the number sdiations of the
field before the circulating energy is depleted te df'the initial energy. To define
the Q-factor, the microring is excited to a certain level #rarate of power decay
is considered. From this point of view it is understood traatrd trip losses as
well as coupling in the directional couplers are loss factbhat need to be reduced
to obtain high-Q resonances. Therefore an all-pass rezotyaically exhibits a
higher Q-factor than an add-drop resonator (when both deviperate close to
critical coupling).

The unloaded Q of a resonator is the Q-factor when the resonetuld not be
coupled to waveguides. We always mdaaded Qwhen referring to Q-factor,
unless it is specifically mentioned otherwise. The imparéaof Q-factor for the

(2.20)
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sensor resolution is addressed in section 2.3. How to desigrresonators for
optimized Q-factor and finesse is discussed in the nextsecti

2.1.4 Performance of SOI ring resonators

We will examine the performance of SOI ring resonators therewabricated with
193 nm deep-UV lithography and dry etching (details in chaff section 1.3.3).
In the first paragraph we search for the group index of thenatiny mode, an
important factor for the sensitivity of the resonator biosar. The spectral charac-
teristics, FWHM and extinction, are used to determine tissds and the coupling
in the resonators. The last paragraph deals with Q-facfinrsse. We discuss
possible optimization of the device with an eye on its agian for biosensing.
All measurements are performed with TE input polarizatidanjinant E-field
parallel to wafer plane). For our waveguide dimensions Thapped light would
provide an enhanced sensor performance, as we will denad@dtr section 2.2.
However, all test devices were designed and optimized fqpdli&rization, as well
as the grating couplers that transfer light from the horiabwaveguide direction
to the vertical fiber directich Characterization of TM polarized ring resonator
modes is ongoing at the time of writing.

The spectra are obtained with the measurement setup deganilchapter 6, sec-
tion 6.4.

When used as a biosensor, the ring resonator will most likelymmersed in a
agueous solution like serum. The optical properties of matk affect the spec-
trum of the ring resonator. Water has a refractive index®11[9] and absorption
of 10.9/cm [19] at 1550 nm. We performed the characterinaifaa ring resonator
both immersed in water and exposed to air, and we will distuggat extent the
water cladding influences the spectrum.

Group index of resonating modes

The group index can be determined experimentally by meagtine FSR of ring
resonators with various round trip lengths. Fig. 2.8 (Isfipws the FSR as a
function of the round trip length of a racetrack add-dropregor. The waveguide
dimensions are 220x486 nmmy, is determined by fitting formula (2.12) to the
measured values of the FSR (measutgé 4.55). The group index obtained with
FimmWave (vectorial mode solver software) simulationgedsf slightly from the
measured group index in a straight wire with the same dinoaisgsimulatea, =
4.39). This difference can be attributed to an altered maodél@ in the coupling
sections, where the waveguides are typically slightly senalue to the optical

6More on grating couplers can be found in chapter 6, sectidn 6.
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Figure 2.8: Left: Measurement of FSR for varying round trip lengths ofaaldl-
drop racetrack resonator with waveguide dimensions of 286xnm. A group
index of 4.55 was determined after fitting FSR#(L - n,) to the measurements.
Right: Measurement of group index of photonic wires widffedént widths (wire
height=220 nm).

proximity effect, and in the bend sections. For the rest of the chapter we use
values ofn, that were measured on each set of rings before the chawatien
experiments.

The group index is extremely dependent on waveguide dimmeasand wave-
length. With the same experimental method the group indiocesvaveguide
widths of 448, 467, 486 and 495 nm are plotted in Fig. 2.8 @iglover this
rangen, varies by 2%. Simulation of the group index of straight wipeevides
us with the other values on the graph. They are consistenlgridout follow the
same trend as the measured group indices in ring reson@iteerhandwidth of the
grating couplers that were used to couple light into and dth@®photonic circuit
was not large enough (as compared to the ring FSR) to perfoinvastigation of
the group index as a function of the wavelength with this rméth

Losses and coupling

Method The test device is a rectangular resonator, with a variaifcthe total
round trip lengthl., Fig. 2.9 (left). The vertical straight length is alterduistway
the coupling sections remain unaffected. All dimensiomsiadicated on the fig-
ure: waveguide dimensions are 4820 nm, horizontal straight sections argrf.
We measured symmetrical add-drop filters € ) with all gap widthsw, equal
to 281 nm. To obtain spectra like in Fig. 2.9 (right), the gpew is scanned with 1
pm resolution, fitted to a Lorentzian with a least-squaréaditmethod and scaled
before determining the FWHM and the extinction paramelgfs, andT, ... We

"The optical proximity effect (OPE) is defined as the changéeature size as a function of the
proximity of nearby features. When an isolated line comeddee proximity with another line (e.g. in
an directional coupler), the line widths of both lines reelas a function of the distance between them.
OPE can be partially corrected (optical proximity correcti OPC) at the mask level.
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Figure2.9: Left: Test ring resonator with typical dimensions indightnd a vari-
ation on the vertical straight length. Right: Exemplary aditp ring resonator
spectrum, scaled to one and fitted to a Lorentz function.

did not examine asymmetrical ring resonators because tbe@r measurements
and fitting was too large to solve the system with three eqoatiora, r; andr;.
Therefore, we simplified the situation by using a symmelada-drop resonator.
For all-pass filtera andr are interchangeable, so it is not possible to distinguish
them from the spectral characteristics. A way of circumirgnhis issue was pub-
lished by Mc-Kinnon et al. in [20]. They measure the transiois over a broad
wavelength range and disentangl@ndr based on how these parameters vary
with wavelength. Another possibility is to determinendr whenr is assumed

to be known from add-drop resonators with the same dimeasiblowever, this
way errors are accumulated, leading to large errors on thdtse

Results and discussion The losses are caused by three mechanisms: propaga-
tion losses, bend losses including mismatch losses at thiglst-bend transition
and losses in the coupling section. Propagation and besddosgere already de-
scribed in section 2.1.1. Losses in the coupling seBtiwa not fully characterized
yet. They originate from propagation losses, from add#l@idewall roughness
affecting the distributed intensity, from a mismatch in evividth caused by the
optical proximity effect or from a combination of these farst.

Fig. 2.10 plots values of the power round trip losses «? [dB] and the power
self coupling coefficient? = r? [dB] as a function of round trip lengthh. The
range of round trip lengthg was not large enough to draw a conclusion on the
losses as a function df. For future work several new device sweeps are designed
based on these results to obtain more data. For now, we useethsurements for
different L values to calculate the standard deviation on the resultswbe

8Sometimes the term coupling loss is used for the couplingepdmnsmissiori?, because? is
also a loss factor from the resonator’'s point of view. To dvodnfusion we will not use it in this
context.
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Figure 2.10: Experimentally determined power round trip loss [dBJ] and
power self coupling [dB] %) for the test ring resonator with air and water
cladding. The dimensions are indicated in Fig. 2.9.

ng Al[dB] T [dB]
Air cladding 461 -0.11 -17.160.15
Water cladding 4.34 -0.17 -13.910.21

Table2.1: Ring resonator distributed propagation losses and crosggr@oupling
of a directional coupler with gap 281 nm. Values for devicéh air and water
cladding.

We list typical numbers for the round trip loss[dB] and the couplingl’ = ¢? =
1 -r%in[dB] in table 2.1. Group indices that were used for the alattons are
also listed in the table.

The loss includes the three loss contributors summarizedeab

A[dB] = ApropagationLvertical + 4Abend + 2Acoupler (221)

An overview of the loss distribution in SOI ring resonatorshaair cladding is
shown in Fig. 2.11. The contributions from different lossam&nisms was deter-
mined as follows. Propagation losses of SOI straight wiresy@easured to be 2.7
+ 0.06 dB/cm [4]. Multiplying this value with the twice the lgth of the straight
vertical ring resonator sections provides us with the tsti@ight wire propagation
loss. Each bend induces an excess loss of 0.01 dB [4]. We assllifanknown’
losses to be loss factors in the coupler sections. The cospttion loss of each
directional coupler with air cladding is thus 0.@40.01 dB. This is a significant
fraction of the total loss in the resonator, and therefordrag@candidate to focus
on when trying to increase the Q-factor of the rings in therfeit

For molecular sensing, the ring resonators will most like immersed in a
aqueous environment like serum, while for telecom appbeoata wider range of
cladding materials can be chosen according to the requiren(@germal, optical,
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Figure 2.11: Experimentally determined total round trip losses of riegonators
with air cladding. Fractions of propagation losses in stght sections (from [4]),
excess bend losses (from [4]) and losses in the couplingosiscare indicated.
The dimensions of the ring resonator test devices are itelita Fig. 2.9.
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Figure2.12: Water absorption spectrum across the visible and near-Hgeg19].
Telecom wavelengths 800, 1310 and 1550 nm are indicated.

electrical...). If excess bend losses and couple sectgsefare assumed to remain
constant when immersing the resonator in water, the prdjpegasses due to the
water absorption increases from 20.06 dB/cm to 52- 20 dB/cm. Despite the
large error on the water propagation loss, it will give araide the limitation a wa-
ter cladding imposes on the Q-factor. This increase of b&seainly attributed
to the water absorption. As we can see in Fig. 2.12, the watgration at 1550
nm is as large as 10.9/cm [19]. For this reason it might besai@ to work at
1310 nm, the other commonly used telecom wavelength forlwaibroad range
of commercially available read-out equipment exists.

A directional coupler with 2um straight section couples on averagex2rfore
power to the ring when the coupler is immersed in water (Fid.OR This is in
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good agreement with the values obtained in the directiamgbler study in section
2.1.2, where we saw that a coupler with Si€uples about 2:2more light to the
ring resonator than a coupler with an air cladding would. Téfeactive index of
water at 1550 nm (1.311, [9]) is situated in between the ctfraindex of air (1)
and SiQ (1.44).

Q-factor and finesse

Results and discussion When a biomolecule binds to the sensor surface, the
resonance wavelength shift needs to be determined withdtdghracy. A good
quality biosensor has a high measurement resolution, wddales linearly with
the Q-factor, under the assumption that read-out equipimeapable of scanning
the spectrum with high enough spectral resolution (deta®ction 2.3.3).

From equation (2.20) and (2.19) the Q-factor and finesse earewritten as a
function of the physical parameters of the ring resonator:

mngL\/Ta
)\7'689(1 - ra) (222)
mV/ra (2.23)

—ra

mngL\/r1r2a (2.24)

Ares(1=11720)

Tvnraa (2.25)

—Trirqa

All-pass ring resonator: Q-facter

Finesse-

Add-drop ring resonator: Q-facter

Finesse-

(2.26)

For use as a sensor, a resonator does not only need to have @4fiégtor, the
on-off resonance extinction needs to be large enough as lmedection 2.3.3 we
find that the extinction has a low impact on the measuremesafwgon as long
as it exceeds 15 dB. Below 15 dB however the extinction dmtaiés the sensor
performance. For this reason ring resonators for sensiad teebe designed for
close-to critical coupling operation. This limits the frdesign parameters; the
coupling coefficients will be adapted to the losses to reaitical coupling.

The Q-factor of the measured devices is between 10,000 a®@d Wvith an air
cladding and around 5,000 when the resonator is immerseaferwThe finesse
is around 60 for air cladding and around 50 for water cladding

In order to increase the Q-factor, it is crucial to reduceltdsses in the cavity.
Propagation losses are diminished by high quality SOI rnedtand high quality
processing [4]. However high water absorption at 185 increases the propa-
gation loss dramatically, which fundamentally limits thef@gtor as will be dis-
cussed below. Bend losses might be further reduced by desiptiabatic bends
that curve smoothly instead of 9®ends. The losses in the coupling section are
under investigation as well as methods to decrease them.
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Q-factor and finesse as a function of round trip length The formula for Q-
factor suggest that a better Q is obtained for latgand small cavity loss, but these
two terms are not independent since the propagation lossases with the cavity
length. Fig. 2.13(a) and 2.13(b) present theoretical ¢aficuns of the variation of
Q-factor and finesse as a function of cavity length for défempropagation losses
and for add-drop and all-pass configurations. An initiatltector is added on top
of the propagation losses that accounts for bend losses9f5bends have 0.04
dB of loss) and losses in the coupling sections (0.035 dBerathpass resonator,
0.07 dB in the add-drop resonator). The resonators opetratéiaal coupling,r

= a in the all-pass configuratiom; =r,a in the add-drop configuratiomy; was set
to 0.99.

As the propagation losses in air equal 2.7 dB/cm, the higQédsictor that can be
obtained under the given conditions is abby®-10° with a 9.39 mm long all-pass
resonator. The highest Q-factor for an add-drop resonatatdibel.36-10° if the
length is 12.75 mm. However, a larger length also leads tavardinesse, which
is detrimental for sensing. The finesses correspondingetanizximum Q-factor
for all-pass and add-drop are 5.15 and 3.64 respectivelyndssie of 5 is said to
be the minimum needed for realistic sensing applicatiot} [2ecause for lower
finesses the peak separation is too small in comparison hétlpéak width and
shifts can not be easily resolved. Therefore the length efatiid-drop resonator
needs to be limited to 9.20 mm, and the Q-factor will be limite 1.35 - 10°.

The propagation losses of a wire immersed in water are rguegiimated to be
50 dB/cm. From graphs 2.13(a) and 2.13(b) we learn that thémah Q-factor in

an all-pass configuration &66 - 10® and7.36 - 10® in an add-drop configuration
for 510 um and 690um respectively. However for these round trip lengths, the
finesse drops below one and the signal becomes useless. nigibddor which
the finesse is above 5 are 50f and 520um respectively. The water absorption
induces a two-orders of magnitude reduction of the Q-faetud thus of the sensor
resolution.

2.2 Sensitivity

This section deals with the intrinsic sensitivity of a ringsonator: how much
does the resonance wavelength shift when biomoleculamsictien occurs around
the waveguide. A formula for the shift is derived in sectia@.2, as well as a
discussion on the advantage of high index contrast wavegtiat biosensing. The
optical model that translates biomolecular interactioa aonfiguration consisting
of dimensions and refractive indices is described in se@i@.2. The last section
(section 2.2.3) examines the sensitivity of SOI single riegpnator biosensors.
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Figure 2.13: Calculation of Q-factor and finesse as a function of cavinhgté L.
Initial losses were set equal to the losses induced by fond$€0.01 dB/bend)
and one or two coupling sections (0.035 dB/coupling settidh cavities operate
at critical coupling,a = r in the all-pass configuration;; = r2a in the add-drop
configuration withr; = 0.99.
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2.2.1 Resonance wavelength shift

A shift of the resonance wavelengih,, is essentially caused by a change of the
effective index of the resonant modey 5.

wherem is the order of the resonant mode. s is influenced by the refractive
index of the cladding, which is altered upon sensing. Beeadfishe large index
contrast of SOI, the waveguide dispersion can not be negleét change ofi.
will primarily alter A,..s, which in turn will influencen.; due to the non-zero
slope of%. In a first order approximation both effects can be decoupled

Oneyy

on
ANy + (—eff )
OMeny )/\TES 771271, env 22 bY

v ress;Meny

A)\Tes:I -L

A)\Tes = [(
m
With ngff at the initial resonance wavelength. After substitutiofoirmulas (2.9)
and (2.5) at\ = \,..s, a compact formula for the resonance wavelength shift with
first order dispersion will appear:

Aenuneff ' )\res

AN = (2.27)

Ng

whereA.,,n.r¢ is the effective index shift caused by an environmental gean

_ (Onesy
Aenvneff - (M),\ nY
TES Y env

From the variational theorem of waveguidés,,,n.ry caused by a local change
of dielectric constanf\e(x, y), can be expressed as [22—-24]

ANeny-

Aen'uneff = Cf AGEv . E;dacdy

where £, (x,y) is the normalized modal electric field vector of the waveguid
mode in the ring.

The sensor response scales with the squared amplitude efétteic field at the
perturbation and, therefore, with the fraction of the totaldal power contained in
the surface volume where the dielectric constant is modifiéds fraction can be
increased by reducing the waveguide core dimensions tealéte or expand the
waveguide mode, thereby increasing the interaction wetstirrounding cladding
materials. In the case of surface layer sensing it is adgaoias if the electric field
decays rapidly near the surface, since a relatively largetibn of the field will be
located where the layer forms. For this reason the sertgifivi adlayers increases
as the index contrast increases. A rigorous derivation@s#nsitivity ofn. ;¢ of
slab waveguides for variations of the environment was peréal by Tiefenthaler
etal. in [23].
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The normal component of displacemdnt= ¢F must be continuous across an
interface. Therefore the field amplitude above the surfadecreased when using
the mode for which the dominant field component is polarizednal to the sen-
sing surface. If the waveguide height is considerably snafian its width (top
surface area side walls area), the sensing surface will mostly be at tpesto-
face and the Ty, mode is more sensitive to index variations. If the waveguide
height is larger than its width (top surface arkeside walls area), the Tjg mode
will be most sensitive. Fig. 2.14(a) and 2.14(b) illustrdte mode profiles for a
waveguide with 480 nm width and 220 nm height. From the figureslearly see
that the TMyo mode is more sensitive for this configuration.

Because of fabrication restrictions, all experiments aréed out with waveguides
of 220 nm height (see chapter 1, section 1.3.3). Althougtoitles be more bene-
ficial to use TM polarization, most experiments are carrietiveith TE polariza-
tion because the grating coupler design was optimized fdt NEmbers on SOI
evanescent field sensor sensitivity are given in the nexiosec

2.2.2 Optical model for biomolecular interaction

Biomolecular interaction between a receptor moleculejiptesly deposited on the
waveguide surface, and its complementary analyte, prataickange in refractive
index at the sensor surface that induces a variation in tlieadpproperties of the
guided light via the evanescent field (Fig. 2.15). A biomalaclayer is optically
modeled as a uniform layer with a certain thicknéssand a certain refractive
indexny,. The refractive index of the layer is between the index ofrdotecules
and index of the solvent or buffer solutiony, relates to the molecular density in
the layerp;, [g/cm?] as [25]:
PL = pproteinM (228)

protein — 1B
np is the refractive index of the bulk cover medium (mostly eufér solvent).
pprotein IS the density of dry proteins [g/cth(we work with values for proteins,
but the formulas hold for DNA or other molecules). We use exéiture value of
Pprotein = 1.33 g/cmi [26, 27]. Nprotein 1S the refractive index of the dry molecules
and has been reported to be between 1.45 and 1.48 [28].
With information on the thickness and the index of the laysing formula (2.28)
the mass of the laye¥/;, [g/cm?] can be calculated:

My, =trpr (2.29)

Several groups have quantified the density of molecularsayeostly with the use
of combined techniques. Some investigators have modegechthecular layer as

9More information on grating couplers can be found in chaptesection 6.3



EVANESCENT FIELD SENSING WITHSOIMICRORING RESONATORS 2-23

T
€ ‘s
3 o
3 ]
2 (s}
o
©
2
£
Q
>
&0 200 220 Za0 260
— Enorizontal [V/M]
£
=
]
§ 20
g
0 T
1.7 2.2 2.7
Horizontal location [ m]
(a) TEnn mode profile.
2601 26
240 E
§ —_—
3 —) <
% 2.20| — =N 2
T
| 5
2.00¢ 4 E =
T
L
€
1.80] Q
>
50 200 220 240 260 16 4
50 0 20 40
g Eericar [V/M]
S 3
®
£ 20
2

. 2 27
Horizontal f’ocatlon [ 'm]

(b) TMgo mode profile.

Figure 2.14: Electric field distribution at 1550 nm for an SOl waveguidehwi
dimensions of 220480 nnt. The lower cladding is Si§) the upper cladding is
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index 1.45.
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Figure 2.15: Optical model of a layer in which biomolecular interactioakes
place.
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an adlayer of fixed-height with a refractive index that vatieearly from the bulk
solution index to a saturating index for a monolayer [28--3B]ternatively, a
fixed refractive index for the adsorbed layer can be assutgpitally n = 1.45,
and the measured output is related to an effective thickassse do here [31-34].
Ultimately, both approaches are approximations and aregidn with known con-
centrations of biomolecules on the surface is required. [B2turate information
on the conformational situation of the proteins in the lagan only be obtained
using a combination of techniques, or alternatively withha system that can re-
solveny andty independently. Chapter 3 will be devoted to this study, gisin
dual polarization in the ring resonator biosensors we waledminen; and¢y,
simultaneously.

For the rest of this chapter, we will use the model with a fixegel refractive
index ofny, = 1.45 for theoretical characterization of the system.

2.2.3 SOl ring resonator sensitivity

Surface sensitivity With the optical model described above we can simulate the
wavelength shift that occurs upon molecular interactione $Wnulated the ef-
fective index change.; using FimmWave, a vectorial mode solver, and calcu-
lated the corresponding resonance wavelength shift witmdita (2.27), see Fig.
2.16(a). The simulation parameters are W = 480 nm, H = 220nmyn= 3.467,
nsio, = 1.444. The refractive index of the water environment isl1.at 1.55
um [9]. For layer thicknesses up to 40 nm the sensor respongees. This
thickness is far beyond the thickness of molecular layedsfarms no limitation.
The validity of this model was verified experimentally. Wheetayer with known
parameters;, andt; surrounds the waveguides, the measured shift agrees well
with the simulations, see chapter 7, section 7.3. From g2ap(a) the sensitivity
for thin layers is determined to be 0.290 nm/nm for the fMhode and 0.158
nm/nm for the Ty mode. TM polarization is more sensitive for this waveguide
dimensions for the reasons described earlier.

In Fig. 2.16(b) the calculated sensitivity is plotted fongle mode waveguides
with varying core width and fixed core height of 220 nm, copesling to the
height of the silicon membrane of all wafers used for the expents. Indeed, re-
ducing the waveguide core dimensions will expand the wadegmode, thereby
increasing the interaction with the surrounding claddirgterial and increasing
the sensitivity. However when the mode expands further éafueous envi-
ronment, propagation losses due to water absorption vateimse. The resulted
decreased Q-factor might reduce the minimum detectableleagth shift and
eventually the overall detection limit of the system. Th&ge concepts will be
further explained in sections 2.3 and 2.4. For differentegaide dimensions, the
group index will vary as well, but only over about 2%. The efiee index differ-
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Figure2.16: (a) A in function of layer thickness for a waveguide with dimensio
480x220 nm, (b) Surface sensitivity in [nm shift/nm layer thiess] for a layer
(niayer = 1.45) in an aqueous solutiom = 1.311) on a waveguide as a function
of the core width of the waveguide.

encel.,,nery varies by about 50% for this parameter space and is dominant.
With more flexibility on the height of the waveguide, we findfelient areas in the
(width, height) plane for which either TE or TM sensitivity inaximal, depend-
ing on the amount of interaction on the sidewalls versus dpestirface. This is
extensively discussed in chapter 3, where we perform arysisaif the influence
of waveguide dimensions on the sensitivity and additionahbers for sensitivity
are given. We find the maximum TE sensitivity for an optimalddafiguration to
surpass the maximum TM sensitivity for an optimal TM confagion.

Bulk sensitivity Fig. 2.17(a) shows the calculated sensitivity of an SOI ring
resonator for bulk refractive index changes, the refradtidex of the entire upper
waveguide cladding is homogeneously altered. The wavegliidensions are 220

x 480 nm. From the slope of the curve, we extract a 64 nm/RlUdctie index
units) TE sensitivity and a TM sensitivity that is 3.5 timegtrer, 219 nm/RIU. Fig.
2.17(b) shows the simulated sensitivity for waveguides witreasing widths and
fixed height of 220 nm. Again we find the sensitivity to increapon decreasing
waveguide core width.

2.3 Measurement resolution

For a sensor used in wavelength interrogation, the sensolutén is the accuracy
with which a wavelength shift can be determined, in otherdspthe minimum
detectable wavelength shit)\,,,;,,. Together with the sensor sensitivity discussed
in the next section (2.2) it determines the overall detectimit (section 2.4).
AMnin depends on the shape of the resonance spectrum, the naskititiy
procedure and the measurement resolution. The measureasehition will be
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Figure 2.17: (a) A\ as a function of bulk refractive indexs for waveguide di-
mensions 480220 nm, (b) Bulk sensitivity in [nm/RIU] as a function of tree
width of the waveguide. Height = 220 nm.

referred to as ‘wavelength step’, so as not to confuse it Wwébolution’ in the
sense we use it here. We focus on the impact of resonator pteesr(section
2.3.3) and instrumentation factors (section 2.3.2).

Intensity interrogation, tracking of the intensity at fixe@velength, is another
option to measure resonant cavity sensors. Because thendalaange is limited
and the method is less flexible it will not be discussed.

2.3.1 Simulation method

To determine the minimum wavelength shift\ ,,;,, that can be resolved by the
system, Monte Carlo simulations are performed. During &tan, theoretical
transmission spectra are constructed first, for certais@hgalues of FWHM and
extinction ratio, with following formulas:

Rpin + Fsinz(g)
T, = (2.30)
1+ FsinQ(%)

Ropin + FsinQ(Q)

= 2 2.31
i 1+ FsinQ(%) ( )
Trnax

T, = % (2.32)

1+ Fsin?(5)

5 2
pof—— 2 (2.33)
FLeffFWHM
2nL,

¢ = Tff (2.34)

In a second step randomly generated Gaussian intensitg n@is superimposed
onto the spectra. Subsequently the noisy signals are timamlevith a wavelength
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Figure 2.18: Transmission spectra of a resonator sensor.

step randomly chosen around the start of the measuremedowinThe wave-
length step corresponds, for example, with the wavelengihaf a tunable laser.
Finally the data points are fitted to a Lorentz curve with sstesuares fitting
method to extract the measured resonant wavelength. &pecin Fig. 2.18 are
obtained. The minimum detectable wavelength shift,,;,, is then calculated as
the variance of the fitting error over a large number N of Md@aelo experiments:

A\ Z ()\fitted resonance )\theoretical resonan()e2
min =

~ (2.35)

whereN is the number of iterations. We st = 1000 for all simulations below.
A similar method was used by Hu et al. [35] and by Claes et &l.[3

A different approach that only requires measured data teraeteA\,,,;,, is to
start from the assumption that the actual resonance waytblés normally dis-
tributed with its mean equal to the fitted wavelength and tésidard deviation
equal to half of the 68.28% confidence interval of the fittedel@ngth. Half of
the 68.28% confidence interval can then serve as a measutefatinimum re-
solvable wavelength shift. We will later show that these twethods are in very
good agreement.

2.3.2 Resolution versus instrumentation
In this section we discuss how the measurement resolutiofli,enced by the

measurement setup, more in particular by the wavelengtteste the noise levels.

Noise Noise sources can have two different types: intensity neibéch affects
the transmitted optical signal intensity, and wavelengtfs@, which leads to a
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intensity noise (i.e. amplitude noise) shows a linear retat FWHM = 100 pm,
extinction ratio = 15 dB, wavelength step =5 pm.

spectral shift of the resonance wavelength (see Fig. 23) [The former cate-
gory includes photodetector noise, light source interfhitgtuation, and possible
coupling variations, whereas the latter is due mainly tbtligource wavelength
shift (i.e., source wavelength repeatability) and resonavelength change of the
optical resonator, often due to temperature fluctuationset-l. [35] demonstrate
that intensity noise and wavelength noise are orthogont@rims of their impact
on the sensor wavelength resolutidn,,,;,, and can be considered separately in
sensor performance evaluation.

In chapter 6, we introduce the different measurement setigpsse to determine
the resonance wavelength shift of SOI ring resonator bemsn Section 6.5 is
devoted to the characterization of the intensity noise efdrious detection sys-
tems. There, intensity noise is defined as the variance afdhmalized intensity,
noise =07 :(Alf). Different instantiations of Gaussian noise with standard
deviationoy, ,,,, were added to the signal for the Monte-Carlo simulationse Th
absolute value of the constructed signal was further usszhuse negative inten-
sities are non-physical. In Fig.2.18\,,,;,, is shown versus the square root of the
intensity noise (referred to as amplitude noise) and rdalwise values of our
equipment are indicated. We find a linear correspondeneecieet measurement
resolution and this amplitude noise_ . These simulations are performed for
resonances with FWHM of 100 pm, 5 pm wavelength step and 15xtiBction
ratio.

Similarly, 1000 instantiations of Gaussian distributed@langth noise were added
for simulations of the impact of wavelength noise&n,,,;,,. In Fig.2.20 we find
a linear correlation between spectral noise and measutesssiution.
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Figure 2.20: Simulated resonator sensor resolutido\,,;, versus wavelength
noise shows a linear relation. These simulations are penft for resonances
with FWHM of 100 pm (Q-factor of.5 - 10*), 5 pm wavelength step and 15 dB
extinction ratio.

We also simulated the impact of the wavelength noise andsitienoise for res-
onant cavities with different Q-factors (see Fig. 2.21)eWnavelength step was
adapted to the resonance width so that always 20 data p@ntB\WHM were
recorded. Both curves show opposite behavior with resjpetttet resonance line
width. This can be understood intuitively as follows: waargjth noise translates
into intensity noise with increased amplitude for sharglthQQ) peaks because of
the large curve slope. High-Q resonators are thus more stilsieeto wavelength
noise interference. Only for Q-factors ov&® wavelength noise needs to be con-
sidered. Within the Q-factor range of SOI microring resongtintensity noise
decreases the sensor resolution about 5 times more tharengtle noise does.
Therefore, for simulations in the following sections, omyensity noise will be
considered.

We mentioned the use of confidence intervals for deternunadf A\,,;, with
one single measurement. In Fig. 2.22 this method is compearthé Monte Carlo
method and both methods are found to be in good agreemeént;,, was plotted
as a function of intensity noise; .
Wavelength step Fig. 2.23(a) shows the dependence of the measurement res-
olution A\,,.;,, on the wavelength step. The other ring resonator paramaters
chosen as follows: extinction ratio = 15 dB, intensity noise; = 0.5-107*.
Initially we find A\,,;,, to increase with the square root of the wavelength step.
For very small wavelength steps the slope of the curve deesgao the influence

of the step diminishes. In fig.2.23(b), we plot the same imi@tiion, but this time
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Figure2.23: Simulation of measurement resolutidn\,.;, as a function of wave-
length step for different resonance line widths (variabka@tors). Other simula-
tion parameters: extinction ratio = 15 dB, intensity noisers,  =0.5-107".

as a function of the number of data points per FWHM, and thiglffierent Q-
factors. With a low Q-factor of 350, 100 data points per FWHM enough to get
the best possible resolution. With a Q-factor of 1500, 104i6(g are needed. This
means that high quality cavities demand read out equipmiémewery high spec-
tral resolution if one wants to get the most information ofit.oNotice however
that due to the overall impact of the Q-factor An\,,,;,,, the measurement reso-
lution remains better for cavities with high Q-factors, ewehen a lower number
of data points per resonance is recorded. No wavelengtle mais included, the
results for the highest Q-factor might change slightly wirethuding wavelength
noise.

In reality, the wavelength step is determined by the qualitye available optical
equipment (resolution of the tunable laser source or dpsgisactrum analyzer),
and it might be compromised by the required scan speed asedgyy the appli-
cation. For example when an array of ring resonators is gmhsimultaneously
(see chapter 6 for details), we set the tunable laser waytlestep to 5 pm. This
way one spectral scan of 10 nm, comprising 4 resonancesfemed within less
than one minute. For kinetic monitoring of extremely fast@colar binding rates,
one data point per minute might not be sufficient. A largerelangth step might
be needed, at the cost of a reduced measurement resolutiorin@ resonators
have a Q-factor of about 5,000 when immersed in water. Thisnmeve record
about 60 data points per FWHM with 5pm step size. From theecfowQ = 5,000
on Fig. 2.23(a) we can determine that 5 pm step size is notgmtmuextract the
minimum resolution. Even the lowest simulated wavelentgp f 0.1 pm is not
sufficient for an optimal measurement resolution, but béldiapm step simulation
times are unrealistically long.
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2.3.3 Resolution versus resonance shape

The shape of the resonance spectrum is defined by two paramfetié width at
half maximum (FWHM) and the extinction ratio. The Q-factsrrelated to the
FWHM via Q-factor= FAv&ﬁT\A- The relation between FWHM, extinction ratio and
the physical parameters of the resonator was previoustysiéed in section 2.1.3.
The Q-factor of SOI ring resonators immersed in water isdglhy around 5,000
and for an SOI ring resonator with an air cladding the Q-faitdetween 10,000
and 15,000 (although these last values can be improved lgesing the length of
the resonator). For all simulations the intensity nois&etstewl?wm =0.5-107*

and wavelength noise was discarded.

Extinction ratio  In Fig. 2.24 we plotted the measurement resolution as a func-
tion of the on-off resonance extinction ratio (with FWHM =Qfm). Above 15 dB
extinction ratio the measurement resolutifin\,,,;,, becomes nearly independent
of the extinction ratio. Below 15 dBA\,,.;, increases rapidly with decreasing
extinction ratio. Itis important to design the couplingts@a of the ring resonator
such that coupling and round trip losses match well and tiigraextinction ratio

is obtained.
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Figure 2.25: Simulation ofA\,,;,, as a function of Q-factorA\,,;,, varies lin-
early with the Q-factor when a fixed number of data points m=onance line
width is recorded A \,,.;,, varies with the square root of the Q-factor when a fixed
wavelength step is used regardless of the resonance lirthw@ther simulation
parameters: extinction ratio = 15 dB, intensity noisers =0.5-107%

norm

Resonance width In Fig. 2.25 we observe a linear dependence of the measure-
ment resolutiom\ \,,,;,, on the Q-factor: the smaller the resonance width, the better
least-squares fit to a Lorentzian. In the first curve, we assinat always 20 data
points are recorded per FWHM, so higher Q-resonance areureghwith higher
spectral resolution equipment. The measurement resnlstiales linearly with

the inverse of the Q-factor in this case. When a larger nurabdata points per
FWHM would be recorded, the curve fdk\,,;, shifts to lower values but the
slope of the curve remains around 1. The second line in Fig5 depicts the
situation in which equipment with a fixed spectral resolotad 1 pm is used (this
corresponds to the resolution of the measurement equipnseqdtfor this work).
AMnin Scales inversely with the square root of the Q-factor fag taise. In other
words, when cavities with higher Q-factors are developéllieneficial to invest

in higher resolution measurement equipment as well.

Finally, in Fig 2.26 we plot the influence of intensity noiseA\,,,;,, at different
Q-factors, just like in Fig. 2.21, but this time for diffetamoise levels. It can be
seen that the higher the Q-factor, the more robust the sbesomes with respect

to intensity noise.

2.3.4 Add-drop or all-pass resonator?

What configuration offers the best detection resolutiorefgiven set of physical
parameters (round trip transmissiarand coupling coefficient) of a ring res-
onator? Is the minimum detectable wavelength shik,,;,, smaller for the signal
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Figure 2.27: Spectra of all-pass and add-drop resonator with the sameipaly
parametersa = r; = ro = 0.99.

on the pass or drop port of an add-drop filter, or on the outpabhall-pass filter?
In either configuration the ring resonator is charactertzagthe round trip ampli-
tude transmissioa and the amplitude self coupling coefficienfsandr, (r; = 1in
an all-pass configuration). Instead of constructing thaagfrom the resonance
shape characteristics FWHM and extinction ratio, the d&gaee constructed di-
rectly with formulas (2.2), (2.3) and (2.4). See Fig. 2.27 do example of the
generated spectra with=1r; =7, = 0.99.

In the same manner as described earlier, 1000 differerdritiations of Gaus-
sian intensity noise were added to the the signals. Thersaadization with a
given wavelength step is performed and a Lorentzian wasl fitt@ll spectra. The
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Figure 2.28: Simulation of measurement resolutida,,;,, and Q-factor as a
function of the physical parametetisandr of the resonator in all-pass configura-
tion and symmetrical add-drop configuration.

measurement resolution was defined with formula (2.35). Waeelength step

is set so that 20 data points per FWHM are recorded. The neiseristant at
2 -4
o7 =107".

In Fig. 2.28(a) we see the measurement resolution,;,, as a function of: and

r for an all-pass, pass and drop signal. The add-drop resonatbassumed sym-
metrical ¢y = r2 =7). As expected, an all-pass filter has the best detectiohueso
tion for every combination of andr. This is because an all-pass resonator always
displays a higher Q-factor as compared to an add-drop resoide Q-factor of

all configurations is shown in Fig. 2.28(b). The ratio of gdlss resolution to pass
resolution ranges from almost 1 for high quality cavitietfr low quality cav-
ities, see Fig. 2.29(a). When the ring resonator is immeirsaghter,a andr are
roughly around 0.98 for the test devices in the previousaes{(depending on the
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onator to an all-pass signal. The all-pass sigirab resonator. The pass signal always has a better
always has a better resolution. resolution.

Figure 2.29: Simulation of measurement resolutido,;,, as a function of the
physical parametera and r of the resonator in all-pass configuration and sym-
metrical add-drop configuration.

round trip length), so only a 1:2Zimprovement can be expected when substituting
the add-drop resonators with an all-pass resonator.

A closer look atA \,,,;,, at the pass and drop port of an add-drop resonator is pre-
sented in Fig. 2.29(b). Interestingly, the signal on thepdrort of a symmetrical
add-drop resonator always has a worse detection resoliéanthe signal on the
pass port of the same resonator despite the fact that thsgina@ce signals have
the same Q-factor. As the self coupling coefficiemcreases (higher Q-factors),
the relative benefit of using the pass signal increases dquyeto 3.5« for the
simulated values). This is explained by the influence of duatrast’ of the peak
or dip rather than by the influence of the extinction ratioe T¢ontrast’ is defined
by the surface area within the peak or dip, which relates ¢ontlaximum value
minus the minimum value (while the extinction ratio equéils maximum value
divided by the minimum value). The fitting algorithm perfaimetter in the pres-
ence of larger contrasts. Using the extinction ratio to meathe influence of the
resonance shape is valuable when comparing signals thatlaneasured at the
‘pass’ port (or that are all measured on the ‘drop’ port)e iee did earlier. When
comparing resonance shapes with different orientatioratds/a bias level (like
drop versus pass signal), the influence of the surface atbalie peak or dip is
important.

This also holds when the add-drop resonator is asymmetticklg. 2.30 the ratio
of A\.:» atthe drop and the pass port of an asymmetrical resonatoovas The
round trip transmission was set to 0.99.
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Figure2.30: Ratio of drop and pass signal resolution of an asymmetridal-drop
resonator. Round trip transmissian= 0.99. The signal on the pass port always
has a better measurement resolution than the signal on the lort.

2.3.5 Conclusion

The simulation results show that it is possible to obtain asneement resolution
AMnin much smaller than both the light source line width and themest peak
FWHM by using the peak fitting algorithm.

AMnin decreases linearly with the Q-factor if the wavelength sepdapted to
smaller line widths. For extinction ratios above 15 dB, tlkéretion ratio does
not influenceA\,,,.;,, anymore.

Both spectral and amplitude noise have a linear impact omi@surement res-
olution. High-Q cavities are more tolerant to intensityseand less tolerant to
spectral noise A\,,,;,, was determined for the different measurement setups we
used in this work.

For a ring resonator with given physical parameteedr, it is generally better
to apply itin an all-pass configuration. Moreover when meagLon the pass port
of an add-drop resonator a better measurement resolutiistagned than when
measuring the drop signal.

With the spectral characteristics obtained in the prevémetion, we can now de-
termine the measurement resolution of our devices. Thelation parameters are
listed in the first part of table 2.2. These values are alsd us¢able 2.2 in the

next section. Two situations are listed: characteristichk®@average SOI ring res-
onator we used for our biological experiments and an opt®@l ring resonator
with realistic improvements that were suggested througtios chapter. This is
also discussed in the next section. The measurement riesols found to be

between 0.062 and 0.672 pm.
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2.4 Detection limit

With the sensor resolutiol\),,;,, and the sensor sensitivity considered in the
previous sections, the detection limit (DL) is defined ag:[37

DL=——7"—
sensitivity

(2.36)

For bulk refractometric sensing, the DL reports the smaletk RI change that
can be measured. For biomolecular sensing, the DL can pamedo either the
thinnest layer the sensor can accurately detect, the sshateount of molecules,
the lowest concentration [ng/ml] or the smallest surfaceecage [pg/mrt]. The
bulk index DL and the thinnest layer DL are intrinsic propestof the optical
sensor and the setup and can be accurately simulated. Nelemyerage and
concentration DL however, are strongly dependent on thiaseichemistry and
the fluidic sample delivery. The density of the receptor rooles and the trans-
port time of the molecules to the sensor surface influencesg@nance shift upon
molecular binding. Chapter 4 and 5 elaborate on surface istignand fluidics
of the SOI ring resonator biosensor platform. As a measurthésensitivity for
molecular concentration, we use the measured resonaritishividin-biotin in-
teraction with receptor anchoring through a PE@ating, shown in chapter 7 Fig.
7.4. 2ug/ml avidin concentration causes the resonance wavelg¢agthift over
350 pm, the sensitivity was thus found to be approximately ginjug/ml. As-
suming a linear sensor response to molecular concentsas@an approximation.
This is further explained in chapter 7, section 7.4.2 andctivges are compared
to sensor responses in literature.

Table 2.2 gives an overview of the detection limit of the S@fresonator biosen-
sor platform. Two situations are listed: characteristitshe average SOI ring
resonator we used for our biological experiments and am@ht50I ring res-
onator with realistic improvements that were suggestedutiinout this chapter.
Characteristic parameters for both configurations aredifitst, followed by the
measurement resolutiof\,,,;,, and the sensitivity for bulk Rl changes and for
layers at the surface with fixed refractive index and varying thickness;,. The
intensity noise level was set to the noise measured withatupavith a collimator
and an infra-red (IR) camera (details in chapter 6, sectiBhlecause this setup
was used for the main part of the experiments. For the opgidhéonfiguration we
used the lowest noise level, measured with glued fibers. Free@r was set to the
optimal Q-factor as calculated in Fig. 2.13(a), but evemiptimal configuration
the Q-factor is low because of the high water absorption. mha improvement
in detection limit comes from the reduced intensity noise.

In the last part of the table we list the DL for six commonly disziteria: RI,
layer thickness, surface coverage, total detectable masshyer of molecules and

1%Details on surface functionalization with a poly(ethylagigcol) layer are given in chapter 4.
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molecular concentration. The DL for bulk Rl changes and &yel thickness is
directly extracted from simulated sensitiityand measurement resolution. The
values for surface coverage and total detectable mass teetex from the min-
imum detectable thickness with the optical model (fixed ¥described above,
with ny, = l45,pL = Pprotein = 1.3 g/Cfﬁ

The surface area of a ring resonator with® radius, 2um straight section and
waveguide dimensions 45220 nm measures 31,5m?. The high index con-
trast of SOI results in micron-sized ring resonator biosesisvhile the resonance
wavelength shift (sensitivity) does not scale with the siz¢he cavity. Because
of this, the minimum detectable mass is extremely low (indraer of 100 ag).
This is in contrast to interferometer biosensors. As exygdiin section 2.5 of this
chapter, the sensitivity of an interferometer typicallgles with the length of its
sensing surface.

The threshold number of molecules was calculated from tta detectable mass,
with the molecular weight of avidin (66 kD¥) The minimum detectable concen-
tration was extrapolated from measurement data of Fig. § @xplained above.
This value was not measured for TM polarized light, therefone DL value is
missing.

In general, the optimal configuration is 1.5 orders of magtetbetter than the
configuration we used for most of our experiments. Thankléacbmbination of
high measurement resolution and extremely small sensfacsuarea theoretically
about 100 avidin molecules should be detectable.

2.5 Other sensor configurations

Essentially integrated optical biosensors consist of tarmcepts: the 'sensing el-
ement’, an optical mode that experiences a phase or amglithdnge, and the
‘transducer’, here a ring resonator that translates theghhange in a resonance
wavelength shift. Both concepts exist in many variations.

The waveguide can be replaced by a slot waveguide that gomiddss through a
low index slot. Because a vast fraction of the quasi-TE moitldo@ concentrated
in the slot, it will have more interaction with analyte malées binding in the slot
region which will improve the sensitivity of the sensor. Hawer slot waveguides
have a few drawbacks: slot waveguide fabrication technoiedess mature, fill-
ing of the slot with liquids is not trivial and additional gragation losses cause
decreasing of the Q-factor and the measurement resoluitiotihe course of the
master thesis of Jeroen Van Lysebettens and the PhD theBismo€Claes, we in-

Lyalidation of the simulations with experiments is desatilire chapter 7, section 7.2 and 7.3

121 Da is the atomic mass unit corresponding to one twelfth efrtiass of an isolated atom of
carbon-12 (12C) at rest and in its ground state. With Avogadnumber, the mass of one avidin
molecule is calculated to be095956532 - 10719g.
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Average SOl SOl ring resonator

ring resonator

with realistic im-

provements
Polarization TE ™
FWHM [pm] 300 200
Q-factor 5.210° 7.5-10°
Extinction [dB] 15 20
Noise ¢7 ) 3.4-10 3-10°°
Wavelength step [pm] 5 1
AXpin [pM] 0.672 0.063
Bulk RI sensitivity [nm/RIU] 75.4 227.4
Layer thickness sensitivity [nm/nm] 0.178 0.294
Surface area/m?] 31.5 445
Minimum RI change [RIU] 8.9110° 2.77-10°7
Minimum layer thickness [pm] 3.78 0.21
Surface coverage [pg/nih 5.02 0.28
Minimum detectable mass [ag] 158.17 8.96
Threshold number of avidin molecules 1,440 82

Concentration limit [ng/ml]

3.84

Table 2.2: Detection limit of SOI ring resonators for two cases: an ager SOI
ring resonator used for our biological experiments and atiropl SOI ring res-
onator with realistic improvements that were suggestedughout this chapter.
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vestigated slot waveguide based biosensors. Results blishpd in [36] and [38]
and will not be discussed here. Various groups investigdtedise of integrated
periodical structures such as a grating or a photonic drjgd8a42]. Surface Plas-
mon Resonance modes (SPR) are also widely investigateddorgensitivity to
environmental changes. At INTEC, Peter Debackere exangoetd SPR modes
for biosensing, this work is published in [43-45].

The transducer element can consist of a single ring respolileeécthe one applied
for this work, of an interferometer in multiple appearanaasof more complex
filters. In principle they all share the same advantage: e¢hd-out is completely
decoupled from the sensing element and transducer. This adeals with one of
the most basic transducer principles, but the knowledgérdrastructure can now
relatively easy be transferred to various other filter tyipehe search for the most
sensitive and accurate sensing mechanism. We will list adigr transducers
that were proposed in literature and that can consist ot&3i waveguides.

Mach-Zehnder interferometer

The operation principle of an integrated Mach-Zehnderfatemeter (MZI) is
illustrated in Fig. 2.31(a). Coherent, single frequenaygke polarization light
from a laser enters the single-mode input waveguide andlitsespally at a Y-
junction. One branch has a window over the top of it allowing évanescent field
of that branch to interact with the sample while the refeesarmn is protected from
the sample with a thick cladding layer. The two branchesnmdsine at the output,
resulting in interference, and a photodetector measuestiput intensity. A
change in the RI at the surface of the sensor arm results iptisabphase change
on the sensing arm and a subsequent change in the lightitgtereasured at the
photodetector, as described by:

I(Aneff) < COS(AneffkoL)

whereAn.yy, ko, andL are the RI change, the amplitude of the wave vector, and
the length of the sensing region, respectively. In cont@stsonator biosensors,
increasing the length of the sensing window increases tig@rsg signal. Note that
because of the cosine-dependent intensity function, grekchange is not easily
resolvable near the maximum and minimum of the cosine fancti

Various groups demonstrated bulk RI sensing and basic mlalesensing with
SizsN4 or SION waveguides on a silicon substrate [46, 47]. Densrabaé specif-
ically worked on SOI MZI biosensors [22, 48]. They measurgzhase response
of 460(2r)/RIU.

Other interferometers such as the Young interferometdrdd@ Hartman inter-
ferometer [50] are not considered here, because althowghethsing element is
integrated, the recombination of the signal occurs outsidine optical chip or
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with additional optical elements. The possibilities ofgdiel read-out and minia-
turization are not similar to fully integrated SOI bioserso

Multiple ring resonators

Vernier ring resonators A digital optical sensor based on two cascaded rings
with different FSRs is pictured in Fig. 2.31(c). Becauseheitt different FSRs, the
major peak of the spectral response from the output pottissthigitally when the
effective refractive index of ring #2 changes. The shiftred major peak is equal

to multiple FSRs of ring #1. In addition the combined resa®aof ring resonators

in the so-called Vernier configuration have an enhancedof@ffas compared to
single-ring resonators. This might enhance the measurasoiution. Dai et al.
reported enhanced sensitivity of over two orders of magleitas compared to a
single-ring resonator [51].

Concentric ring resonators Fig. 2.31(b) is a schematic of a concentric ring res-
onator. The transfer function is determined by the charities of both rings plus
the ring-ring distributed coupling. When the two rings neste at the same fre-
guency (which can be realized by fine tuning the FSR of theviddal rings), the
resonance depths are much enhanced as compared with thersiggresonator.
The reduced measurement resolution results in a bettestabetdimit [52].

Ring-coupled Mach-Zehnder interferometers

A ring-coupled MZI is shown in Fig. 2.31(d). This device elits sharp Fano
resonances, and the steep slope of the resonance can beousedding. Fan
et al. show that when properly optimized, a ring-coupled MHIbws at most a
30.5% enhancement in sensitivity over a conventional respnator (used in in-
tensity interrogation), as well as a 25% decrease in the poikeulating in the

ring. However the introduction of an MZI adds another sowtthermal insta-

bility to the sensor, which aggravates the inherent theinshbility of the ring

itself [53].

Nested-ring Mach-Zehnder interferometers

Fig. 2.31(e) pictures an MZI-coupled microring, which igés a microring and
a feedback line. The feedback line is one of the arms of the dddpler and the
other arm is formed by part of the microring. By optimizing tlength difference
between the two arms of the MZI coupler, an MZI-coupled micrg with a high
Q-factor and high extinction ratio is obtained. Dai et almdastrate refractive
index sensing with0~¢ detection limit [54]. Because the coupling ratio of the MZI
coupler is wavelength-dependent, one can greatly degdrestigs at the resonant
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Figure 2.31: Other sensing configurations that can be composed of sinle S
waveguides and implemented in the same platform as deddritikis work (more
details on the platform are found in chapter 6).

wavelengths except the considered one by correctly chotiséninterference order
of the MZI coupler. This way there is only one resonant wavgtk with a high
extinction ratio in a very large wavelengths span and theathin measurement
range is expanded tb< An < 0.48.

2.6 Conclusion

Throughout this chapter a single ring resonator was studMidaspects with re-
spect to its biosensor performance were discussed. Théphlsitations of SOI
ring resonators were discussed as well as methods to optiafactor and finesse.
We determined losses and coupling of SOI waveguides andtidinal couplers.
We found a large discrepancy between the performance ofesgnators with an
air cladding versus a water cladding. The water claddingesiabsorption of IR
light, which intrinsically lowers the Q-factor about 1.5&s.

The sensitivity of an SOI ring resonator biosensor dependbh@fraction of light
in the sensing material and on the group index of the resonade. The sensitiv-
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ity was simulated for various waveguide dimensions. Weudised a commonly
used optical model for biomolecular interaction.

The measurement resolutid,,,;, or the minimum detectable wavelength shift,
can be much smaller than the light source line width and tsenance peak
FWHM by using a peak fitting algorithm and suppressing wawgle and intensity
noise. We simulated the impact of resonance shape and reeaesotrequipment
on AM\,.;» and foundAM\,,;, to improve linearly with square root of intensity
noise and with Q-factor, provided that wavelength step apéed to the FWHM
of the resonance.

Finally, the detection limit of the device can be determinétl the ratio ofA\,,;,,
and sensitivity. The detection limit for bulk index sensitayer detection, surface
coverage, absolute mass and molecular concentrationstee fior our current
devices as well as for devices with an optimal performande dptimal perfor-
mance is restricted by the limitations on resonance shape#m be obtained with
SOI and the available equipment. We find the current systenglmpable of
detecting a surface coverage of 5.02 pgimna concentration of 3.8 ng/ml and
molecular mass of 158 ag. The optimal device performs maeue 10 times better
and can detect a threshold of 100 avidin molecules.
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Dual polarization ring resonator sensor

In this chapter we introduce a novel technique to extracttadal data on bio-
molecular interactions from ring resonator biosensor® fEehnique is described
in section 3.1 and we discuss the added value it can offerié@ensing applica-
tions. Section 3.2 clarifies the working principle. Desigramplementation of
the device are considered in sections 3.3 and 8.3.2 regekycti

3.1 Introduction

Up until now we have discussed the detection of biomoledntaraction by track-
ing the wavelength shift of one resonant ring resonator m@te optical modél
which links the output of the sensor to the molecular intéoacconsists of a layer
with thickness ;, and refractive index ;. Most biosensing techniques cannot dis-
tinguish between both parameters, and the output is linkezitiher one of them
or to another calibration parameter such as the molecutarerdration. However,
access to both;, andn, would yield information on the density as well as on the
thickness of the layer via formula (3.1):

PL = pproteinM (31)

Nprotein —NB

where p,,orein is the density of dry proteins [g/cth generally accepted to be
pprotein = 1.33 glcnd [1, 2]. This formula was discussed in chapter 2, section 2.2.

1The optical model for biomolecular interaction is desatiilire chapter 2, section 2.2.2.
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In all biological experiments we performed, we measureg onk parameter: the
resonance wavelength shift of the gyEesonating mode when biomolecular inter-
action occurs. For some waveguide dimensions however, Mg mode is also
guided. When Thy and TM,yy are simultaneously excited in a ring resonator, they
will propagate orthogonally with a different effective exand a different group
velocity. Hence they will resonate at different resonaneselengths. The sen-
sitivity of their effective indicesi.¢s rr andn.ss ) to environmental changes
will differ depending on the field distribution (chapter Zction 2.2). For all of
these reasons, the resonance wavelength gf 8Bd TMyo will shift a different
amount when biomolecular interaction takes place at thenagsr surface. Mea-
surement of both wavelength shifts will allow us to diseglam; and¢; and
hence obtain conformational information on the biomolactdyer.

A commercial implementation based on a similar principles\@ane by Farfield
Scientific Ltd., Manchester, UK, called the Analight®Bid2Dual Polarization
Interferometer. This is an interferometer-based sensustoaocted from two opti-
cal waveguides stacked one on top of each other and an arcdgdibde. When
polarized light (TM) is introduced to the end of the stackgée mode excita-
tions in sensing and reference waveguides are formed apéagate through the
structure. At the output, they form the well-known pattefnyoungs interfer-
ence fringes on an array photodiode. On exposing the semsngguide to a
biomolecule that attaches to it, the phase will change insthesing waveguide
while the effective index of the reference waveguide doé€hange. Monitoring
the relative phase position of the fringe pattern will rdvtea TM output. Subse-
guently. a second polarization of light (TE) is introducetbithe waveguide stack.
As explained, this responds differently to biomoleculecagton or removal, and
provides a second independent measurement. For eachzptitamithere are an
infinite number of refractive index/film thickness combioas that will produce
the observed effect. However, when both polarizationsadeert together a unique
solution is resolved.

Conformational information of the molecules is of major mng@ance in genomiés
and proteomics The folding and misfolding of proteins, for example, arereas-
ingly topics of study in their connection with the onset ofjydrerative diseases
such as Alzheimers disease [3]. In genomics, finding inféionmaon DNA probe
orientation, probe mobility and surface coverage and assgshe impact they
have on hybridization efficiency are of critical importaricghe development of
immobilization methods [4]. Lillis et al. used the Analightshow that it was pos-
sible to elucidate probe orientation and measure proberageeat different stages
of each immobilization process and concluded on the dinspaict that probe mo-

2Genomics is a general term for the study of the genomes ohisiga. The field includes intensive
efforts to determine the entire DNA sequence of organisnidiar-scale genetic mapping efforts.

3Proteomics is a general term for the large-scale study déjms particularly their structures and
functions.
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bility has on hybridization efficiency [5].

3.2 Measurement principle

The Tk, and TMyy modes are measured simultaneously and two wavelength
shifts AArr andA A7), are monitored:

Aenv e : )\7'68
App = el 115 (3.2)
Ng,TE
Aenv e 1 )\7'68
Apyy = enwltel 1 TM (3.3)
Ng, M

After measurement dh A\ andA My, the experimental results will be mapped
to simulations. All possible wavelength shifts are simedafor the(¢;,,ny) pa-
rameter space, see Fig. 3.1(a). The results in the graphdte gbtained for
a ring resonator with waveguide dimensions 2280 nm. Measured values of
AMlrg and Al form two horizontal planes that intersect with the simudate
surfaces. The intersection line of the measured and sietilBE-planes and the
measured and simulated TM-planes can now be mapped ofito,a;,) space,
see Fig. 3.1(b). The intersection of both curves revealfidex and thickness of
the layer unambiguously.

A good simulation model is crucial for accurate results. defstarting thorough
examination of this sensor principle, we verified the vajidif the layer simula-
tions with experiments. For that we coated the SOI sensdlsSiD, layers with
known refractive index and thickness. The wavelength ghdt resulted from
the coating was compared with the wavelength shift simdlatiéh FimmWave, a
vectorial mode solver. The simulation resonance shift veésutated with formula
(3.2). We found good correspondence between measurenegstranlations. A
graph of the results and technical details are given in tipeémental chapter 7,
section 7.3.

3.3 Design considerations

3.3.1 Sensor quality defined by detection limit and accuracy

The dual-polarization biosensor needs optimization far figures: low detection
limit and good(¢.,,nz,) accuracy.

A low detection limitimposes on the sensor to have a good oreazent resolution
AMnin and large wavelength shifts Ay andA M rj,. The formula for detection
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Figure 3.2: lllustration of the effect of a limited measurement resolutA A,
on the accuracy on thickness and indexn;, determination.

limit was discussed in detail in the previous chapter:

DI - —SAmin_ (3.4)
sensitivity

A wavelength shift can only be resolved within the measurgmesolutiomA \,,,;,, .
This translates into an uncertainty on the location of thézoatal ‘measured’ TE-
and TM-planes (horizontal planes on Fig. 3.1(a)). This uadety is transfered in
a spread on the intersection lines and hence in an area ableo§s ,n ;) values,
see Fig. 3.2. Depending on the slope of the simulated TE- &glanes and on
the angle between the intersection lines, this area isésexctor reduced. Apart
from a low detection limit, thet( ,n) uncertainty area is an additional measure
for the quality of the sensor and has to be minimized. Bothréguepend on
measurement resolutiak)\,,,;,, and sensitivity.

3.3.2 Waveguide design

The measurement resolutido,,,;,, is determined by resonance shape and instru-
mentation factors and was discussed extensively in ch&pteection 2.3. The
resonance shape of the TE and TM resonances will dependseslasd coupling

of the two resonating modes. For now we will assufve,,;,, to be equal to 1 pm
for the TRy and TMyg modes.

The design parameters are limited to widithand heightd of the waveguide. In
the search for a high quality dual polarization sensor, waatdimit ourselves to
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the SOI layer stack dimensions determined by the manuferctidithe wafers all
our chips are processed with. Instead we will considerl&l| /) combinations.
How to fabricate waveguides with a wide range @f (i) values is discussed in
the section ‘Implementation’ (section 8.3.2).

Single mode wires

The primary requisite is single mode guiding of theyf and the TM, mode.
Only for a limited range of?/” and H values, Tk, and TM,, will be guided while
TEp1, TMgy and higher order modes will be in cut-off. Modes with effeetin-
dices aboveus;o, will not be radiated into the buffer layer and will be guided.
Simulation of the effective index of the modes across(ffie H') parameter space
provides us with the correctiV, /) values. Note that all simulations are per-
formed for a configuration with a water cladding,(,:.,- = 1.311 [6]).

Low detection limit

The detection limit is determined by the measurement réisold \,,,;,, and the
sensitivity. As already mentioned\\,,,;,, is set to 1 pm for all simulations. The
sensitivity however, will largely depend on the waveguideehsions because of
the strong dimensional influence on the mode distributiohis Tvas previously
explained in chapter 2, section 2.2. Designing a high quadlital polarization
biosensor imposes that we searchifidrand H that provide optimal sensitivity for
the Tk, mode as well as for the T mode. For all single modéX(,H) values
we simulated the TE and TM wavelength shift induced by a lajehickness 1,
=4 nm and refractive index;, = 1.45 and calculated the sensitivity [nm/nm/RIU]
for both modes as:

shift /\ms(neff,z:ger—neff,o)
thicknesslayerindex  t7,(nz — nwater )

Sensitivity=

(3.5)
(3.6)

When considering small layers the shift is linear with refrge index and layer
thickness (Fig. 3.1(a)). Simulated results for the sensitof both modes are
presented in Fig. 3.3(a) and 3.3(b).

The sensitivity trends as a function Bf and H can be understood with the rea-
soning in chapter 2, section 2.2. With a larger fraction effield in the layer, the
effective index is more sensitive to layer variations. F&t polarized light, the
effective index is more sensitive to changes on the top wadegsurface. Hence
waveguides with a relatively large top surface area as comp@ the sidewall
surface areal{ < W) are more sensitive. A maximal TM sensitivity of 2.252
nm/nm/RIU was found fol/ = 420 nm and? = 210 nm.
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The reverse reasoning holds for TE polarized light; whiérnk H the influence
of the field discontinuity at the side walls dominates andegandes with a large
side wall surface area are more sensitive. A maximal TE 8eitygbf 4.126 nm/n-
m/RIU was found fod¥ = 220 nm andH = 430 nnf.

This reveals that, although the TM sensitivity is largerdar photonic wires (with
fixed height of 220 nm), the maximal sensitivity of the ghEnode can be about
twice as large as the maximal obtainable sensitivity of thlg'mode when hav-
ing full flexibility on the waveguide dimensions.

For a wire with dimension&” = 240 nm and{ = 280 nm, the product of TE and
TM sensitivity was found to be optimal. TE and TM sensitivéise respectively
3.295and 2.117 nm/nm/RIU. As expected this optimum ocaura fiearly square
wire configuration. With this sensor configuration the minimdetectable mass
equals 91 and 142 ag for the TE and TM mode respectively andmam de-
tectable surface coverage equals 2.9 and 4.5 pg/raspectively. These numbers
are calculated witdA\,,;, = 1 pm, layer index = 1.45),,.t¢in = 1.33 g/cnd and
surface area = 31.5m?2. The detection limit is slightly worse than the detection
limit of the Analight®(0.1 pg/mm)°® [7].

Goodty, and ny, accuracy

We calculate thé;, andn, accuracy as described above by investigating the spread
of the intersection lines for a change in wavelength of 1 pnad, @anslating this

to a spread on the intersection points, (), as shown in Fig. 3.2. For a certain
waveguide configuration, the accuracy of bethandn;, also depends on the
actualt; andny, values. The slopes of the TE and TM wavelength shift surfaces
differs at all positions, and the angle formed by the intetise lines varies as well.

A full investigation of all accuracy values for all wavegaidonfigurations would
require immense amount of simulations with consideralohelktion time. Instead

we calculated the accuracy for three configurations detexchin the previous
paragraph: maximal TE sensitivity, maximal TM sensitivalyd optimal TE and
TM sensitivity (TExTM maximal).

The results are listed in table 3.1. We found the range ofrac@s over the,,
and¢;, parameter space to be worse for the first two configuratiorith ¥ptimal

TE and TM sensitivity, the layer thickness and index can kerdgned with the
highest accuracy. For this configuration we plotted thekiiéss accuracy and the
index accuracy over thig, andny, space in Fig. 3.4(a) and 3.4(b).

The layer thicknesses of layers with a low refractive indexrasolved with the
largest error. A low layer index is generally caused by lowlenolar density or
large water content. For example, a layer with index 1.37 thickness 5 nm

“Note that fabrication of wires with these dimensions is rigial and requires dedicated processes.
SHowever as their sensor surface is much larger, they needteaalbbigger amount of molecules
to reach the surface coverage detection limit.
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W [nm] H[nm] Error range on Error range on
tr, [nm] nr, [RlU]
Maximal TE | 220 430 7.07 - 1007 - 540 - 107® -
sensitivity 5.10-10° 2.34-1071
Maximal TM | 420 210 1.50 - 1072 - 2,96 - 1076 -
sensitivity 1.54-10" 2.08-1071
Maximal 240 280 246 - 1072 - 412 - 107°% -
TExTM sensi- 2.65-1071 1.55-1073
tivity

Table 3.1: Error range on layer thickness;, and layer index:;, for three con-
figurations: maximal TE sensitivity (4.126 nm/nm/RIU), imeat TM sensitivity
(2.252 nm/nm/RIU) and optimal sensitivity for TE and TM piaition (TE, TM
sensitivity = 3.295, 2.117 nm/nm/RIU).

will be determined as 1.20.00019 RIU, 50.13 nm or a thickness error of 5.2%.
While a layer with index 1.6 and thickness 5 nm will be deteraias 1.60.00010
RIU, 5£0.019 nm or an thickness error of 0.76%. This is comparabte thie
resolution of the Analight®” (0.01 nm) [7].

As for the error on index determination, a thicker layer candietermined with
greater accuracy as compared to a thinner layer. A layerthithness 2 nm and
index 1.45 will be measured as@.048 nm and 1.480.00045 RIU, an index error
of 0.062%. On the other hand, a layer with thickness 10 nm adelx 1.45 will
be measured as 10.042 nm and 1.480.000053 RIU, thus with an index error of
0.0073%.

For this configuration, the uncertainty on the layer indexis always lower than
0.11% while the uncertainty on the layer thicknéssan rise up to 26%. These
large errors on determinations of the thickness only oaauliefyers with very low
index (thus very low molecular density). As soon as the inglepasses 1.40, the
maximal error on layer thicknesgg is 4%.

3.4 Implementation: SOI ring resonator with polar-
ization duplexer

In the search for the best waveguide dimensions for dualigatson biosensing,
we investigated all possible dimensiof&l, H) combinations. A wide variety of
techniques exists for SOI layer stack fabrication, with rbeames of monocrys-
talline, polycrystalline or amorphous silicon. All resulpresented in this PhD
thesis are obtained with processed wafers from SOITEC wilaadard mem-
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Figure 3.5: Dual polarization grating coupler. Tg and TMy, modes are coupled
in opposite directions.

brane height of 220 nm. An introduction to the fabricationgass we apply is
given in chapter 1, section 1.3.3. At Intec, Selvaraja etpaksented results on
amorphous silicon deposited by a PECVD process using CMO&ufaeturing
tools [8]. Propagation loss measurements show a loss ofdB4#fn for photonic
wires (480«220 nm). This process could be attractive for our appliceliecause
it allows for more flexibility on the heigh#f of the silicon membrane.

To couple TE and TM polarized light simultaneously to a rieganator we will
make use of both waveguides that originate from a 1D gratigpler. This is in
contrast with the Analight®commercial tool where TE and Thlgsization are
alternated and thus real-time measurements performedaitithe frequency.

A cross section of the dual polarization grating coupleriggysed in Fig. 3.5.
This structure is used to spatially separate two polaonatin the same wave-
length band. Due to reciprocity, the same device can reaoenboth polariza-
tions. Analogously, this so-called ‘duplexer’ has beendusespatially separate
two wavelength bands with the same polarization for teleeplications in the
1300 nm and 1550 nm wavelength band. The same working plknecfa grat-
ing coupler as explained in chapter 6, section 6.3 applies. h&fe performed an
optimization procedure similar to the description by G. Rees in [9]. By op-
timizing the grating coupler period and tilt angle of theioal fiber, the grating
will have an optimal efficiency for TE polarized light in therfvard direction, and
for TM polarized light in the backward direction. The couygiwas simulated
with Camfr (vectorial mode solver) and Omnisim (FDTD sintida software),
resulting in TE coupling efficiency of 47% and TM coupling eiincy of 27%. A
similar structure for polarization splitting at 1300 nm \eéngth was reported by
D. Vermeulen in [10].

The implementation of the dual polarization ring resondtorreal-time moni-



3-12 CHAPTER3

™ TE TE TM

— —
dual polarization ring resonator dual polarization
grating coupler biosensor grating coupler

Figure 3.6: Implementation of dual polarization ring resonator biosen

toring of conformational changes of biolayers is shown ig.FB.6. The drop

signal is monitored instead of the pass signal to avoid laeflections between
the duplexers. Experimental characterization of the regpnators is ongoing. A
good knowledge of propagation properties of SOI wires for aihdl TE modes is
needed for design of the resonator and the directional eosipTE mode propa-
gation has been studied extensively (see e.g. the previmer), however our
knowledge on TM mode propagation in wires so far was insefficio obtain good
resonances in a ring resonator. Based on simulations we estideations on the
dimensions for the first design but no resonance peaks cautibberved for the
TMgo mode. Recent progress on TM propagation in SOl wires hasgaished

by Vermeulen et al. in [11].

3.5 Conclusion

We presented a novel method that allows to extract morerimdtion on biomolec-
ular interaction with a single ring resonator. Interrogatof the wavelength shift
of two orthonally resonating modes provides us with thelkinégss as well as with
the refractive index of a layer at the sensor surface. Thisbeatranslated in in-
formation on the molecular density and thus on the confaomaitf the molecules
which is crucial in many genomics and proteomics applicetio

We searched for a sensor configuration that offers a low tletelamit and a good
accuracy on the thickness and the refractive index detextioim of the adlayers.
This configuration was found to consist of waveguides witbti? = 240 nm
and heightd = 280 nm. With a minimum detectable wavelength shift of 1 g, t
minimum detectable surface coverage equals 2.9 and 4.5wofon the TEy, and
TMgo mode respectively. The error on resolving thickness andxrud the layer
depends on the actual thickness and index values, but iyslewer than 0.11%
on the index and 4% on the thickness (when the layer index0).

We described a possible implementation of this dual padéion ring resonator.
Using a grating duplexer that spatially separates bothrjzaldons, the two wave-
length shifts can be monitored simultaneously. This dekieethe same integra-
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tion possibilities concerning read-out and fluidics asHertdetailed in the next
chapters. It is a robust biosensor that can be integratedhin-an-a-chip and that
provides the user with real-time conformational inforroaton the molecules.
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(Bio)Chemistry for engineers

An affinity-based biosensor consists of two parts: the ttansr that converts a
binding event into a read-out signal and a biological remelalyer that is respon-
sible for the affinity-based interactions. This is schepaly pictured in figure
4.1. The properties of a biosensor critically depend on tiaity of the biological
receptor layer, especially for detection in complex sasiplEhe interfacial layer
has to allow for immobilization of receptor molecules anthat same time effec-
tively block non-specific interactions with the macromeikee components of the
analyzed sample. In addition it must be stable, must notétffe transducer sen-
sitivity and must not hinder transport of the chemical oddxdcal compounds to
the transducer surface. Since refractive index sensasttlirespond to a change
in layer thickness or density, very homogeneous and tharfetial layers are re-
quired.

Throughout the course of this PhD, we closely collaborat#h different chem-
istry research groups for the surface functionalizatioBO1 photonic chips. Our
main collaborators were Dr. Jordi Girones Molera, Dr. StePapelka and Dr.
Irene Bartolozzi from théolymer Material Research Grougt Ghent University
with Prof. Em. Etienne Schacht. They are responsible fauaface modifications
for the detection of protein interaction.

This chapter starts with a general introduction to affifised biomolecular in-
teraction at a transducer surface. The sections that folldwspecifically focus
on surface modification of silicon surfaces. We describectiemistry applied to
couple protein receptor molecules to the surface, with ag@n reduction of non-
specific adsorption, which is a crucial aspect of affinitgdxh biosensors. This
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Figure4.1: Schematic view of an affinity-based biosensor.

chapter is meant as a guideline for an engineering audieAttkough we take
care to be precise about all chemistry statements, chemigtst feel different
about the amount of detail for one subject and the lack ofildetaanother. Dur-
ing this work, we realized that communication across défeefields is not a trivial
thing, but it is of crucial importance in multidisciplinargsearch.

4.1 Biomolecular interactions at surfaces

4.1.1 General model

In a direct biosensor, one of the interaction partners ({gat, receptor or probe)
is immobilized on the sensor surface. When the other compdtiee analyte or
target) is flowed across the ligand surface, the direct beseresponse can be
divided into three essential phases (Fig. 4.2):

1. Associatiorof analyte with ligand during sample injection.

2. Equilibrium or steady state during sample injection, where the rate @f an
lyte binding is balanced by the dissociation from the comple

3. Dissociationof analyte from the surface when the sample is no longer in-
jected and buffer is flowed.

The association and dissociation phases provide infoomain thekinetics of
the analyte-ligand interaction (the rates of complex fdiamand dissociation).
The equilibrium phase provides information on #iinity of the analyte-ligand
interaction (the strength of binding). The reaction can bscdbed as a simple
bimolecular complex formation

A+B 2% AB
ka
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Force Energy (kJ/mol)
Hydrophobic interaction Upto 15
Electrostatic interaction Upto 12.5
Hydrogen bonding Upto4

Van der Waals forces Upto 0.4

Table 4.1: Molecular forces contributing to biomolecular interaatiprocesses.

where A is the analyte and B is the surface-bound ligahdandk,;, sometimes
denoted a$,,, andk, s, are the association and dissociation rate constants.

equilibrium

association

Sensor response R

—buffer ample’ buffer—

Time

Figure 4.2: Schematic response of a biosensor, showing associatioiljbegm
and dissociation phases.

The basic forces that determine the interaction of biomdé=cat the molecular
level are listed in Table 4.1. The electrostatic (ionic) &melhydrophobic interac-
tion account for approximateB5% of the interactions and are therefore the most
relevant [1].

In general, a real-time biosensor provides informationtwad aspects of biomol-
ecules and their interactions: the concentration (how naaralyte molecules are
present in a complex sample), the affinity (how strong theramwtion is) and the
kinetics (how fast an interaction is).

Association phase Assuming pseudo-first order interaction kinetics, the odite
complex formation during sample injection is given by
d[AB]

S = KaAI[B] - Rl AB)

Under the assumption of a linear respotiisef the direct biosensor, a good ap-
proximation for SOI ring resonator biosensors and mostrdilesensors, the rate
of complex formation can be expressed as:

dR(t)

o = kaORpas = (kaC + ka)R(1)
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Ris the biosensor signal at timgit corresponds to [AB]C' is the concentration of
analyte, corresponding to [AR,.... IS the response when the maximum binding
capacity of the sensor is reached. [B], the concentratiavaiable ligand binding
sites, therefore correspondsi, ... — R(t).

According to this model, a plot afR/dt againstR or a plot ofin(dR/dt) against

t will be a straight line with slope (k,C + k4 ). Plotting the slope values obtained
at different analyte concentrations will give the valdgsandk,.

Dissociation phase In theoryk, can be obtained as described above, in practice
howeverin(dR/dt) againstt is frequently dominated b¥, (k,C >> kq) and

the intercept is unreliable. The valuesigfcan be preferably calculated from the
dissociation phase:

A
dt d

Equilibrium phase At equilibrium, association and dissociation rates areagqu
o)
ko[ A][B] = ka[ AB]

which can be rearranged to

Al[B —_ . _—
Kp= Z—j = % the equilibrium dissociation constant (4.1)
Ky = ko _ [AB] the equilibrium association constant (4.2)
ka  [A][B]

The equilibrium constants define the balance between conaplé free compo-
nents at equilibrium, while the rate constants define howtlf@sinteraction occurs.
Two interactions may have the same equilibrium constantveidely different
rate constants, or conversely may have the same rate coimstare direction and
widely different equilibrium constants.

Heterogeneous interaction A simple model as described above will not apply
when heterogeneous reactions are involved, e.g. indepenteractions with
multiple analytes and/or ligands, multiple analyte speciempeting for binding
to a homogeneous ligand, homogeneous analyte speciesdicalinpetitively to
ligands immobilized on the surface and in the solution.gdrbus derivations of
non-linear models can be found in [1-3].

4.1.2 Mass transport to the surface

The accuracy for determining rate constants for fast bpd@actions is limited,
because the reactant in the solution must first be transptartbe surface in order
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to bind to its immobilized partner. In our biosensor seting analyte is passed
over the sensor surface using a small flow cell or microfluitiannels.

The velocity profile of a fluid flowing over a stationary suaapproaches zero at
the contact with the surface. A so-called stagnant layerfefaamicrometers is
formed. High flow rates induce small stagnant layers; howevstagnant layer of
less thar2um is hard to achieve. The analyte is more or less efficienthsjparted
to a distance of a few micrometers from the sensor surfa¢éhisus still relatively
far away from the evanescent field. From there, transporblialys effected by
diffusion, as depicted schematically in Fig. 4.3. The diffun rate through this
layer depends largely on the diffusion constant of the amatyolecules, which
varies from3 x 1076 to 6 x 1076 em?s! for low weight substances to belad~”
em?s~! for macromolecules with molecular weights of several heddda. This
corresponds to an average diffusion time through the uadtiayer from less than
1 s for small molecules up to several seconds for macromigleciThe effective
concentratior| A] of the still unbound analyte in the evanescent field will then
typically be lower than the concentration in the bulk saotfAq]. In order to
accurately determine rate constants in such systems, ta@éads to be analyzed
with a model that includes mass transport of analyte to thiace:

Kir k
A,=A+B = AB
ktr ka

wherek;, is the rate constant for mass transport to and from the surfaeveral
methods with more complicated models are reported in tileeg4, 5].

For kinetic analyses, diffusion limitation should be aweddsuch thafA,] ~ [A].

A way to circumvent diffusion-related problems is to desethe density of the
immobilized ligand and/or increase the analyte conceintraHowever, it remains
difficult to analyze the kinetics of binding pairs with higesaciation and low dis-
sociation constants. For concentration determinationdhpa mass transport lim-
ited binding is desired, since the slope of the initial stafjthe binding curve is
then proportional to the analyte concentration. A low floterand high immobi-
lization densities of the ligand should be chosen.

4.1.3 Bulk refractive index effect

The signal of SOI microring biosensors originates from angeain refractive in-
dex of the environment, both due to binding events near thiacei and a bulk
index effect when switching from buffer to analyte solutidie bulk contribution
can easily be subtracted, as shown in Fig. 4.4. With an arfrjosensors, bulk
refractive index contributions can be monitored with anaated sensor and can
be subtracted from the signal during post-processing.
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Figure4.3: The evanescent field and the unstirred diffusion layer of@hricro-
ring biosensor. Analyte molecules are transported firsttigds/ convection and
then solely by diffusion.

Sensor response R

bulk

Time

Figure 4.4: Schematic response of a biosensor, illustrating the bulacgve in-

dex contribution.
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4.1.4 Molecular interactions studied with label-free biognsors

Some application fields of label-free biosensors are listethapter 1. Here we
discuss immunoassays, because that is the applicationugedtwith the SOI
ring resonator biosensor platform.

An immunoassay is a technique based on the binding betweantaen and its
homologous antibody in order to identify and quantify theafic antigen or anti-
body* in a sample. Itis used to diagnose infectious diseases){auhune disor-
derg or cancers [6]. In classical immunoassays, the detectitimooncentration
of an analyte relies on signals generated by various laltiglsheed to antigens or
antibodies (see for example ELISAs in chapter 1, sectioh Eiyure 4.5 shows
some typical configurations of label-free immunoassaydifect assays (a) and
(b) the signal increase resulting from antigen/antiboayllvig directly correlates
with the amount of antigen or antibody in the sample. Contipet{c) or sandwich
(d) assays are typically used to detect low molecular weagltigens that do not
generate sufficient signal. To enhance the signal, the@amiigthe sample solu-
tion is mixed with an antigen conjugate or with a secondatipady. Only highly
specific capture antibodies should be used, in order to avoitture of affinities
of each component in the sandwich [1]. The experiments vighSOI microring
biosensor platform described in chapter 7 are conductddandirect assay of type
(b), we detect antibodies in serum by immobilizing the caenpntary proteins on
the surface.

4.2 Surface characterization techniques

Satisfactory characterization of the interfacial layeithwhicknesses of just a few
nanometers can only be obtained by combining several tgabaj each providing
specific information. This section covers a brief desoniptf the chemical sur-
face characterization techniques employed for developofethe surface chem-
istry of the SOI ring resonator biosensor platform. The dises not cover all
possible methods, only the techniques that provided us wfttrmation for the

next sections are detailed. Except for fluorescence miomysall techniques im-
ply the use of flat surfaces. We have tried many of the funetieation steps both
on flat surfaces of an SOI layer stack and on flat silicon segaxf bulk silicon

wafers. We found good correspondence of the results anduztett that cheap

1Antibody/Antigen: Antibodies or immunoglobulins (Ig) afee proteins at the heart of the human
immune system. They bind bacteria, viruses or other foreiglkecules and target them for destruction.
An antigen is any molecule or pathogen capable of elicitingnanune response, it may be a virus, a
bacterial cell wall or another macromolecule. An indivibaatibody binds only one particular antigen,
more specifically, it binds to one particular molecular stmwe within the antigen.

2Autoimmune disorder: an autoimmune disorder is a condiiia occurs when the immune sys-
tem mistakenly attacks and destroys healthy body tissudl Kivewn examples are allergies, Type |
diabetes, rheumatoid arthritis, multiple sclerosis (MS).
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Figure 4.5: (left) Antibody/antigen. (right) Immunoassay formatscufe label-
free biosensors. (a) Direct assay: the antibody is immpédion the sensor sur-
face, interaction with the antigen yields a detectableaefive index shift. (b)
Direct assay: the antigen is immobilized on the sensor serfinteraction with
the antibody yields a detectable refractive index shif). Gompetition assay for
measuring small molecules, the conjugated antigen is largrigh for a measur-
able shift. (d) Sandwich assay with secondary antibody.

ylv
vapor
A

Figure 4.6: Contact angled between solid surface and a droplety,; is the
solid/liquid free energyys. is the solid surface free energy,, is the liquid surface
free energy.

bulk silicon substrates can be used for characterizatiohagmimization of the
surface chemistry instead of the expensive SOI layer stack.

Contact angle The contact angle is the angle between, in our case, a satd su
face and the tangent line to the upper surface of a droplehansurface. It is

a measure for the surface free energies between liquid ditlsswrounded by
vapor. The free energies are indicated in Fig. 4.6 and aetectlvia Young's
equation:y,, = vs + Ywcosd. From measuring the contact angle of a surface in
contact with a water drop, we determine the hydrophobiditiyarophilicity of

the surface. Bare silicon surfaces were examined by stadiclgnamic contact an-
gle using the drop shape analysis apparatus OCA 20 from Bydags. For static
contact angle, a 2/ DI water droplet was placed on the surface of the sample and
imaged using a video camera. At least three measuremenssupgrie were per-
formed; results from two to five samples were averaged. FHoaahjc contact angle
measurements, bl DI water was added to a 2/ drop at 0.5 ml/min. Dynamic
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measurements monitor the contact angle and thus the reformeeorientation
and stability of the layer over time.

X-ray Photoelectron Spectroscopy X-ray Photoelectron Spectroscopy (XPS) is
based on the ejection of electrons from a surface when X4nayonms collide with

it. The energy of the photoelectrons leaving the sample $aarspectrum with a
series of photoelectron peaks that are specific for atonmidibg energy. Hence
XPS serves to analyze the elemental composition of a mbterlal0 nm under
the surface.

The silicon samples were analyzed by XPS using a Fission®Seppparatus
provided with a fine focus AIK source with a quartz monochrtona

Ellipsometry Ellipsometric techniques analyze the elliptically patad light of
a beam (initially linearly polarized) that is reflected atigface to obtain the thick-
ness and the refractive index of thin films.

The thicknesses of the different coatings on silicon sabssrwere determined
by means of an M-2000F| Spectroscopic Ellipsometer (J.AoN&m) at an angle
of incidence of 75. Ellipsometric data was acquired and evaluated by Complete
EASE software (J.A. Woollam). The optical model of the niaitered substrates
consisted of the software built-in optical functions ofcgih, native silicon oxide
and thermal silicon oxide [7]. Optical constants of siliaide were also used for
silane layers. The index of refraction of a PEG layer (secti3.2) was modeled
by a Cauchy dispersion functiot, + B,,/A\? [8]. The extinction coefficient was
taken to be zero since this polymer is a dielectric with rgggle absorption in the
UV/vis range used for the measurements. The Cauchy paresugte= 1.5 and
B,, = 0.0059m? were obtained from a simultaneous fit of thickne4s,and B,,
to ellipsometric data acquired from an auxiliary PEO laye. (100 nm thick),
spin cast on a bare silicon wafer.

Fluorescence microscopy Although parallel treatment of structured and bare
wafers for chemical characterization is a commonly usedagih, to confirm the
actual presence of functional groups on the waveguides taeregd fluorophores
to the structured samples and observed their distributienthe surface with con-
focal fluorescence microscopy. Fluorescence tests weferperd with a confocal
Carl Zeiss LSM 510 microscope equipped with an argon lasetuteq Carl Zeiss
Inc., Thornwood, NY) using &0 x 0.25-NA objective. We used Alexa-fluor®555
fluorophores that were excited at 543 nm with a HeNe laser.
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4.3 Protein coupling to a silicon surface

Straightforward surface coatings of silicon are based serablies of silane re-
agents that can bear a wide range of functional groups (-COQH-...). We
make use of the -OH groups of silicon’s native oxide for coupkilanes to the
SOl waveguides. The covalent nature of the assembly praoessits in superior
stability, which allows extensive handling and further rficdtion steps without
deterioration of the silane layer. In the next section wedbe a one-step method
that couples the proteins directly to the functional groois silane layer.

While anchoring proteins to silicon oxide surfaces witlsés is a convenient and
reproducible method, silanes typically do not have sufficiesistance to non-
specific interaction. Non-specific interaction is what heqpgp when molecules
other than the biomolecule to detect attach or adsorb toutface and cause a
large background signal. This can cause ‘false positivg@ialis which is perni-
cious for the biosensor’s reliability.

Non-specific interaction or protein-fouling has been hittréd to various causes
[9]. One of the most accepted reasons for protein-foulingudaces is the ten-
dency for hydrophobic materials to absorb proteins in otdetecrease their sur-
face energy. Indeed, a high hydrophobicity can be assaciai a large free
surface energy. Thus, strategies for minimizing the fautih materials focus on
improving the hydrophilicity of their surfaces. A commomategy of achieving
this goal involves coating the surface with a layer of polysne

We developed a two-step method: an ultra thin layer of a hytdtic polymer,
poly(ethylene glycol) (PEG), is attached to the silane figyér to coupling the
proteins. In section 4.3.2, an overview of the coupling pthaes is given together
with important steps we took towards optimization of thefate coatings.

We will start this section with two concepts that will be uskbughout the rest of
the chapter: avidin-biotin is a molecular couple for bicsmrtests and NHS-EDC
chemistry is a chemistry protocol that forms covalent bigdbetween a receptor
protein and the coated sensor surface.

The avidin-biotin complex

In the search for novel label-free biosensors avidin-hitiregarded as the gold
standard for proof-of-principle tests. The extraordiredfinity of avidin for biotin
(Ko = 10" M™1) is the strongest known non-covalent interaction of a pncaed
ligand. For that reason we also used avidin-biotin as a moaleple for bind-
ing and concentration measuremensotin is a 244 daltoh vitamin found in
tiny amounts in all living cells. Since it is a relatively shnaolecule, it can be
conjugated to many proteins without significantly alteringir biological activity

31 dalton (Da) is the atomic mass unit corresponding to on#ttwef the mass of an isolated atom
of carbon-12 (12C) at rest and in its ground state.
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and is therefore widely used to increase the sensitivity afiyrassay procedures.
Avidin is a glycoprotein found in the egg white and tissues of birelgtiles and
amphibians. It contains four identical subunits to each loitv one biotin protein
can bind. Avidin has a mass of approximately 68 kDa. In oureexpents, bi-
otin is immobilized on the surface and avidin is the analgtthie sample solution.
Bovine Serum Albumin (BSA), a protein with similar molecu@eight to avidin
that is abundantly present in body fluids, is used as a modtdiprfor non-specific
interaction.

Binding through NHS-EDC chemistry

Covalent binding of biomolecules to other molecules is eseetal component
of biosensor development. Despite the complexity of progtiucture, defined
by the composition and sequence of 20 different amino acidly, a small num-
ber of protein functional groups comprise selectable tarfge practical coupling
methods. Most proteins bind through a primary amine (zNHBecause of their
positive charge at physiologic conditions, primary amiaes usually outward-
facing; thus, they are usually accessible for conjugatiithaut denaturing the
protein structure. A number of chemical reactive groupehasen characterized
and used to target the main protein functional groups. Foregperiments, we
used NHS/EDE to couple proteins to the functional groups sticking out e t
biosensor surface. Fig. 4.7 illustrates this for the atitivaof carboxilic acids
from a surface to bind to amines from a protein. Stable sadac stable ligands
are activated with -NHS to be much more reactive towards thia@s of respec-
tively the ligand or the surface. In the next sections we uSSIEDC chemistry
in two ways. When receptor molecules are available with aiSNroup attached
to them (like biotin-NHS), we couple these so-called ‘aatidd’ receptors to the
surface using EDC. When the receptor molecules are nod@ilvith an -NHS
group (like most proteins), we ‘activate’ the surface firgtvan -NHS group and
couple the receptor molecule after that, using EDC or vésiahEDC with similar
functionality.

4.3.1 One-step modification: reaction with aminosilane

The formation of amine-terminated self-assembled layarsil@won oxide allows
immobilization of a variety of biologically important matales. Also in this work,
the first method we used to anchor biomolecules to the SOaseirivas covalent
binding of the protein (biotin) to an aminosilane (APTES)dathat was self-
assembled on the surface. The procedure is schematicatlyred in Fig. 4.8.
Prior to the self-assembly, the surface needs to be cleamadximize the number

4NHS: N-hydroxysuccinimide, EDC: 1-Ethyl-3-[3-dimethgénopropyl]carbodiimide Hydrochlo-
ride.
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Figure 4.8: Aminosilanization and biotinylation of a silicon surface.

of silanol groups at the surface. We perform a piranha ctepstep to achieve
this. The cleaned and oxidized silicon surfaces were gigghby dip-coating at
room temperature in% dry toluene. After that, the aminosilanized surfaces (Si-
APTES) were immersed in 2 ml phosphate buffer solution (PBi#) 100 yl of
E,Z link-NHS-LC-Biotin in DMF (1 mg/ml). Samples were imnsed for 3 hours

to allow the deposition of a layer of biotin receptors, cevely bound through
NHS-EDC chemistry to the Si-APTES surface.

Surface characterization

Contact angle measurements show an increasing hydroptyakiten the surface

is coated using increasing APTES concentrations (Table Z12is indicates that
increasing the APTES concentration results in a formatiomualtilayers. After
silanization, the thickness increased from 2.8nm to 9.58mce APTES mono-
layers are around 1 nm thick, this again confirms the formatfamultilayers.

The surface chemical composition was determined by XPS aéieh reaction
step (Table 4.3). After the aminosilanization step viith% APTES solution, the
carbon content increased fron3.7%, coming from residual contamination af-
ter the cleaning step, 6.2%. At the same time the silicon content decreases
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from 37.7% to 25.2%. Nitrogen is absent in bare silicon, while after modificatio
the surface nitrogen content was ab®12%. Similar results were obtained with
APTES concentrations of and2%. By increasing the concentration, a thicker
surface silane layer is obtained, that shields the buléailisignal, which progres-
sively decreases t).9 and17.8% respectively. On the contrary, when the APTES
concentration increases tmr 2%, the nitrogen content increases3ta@ and3.9%
respectively. Control of concentration and depositiorenminimizes the layer
thickness (although never optimal), and renders the esefiiroducible.

Contact anglg® |

Silicon substrate 71
Silicon oxide (after cleaning) 44.3
Si-APTES 0.2% 75.5
SI-APTES 1% 79.8
Si-APTES 2% 84.8

Table 4.2: Static contact angle measurements of silicon aminosilan@ses.

%Si %0 %C %N

Si substrate 27.7 104 540 -
Silicon oxide (after cleaning) 37.7 37.8 13.7
Si-APTES 0.2% 252 264 462 22
Si-APTES 1% 199 29 53.8 3.2
Si-APTES 2% 17.8 257 525 39

Table 4.3: XPS data of silicon aminosilane surfaces.

4.3.2 Two-step modification: reaction with poly(ethylene ty-
col)

Straightforward surface coatings of silicon are based serablies of silane rea-
gents, like the one-step method described above. They canaaide range of
functional groups for receptor molecule immobilizatiort tuwey typically do not
have sufficient resistance to non-specific interactiond.r®@resonator biosensor
measurements that confirm the high non-specific interastgmal of aminosilanes
are presented in chapter 7, section 7.4.1.

The ability of PEG layers to reduce non-specific interactionvarious detection
systems is well documented [10, 11]. The PEG layer can bedotred in a sin-
gle step, by using PEG bearing alkoxysilane end-groupsl3R,or in two steps,
as we did. The most frequently used two-step procedurevagadhe coupling
of a diamino-PEG (HIN-PEG-NH,) to a silane layer bearing epoxide groups (Si-
GPTS) [14, 15]. However, possible attachment to the suitfacaigh both -NH
groups would decrease the concentration of free functigralps intended for
immobilization of receptor molecules, as illustrated ig.M.9. Therefore, instead
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Figure 4.9: Using a heterobifunctional PEG instead of a homobifuncldPEG
avoids attachment to the surface through both -Njrbups.

of homobifunctional PEGs, we examined two heterobifumald®EGs with func-
tional end-groups of very different reactivity towards ygoxides of the silane
layer. a-sulfanylw-carboxy PEG (HS-PEG-COOH) and monoprotected diamino-
PEG (H:N-PEG-NH-Boc) allowed the introduction of respectivelyacéve car-
boxy (-COOH) and amino (-NB groups on the surface of the SOl waveguides.
All chemical reactions of the two-step procedure are schieally depicted in Fig.
4.10.

Step one: GPTS layer

The first step of the procedure involves the application cléassembled silane
layer bearing epoxide groups, 3-glycidyloxypropyltrilmetysilane (GPTS). No-
tice the contrast with the silane layer bearing amino grafpbe one-step pro-
cedure of the previous section. However, with differentglimg chemistry and
extra intermediate steps, both silanes could be used forfpoposes. After oxy-
gen plasma cleaning and activation, the substrates weredtiately immersed in
freshly prepared solutions of GPTS in toluene (1% w/w) amdibated overnight
at room temperature (Fig. 4.10, step one). Unbound matedalremoved by
successive sonication in pure toluene and acetone andhibgates were cured in
a vacuum oven for 1 hour at 100.

Distillation of the GPTS solution prior to binding turnedtdo be key to obtain
thin and homogeneous GPTS layers. It eliminates waterdrand separates the
oligomers present in the stored bottle. Fig. 4.11 shows iffierence in homo-
geneity between a coating with and without overnight daton of the GPTS. We
clearly see the formation of agglomerates on the substratbeleft, while the
surface on the right was covered with a homogeneous GPT& lal@mmogene-
ity of the surface chemistry is extremely important for nstnactured biosensors.
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Step 1: GPTS deposition
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Step 2: PEG grafting
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Figure 4.10: Chemical reactions applied for the coating of cleaned sitievave-

guides in atwo-step procedure: GPTS deposition followedb@ grafting. Thick-
nesses are not to scale.
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I 3
20 micron

Figure 4.11: Reflected-light darkfield image of a silicon substrate cdatéth an
epoxide silane (GPTS) before and after optimization of thedgeneity. Left:
1vol% non-distilled GPTS in dry toluene, 5h, ellipsomethickness is 15nm.
Right: 1vol% distilled GPTS in dry toluene, 8h, ellipsonethickness is 1.3nm.

Unlike for many other biosensor implementations, wheredlsponse corresponds
to an average of the biomolecular interaction over a large, spnanostructured
biosensor only responds to biomolecular interaction owarg small surface area
(e.g. ring surface area 3@n?). For that reason nanostructured biosensors can
have very low detection limits, but the quality of the sugatemistry needs to be
very high.

Step two: Grafting a PEG layer to GPTS

HS-PEG-COOH and kN-PEG-NH-Boc layers were deposited from 3 mg/ml so-
lutions in acetone. 100l of the PEG solutions was deposited on the surface of
each substrate in 2@ portions to allow solvent evaporation. The specimens were
subsequently placed in a vacuum oveA@tC for 40 hours in order to enable the
end groups to anchor to the epoxy-silane layer. Unbound PES&Sremoved by
rinsing multiple times with DI water in an ultrasonic bath.

Coupling biotin to the PEG layer

After attaching a PEG layer to the top of our sensor usingwleedtep procedure
above, we can proceed to attach the ligands, in this casibidhe carboxy
groups from substrates treated with HS-PEG-COOH wereaetiMy immersing
the substrates for 30 minutes in a NHS/EDC solution (0.14M). Notice that
in contrast to biotinylation of the APTES layer or the MPEG-NH-Boc layer
of the next paragraph, for a HS-PEG-COOH layer the surface ‘aetivated’.
After rinsing with DI water, the activated samples were innseel for 2 hours in 2
ml PBS to which 10Qul of EZ-Link 5-(biotinamido) pentylamine (2 mg/ml) was
added.

Deprotection of the Boc groups in substrates coated witN-REG-NH-Boc was
accomplished by immersing the substrates in trifluoroaeeid (TFA) for 10 min-
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utes. After rinsing with DI water and PBS, chips were immdrse2 ml PBS,
followed by the addition of 10@| of EZ-Link biotin-LC-NHS in DMF (2 mg/ml).
The reaction proceeded for 2 hours at room temperaturer Bifdin coupling, all
samples were rinsed with PBS and sonicated successive§3raRd DI water.

Surface characterization of the two-step procedure

The deposition of the GPTS layer was confirmed by ellipsoynetntact angle
and XPS on model Si/SiO2 substrates (see Table 4.4 and 4p)o&ucible thick-
nesses of 1.2 0.3 nm are obtained. After GPTS treatment, the charadterist
presence of 2 peaks at 284.7eV and 286.4eV, correspond@gic-H and C-O
bonds respectively, was observed on the high-resolutio Xpectra of carbon
(Cls) (Table 4.6). Si/SiO2 wafers with smooth monolayeesented a static con-
tact angle of 53+ 2°, in good agreement with values reported in literature [16].
By characterization of the surface coating obtained afiphang HS-PEG-COOH
onto GPTS-treated substrates, the layers were found tgbedhecible. The thick-
ness of the PEG layer increased rapidly during the first handsreached 2.3
+ 0.2 nm after 30 hours, in line with literature values for darly deposited
PEG layers [14, 17]. Considering that the density of HS-REGOH is 1.09
gl/cnt, this represents a load of 2.7 ng/equivalent to a chain density of 0.54
molecules/nrh. If the attachment to the surface occurred exclusivelyubhothe
thiol group, one can assume a 99 pmoflaroncentration of carboxy groups (Ta-
ble 4.5). Additional characterization of the HS-PEG-COQ@ldr was provided
by XPS analysis (Table 4.6). Reduction of the intensity ef & peaks and a high
carbon to oxygen ratio is evidence for the success of the RE@Bling. The con-
tact angles of the grafted layers were reproducible in gleexnents (32 + 1°),
lower than those of the GPTS-surface and comparable tatiitex values.

The thickness of EN-PEG-NH-Boc layers was slightly higher than the thickness
of HS-PEG-COOH layers, i.e. around 2.5 nm. Since the Botepted amino
groups avoid the occurrence of any double coupling onto hifesurface, we can
assume an effective concentration of amino groups equal fm®l/cnt or 0.59
molecules/nrh (Table 4.5).

The comparison of the surface concentrations of functignalips indicates that
the PEG brushes not only have the ability to reduce non-peteraction but that
they also have a sufficient surface concentration of funeligroups, comparable
to that present in mixed SAMs used as typical sensing layfe8®& immunosen-
sors [18, 19].

The contact angle of thed-PEG-NH, substrates was 2% 1°. The low hystere-
sis observed in the dynamic contact angl® (g an indication of low roughness of
the layer [14].

To verify the presence of reactive primary amino groups andtrface of the
structured chips, we analyzed them by fluorescence confisicabscopy. Alexa-
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fluor®555 cadaverine was crosslinked to theNHPEG-NH; surface with glu-
taraldehyde. The chips were partially covered with adlesipe to set the back-
ground reference level. The fluorescence microscopy imégégo 4.12 shows
homogeneous coloration over the surface of the chip, thofroting a presence
and homogeneous distribution of amino groups. To rule ceifptiesence of ad-
sorbed dye we examined negative control samples. No fluemescsignal was
detected on samples covered with PEG but not pre-activaitdapplying the
fluorophores with the same reaction and cleaning conditidree resolution of
the microscope is too low to see the 450 nm wide silicon walgkgg but we can
see the fluorescence on the large silicon areas in betweeitctied trenches (also
indicated on Fig. 4.12).

Contact anglg®]  Thickness Conditions
[nm]
Our data 53t 2 1.3+ 0.3 1% toluene, 15h
Data [16] 52+1 0.85+ 0.1 1% toluene, 24h

Table 4.4: Surface characteristics of the GPTS monolayer, compar¢id walues
reported in literature.

Layer Thickness Density  Surface Chain Contact  Hysteresis
[nm] [mg/ml]  loading density angle [°]
[ng/mn?]  [molecules/nm][°]
GPTS 1,4+ 0,5 1.07 1.50 3.82 532 16+ 2
HS-PEG-COOH 2,30,2 1.09 251 0.54 321 8+2
H2N-PEG-NH 25+0,2 1.09 2.73 0.59 231 4+1

Table 4.5: Characterization of all surface layers of the two-step gaare: ellip-
sometry and contact angle measurements.

% Si(2p) %O (ls) %C(1s) %N (1s)

Silicon oxide (after cleaning) 30.6 30.8 38.6 0
Si/SIC/GPTS 26.1 28.2 45.6 0.0
Si/SiO/GOPTS/HS-PEG-COOH  10.2 40.6 49.2 0.0
Si/SIC:/GOPTS/H:N-PEG-NH: 7.1 29.4 62.4 1.1

Table 4.6: Characterization of all surface layers of the two-step aare: XPS
data.

4.3.3 From biotin to other proteins
Activated surface instead of activated biotin

Tests of the SOI ring resonator biosensors modified accgrttinthe two-step
procedure of section 4.3.2, revealed high specific sigma#vidin and low non-
specific signals to BSA, even in complex body fluids (for rieganator binding
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Figure 4.12: Fluorescence microscopy picture of a structured chip coatéth
H2N-PEG-NH-Boc. Alexa-fluor®555 cadaverine was applied adbed in sec-
tion 4.3.2. The right side was covered with tape during thectiens to set the
background reference level. The resolution of the micmpsds too low to see
the 450nm wide silicon waveguides, but we can see the flres®n the large
silicon areas in between the etched trenches.

curves see chapter 7, section 7.4.2). For the coupling ¢ihtima surface bearing
HsN-PEG-NH,, we used commercial biotin-LC-NHS. However, this system ca
not simply be applied to couple other proteins to th&HPEG-NH, surface, since
chemically modified proteins bearing -NHS esters are notmerially available.
Consequently, the coupling system had to be altered.

Instead of coupling ‘activated’ proteins, we had to coupletg@ins to an ‘acti-
vated’ surface. As a model for the coupling of other protgind antibodies, we
analyzed the coupling of a non-activated biotin with terahiamino-end group
((5-biotinamido)pentylamine or further denoted as bidliH,). We examined
two coupling methods, depicted in Fig. 4.13. Activation glataraldehyde has
been used by other groups for coupling of fluorescent labéls excellent re-
sults [20, 21]. However, the introduction of the glutardigee and the inactiva-
tion® of the aldehyde groups with ethanolamine resulted in sagfagth increased
hydrophobicity (Table 4.7). This partly canceled out theaadages the PEG layer
offers. Tests revealed a considerable increase in norifiggateraction when this
strategy was applied.

Alternatively, we attempted the activation of the surfadgéhnwlisuccinimidyl car-
bonate (DSC) [22, 23]. With this method, the inactivatiortef surface structures
occurs by hydrolysis, providing hydrophilic carboxylicogips at the surface (Ta-
ble 4.7). This methodology provided almost the same surthegacteristics as
the method used to couple activated biotin. When tested @B®I microring
biosensor platform, DSC activated surfaces interactaufgigntly less with non-
specific molecules as compared to gluteraldehyde surfde8€& activation was
used further for the experiments described in chapter Tiose€.5.

SInactivation of non-occupied reactive groups after imripsiion of the receptor molecules is
always necessary in order to avoid increased non-speciécaction of macromolecular components
in the serum with the non-occupied reactive groups.
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Figure 4.13: Surface activation with gluteraldehyde and surface atibrawith
disuccinimidyl carbonate (DSC) of silicon surfaces coanéth HoN-PEG-NH..
Eventually DSC activation corresponded to the lowest nmaeiic signal.
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Contact anglg® ]

GPTS 53
H2N-PEG-NH 21
H2N-PEG-NH:/gluteraldehyde 31
HaN-PEG-NH,/DSC 24

Table 4.7: Static contact angle measurements of silicon substratasedowith
H2N-PEG-NH according to the two-step procedure and further activateth w
glutaraldehyde versus disuccinimidyl carbonate (DSC).

Water instead of solvents

In contrast to biotin, proteins can not be dissolved in oiganlvents because it
would affect their structural integrity. Hence the coupliof proteins to the sur-
face is in competition with the reaction of water with the -8lldroups of the
surface. This means the hydrolysis deactivation reactidfig. 4.13 (step 2) is in
competition with the protein coupling (step 3). The couglprocedure had to be
optimized in order to minimize the hydrolysis in favor of thetein immobiliza-
tion. Since most surface characterization techniquesifgilantifying the amount
of proteins on a silicon surface, this optimization had tabaracterized with the
SOI microring biosensor platform that is described in tHefeing chapters. See
Fig. 4.14 for the results.

The highest signal depicts avidin/biotin interaction ia thost ideal circumstances:
activated biotin was immobilized in organic solvent. Aation of the surface with
DSC is needed to couple through the amine groups of protearsset 2 depicts
the interaction of biotin-NK with avidin and non-specific proteins (BSA and other
components in serum |). The non-specific interaction wasdevexpected from
the low hydrophobicity of the PEG surface. When introducr@lin to the sur-
face however, the signal remained low which is indicativehaf low density of
biotin-NH, receptor molecules to the surface of the biosensor. In dodey and
improve the coupling, a MES buffered saline (pH 5.5) was w@secbupling buffer
instead of PBS (pH=7.6). A higher pH of the solution accats#he hydrolysis of
the activated surface. Atlower pH, one expects a longetivegueriod for the sur-
face towards the proteins. However, almost no differenceeiserved in protein
receptor coverage (bar set 3). After that we turned atteritcanother protocol
for binding proteins. The DSC activation and the subseqpeiein coupling was
done with the conditions described in [15]. After depratatbf the amine groups
of the PEG layer, a very small volume of %0 of the activation solution (DSC
+ DMAP + distilled TEA in distiled DMF) was placed on the SOhip. This
chip was covered with a clean and dry silicon chip and keptdesiccator for 4
hours. This methods reduces the possible water tracesggdheractivation. After
rinsing with distilled DMF and distilled methanol the chiywere ready for protein
immobilization. Although not optimal yet, results impraleonsiderably when
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Figure 4.14: Optimization of the protein immobilization to obtain a higpecific
signal. Biotin-NH is used as model for proteins. The serum is a 100X diluted goat
serum with RalgG, dilutions are in PBS+0.1% tween.

this methodology was applied (bar set 4).

4.4 Conclusion

In this chapter we aimed to explain all concepts and solstemcountered in the
search of high quality biological receptor layers. Couplirfi proteins to the -NH
groups of an amine silane (APTES) layer that was self-asksshtn the silicon
oxide surface, is a straightforward coupling procedurel@arse receptor coverage.
However, silanes perform poorly in terms of non-specifiefiattions with proteins
in the analyte solution. To reduce the non-specific detedtackground, we intro-
duced thin PEG layers in a two-step coupling procedure. Wéesitigated two het-
erobifunctional PEG layers with different reactive groupssulfanylw-carboxy
PEG (HS-PEG-COOH) and monoprotected diamino-PEGNAREG-NH-Boc).
Surface characterization tests confirmed the high qualig/reproducibility and
the binding capacity of PEG layers. The thickness is in tldeoof a few nanome-
ters. The contact angle decreased td &id 3% respectively, while the density of
the functional groups remained high and comparable to thsigeof functional
groups on commonly used SAMs for SPR sensing. Avidin/bio@s primarily
used for proof-of-principle biosensor tests. To immolgilizther proteins to the
surface, the coupling procedure had to be slightly changedsure good receptor
coverage and to maintain the hydrophilic character of tnfasa. In Fig. 4.15 the
final coupling routes are schematically shown. Couplingeduillustrates the cou-
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Figure 4.15: Employed coupling protocols for immobilization of receptole-
cules (biotin and proteins) on SOI microring resonators-paated with a func-

tional PEG layer.

pling of activated proteins (such as biotin-NHS) to the PE@age, coupling route
2 shows the coupling of non-activated proteins (such agbii, and most other
proteins) to a pre-activated surface. We will refer to thggife when discussing
the actual binding curves for specific and non-specific atgons monitored with

SOl ring resonator biosensors in chapter 7.
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Microfluidics

On top of the functionalized sensor chip, a fluidic compartthies to ensure the
delivery of the sample to the sensor surface. During theseoof this work, three
systems were applied to guide fluids over the SOI chips: a fedlya cuvette and
microfluidic channels.

The flow cell of Fig. 5.1(a) contains an inlet and an outlet and single broad
channel through which the sample flows and interacts wittsémsor surface. It
was sealed with Parafifrand clamped to the holder.

The cuvette is a container that was mounted leak-free onttipe Eig. 5.1(b). It
contains one inlet that fits a needle, and one extra smalliogenrough which
gases can escape during filling. The openings are as smalkaibfe to minimize
sample evaporation. The cuvette can contain a sample vadfi& i:l. Because
this is not a flow-through system, it does not allow for swithchbetween liquids.
For practical applications it is necessary to include eiee sensors to measure
the background signal level. This tubing-free system wasdouseful when only
very small sample volumes were available (e.g. when maag@DNA hybridiza-
tion).

The flow cell and cuvette performed well for single ring maaswents. However
in order to address an array of ring resonators, it is impottaat the flow charac-
teristics are equal over the entire chip. The need for cobfhadics in which the
flow velocity is similar at all locations on the chip implidgetuse of channels with

Iparafilm is a product of the Pechiney Plastic Packaging Comnph consists of a flexible film
and is commonly used for sealing or protecting vessels (asdfasks or cuvettes). It is stretchable,
moldable, waterproof, odorless, thermoplastic, sermsparent and self-adhering.
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dimensions in the order of a few tenths of microns, so-cattedrofluidics’. Fig.
5.1(c) pictures an SOI chip packaged with PDMS microfluidics

We will give a brief introduction on various theoretical asfs of microfluidics in

section 5.1, where we also discuss microfluidics modelinlgrigues. Section 5.2
deals with the actual microfluidic fabrication we performé&sing channels with
micron-sized dimensions adds complexity to the packagmgontrast to the flow
cell and the cuvette, the alignment of the channels can npétfermed manually.
Section 5.3 deals with packaging of SOI chips with microficsd

5.1 Basic concepts

5.1.1 Introduction

The fundamental laws of nature underlying our understandirine operation of
liquid handling systems are all well-known. What is new ircrofluidics, how-
ever, is the interplay between many different forces anati@nge of the relative
importance of these forces in the micro-regime as compar#tetmacro-regime.
Surface effects that often can be neglected at the macte-seaome increas-
ingly dominant in microfluidics as size is diminished. Foample, volume forces
like gravity and inertia that are very prominent in our ddifg¢ become largely
unimportant in lab-on-a-chip systems. Surface relatedefarlike surface ten-
sion and viscosity, become dominant. Microfluidic systemisl big promises for
the large-scale automation of chemistry and biology, sstiug the possibility of
numerous experiments performed rapidly and in parallellexdonsuming little
reagents. Various applications of significant scientifid aractical interest have
been developed over the past ten years. The study of fluidvimehia micron-
scale devices is a vast research domain, and is documentaddus books and
publications [1-3].

From the most general point of view, fluid flows are determibgthe knowledge
of velocities U5 u,, u,, u. }, pressureP, densityp, viscosityu, specific heat’,
and temperatur@'. wu,, u,, u., P andT are related by a system of three equa-
tions: (1) a scalar equation for the mass conservation, {@ctor equation for
the conservation of momentum, and (3) a scalar equatioh&conservation of
energy or the Navier-Stokes (NS) equatfoni$ the temperature is constant, four
unknowns are left and we have to solve equation (1) (conservaf mass) and
(2) (conservation of momentum).

2Some authors give the name Navier-Stokes to the second@y@apmentum).
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(a) Flow cell with one inlet and one outlet, sealed to
the SOI chip.

(b) Cuvette for zero-flow experiments, sealed to the
SOl chip.

(c) SOl chip packaged with PDMS microfluidics.

Figure5.1: Systems for fluid guiding over SOI chips.
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Figure 5.2: Typical microfluidic laminar flow with parallel flow streambs. The
dimensions are 50x192m for the smallest channel, and 50x4@ for the broad-
est channel.

5.1.2 Laminarity

A flow is said to be laminar when viscous forces dominate iaeiVhen this is
the case, turbulences cannot develop, and the fluid flow &nesat least locally,
parallel. The Reynolds number determines the ratio betvireenia (convective

forces) and viscous forces.
UD

14

Re

whereU is the average fluid velocity) is a characteristic dimension of the chan-
nel (or the obstacle), andis the kinematic viscosity (expressed irf/s). When
Re < Reyrans the flow is said to be laminarRe;,..ns iS the transition threshold
between laminar and turbulent flow. For flows in channelsg$udy pipesRe ans

is of the order of 1000-2000. In microflows the velocities aranly small. For
instance, we typically use a/d/min flow rate through channels with dimensions
of 50x200:m. The flow velocity is then about 0.8 mm/s. As the kinematg vi
cosity of water isv = 107% m?/s, the Reynolds number is of the order of 0.008.
Thus, the character of the flow is laminar, meaning that tfeastlines are locally
parallel. In Fig. 5.2 a typical microfluidics design is pid, with flow arrows
that are parallel as expected. The dimensions are 50x19X®#08,m.

5.1.3 Modeling

Because of the complex geometry of the boundaries, a firgt@esht method is
preferred to model microfluidic flows. We used commerciatwafe COMSOL
Multiphysics for that purpose (the MEMS module). Surfagesten and wall adhe-
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sive forces are very important for transport of fluids thdougicrochannels, so the
treatment of the boundary conditions is important. The n@dllows a non-zero
slip velocity and includes frictional forces at the walls.

Here we briefly present tHemped parameters modevhich is a simplified calcu-
lation method that gives very interesting and acceptalsigt®in some cases. The
model is described using the geometry of Fig. 5.2 as a workkagnple. The aim
is to calculate the width of the four channels to obtain edjoal velocities at the
center of the channels. The circuit can be decomposed inecbting parts (Fig.
5.3 (top)), with nodeqi =1, N} and branche$;j =1, M} with N = 6, M = 8.
The unknowns are the average velocitiésand the pressure at the nodés A
first set of equations is given by the mass conservation essdt each nodeof
the net. At a node, the equation for the mass conservation is:

Z Uj S5 =0 (5.1)
Ji
wherej; is the index corresponding to all of the branches conneoctedde;. S;,
andUj, are the cross section and average velocities (positivegative).
The second set of equations is given by the pressure drojoredathe Hagen-
Poiseuille law. For the brandh - 1, 4], this relation becomes:

Pi_1 = Py = RhyarQi-1,i (5.2)

where@;_1,; (in m3/s) is the flow rate in the channel, equallip_; ;5;-1,;, and
Ry,yar is the so-called hydraulic resistance of the channel. Tqusgon only holds
for a pressure driven, steady-state flow of an incompres8ilid, i.e. a Poiseuille
flow. The hydraulic resistance is due to viscous dissipatiomechanical energy
into heat by internal friction in the fluid. It can be calc@dtfor different channel
shapesRyyq, Of a rectangular channel with short edgdong edgev and length

L equals:
12nL 1

1-0.63(hjw) h3w

wherer is the dynamic viscosity of the liquidqterr = 1 mPas. More on the
derivation of hydraulic resistances can be found in [3].

Solving the equations provides us with the 3 unknown widftth® channels (we
set the inlet channel width equal to the width of the fourthraiel to 400.m).
Setting a certain inlet flow rate (5d/min) and atmospheric pressure at the outlet,
we also obtain the unknown average velocities in the founohbs. The height of
the channels was taken to be &, the horizontal lengths 1.2 mm and the vertical
lengths 4 mm. The widths obtained by solving these equatianserve as starting
values for the COMSOL model. After running the simulatidme welocities are
plotted and we adapted the widths slightly to increase tHecitg uniformity.
Channel widths of 192, 233, 308 and 40® were found to give nearly equal flow
velocities inside the channels (Fig. 5.3 (bottom)).

Rhydr =
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Figure 5.3: Top: Lumped parameter model for the channel network of Fig, 5
Bottom: Velocity profile in the channels.

5.1.4 Lab-on-a-chip

The integration of biosensors and microfluidics for poificare applications is
still in its infancy. Microfluidic mixers, valves and pumpave to be taken to the
biosensor platform to provide extra functionality for tharticle delivery, or for
sample pre-processing. One example of a microfluidic desiskown in Fig. 5.4.
This device is used to build and maintain a concentratiodigrd, in this case
across separate channels but the gradient would also béainaith in one output
channel. The device was fabricated in PDMS with soft-littagdny during this
PhD work in collaboration with ONC laboratory at Boston Usrisity. Channel
dimensions are 45x4&@m. In the application stage, this structure can be intedrate
with microring resonators to monitor biological behaviorsolutions with differ-
ent concentrations. Despite the importance of gradiertilogy, there are only
a few techniques capable of generating and maintaining gesity in solution.
Using a microfluidic approach it is possible to generateiafpatand temporally
constant gradients extending over hundreds of micromatatgo maintain their
shapes over long periods of time [4]. Interesting biolobstadies that are made
possible by this type of devices can be found in [5-7].



MICROFLUIDICS 5-7

200

150

100

50

gray scale intensity
~ fluorophore concentration [A.U.}

0

0 0.5 1 1.5 2 25 3
length [mm]

Figure 5.4: Microfluidic device for generating and maintaining a contation
gradient. The device was fabricated in PDMS with soft-ligiaphy in collabora-
tion with ONC laboratory at Boston University. Channel dimeions are 45x45
um. The device was tested with DI water containing fluoropho@ne inlet was
filled with pure DI water, the other inlet was filled with DI veaitwith a high flu-
orophore concentration. After passing through the chama#lvork, a linear con-
centration gradient was generated.

5.1.5 Time to accumulate a threshold number of molecules

Sheehan et al. calculated the time for accumulation of @icenumber of mole-
cules on a sensor with a certain geometry in [8]. We apply #imesmodel to the
ring resonator biosensor. The model assumes irreversistarption, a reasonable
approximation for strongly binding molecules such as bi@ividin or DNA. The
maximum number of molecules attached to a sensor as a fargdtiime is then

defined as
t
N(t) = f 515 jdodr (5.3)
0o JA

where j is the flux right above the sensor normal to the sensfaice (molecules
s m2), s isthe unitarea, A is the sensor area aisttime. In first approximation
we consider the flux to a ring, discarding molecular attaaftrteethe side walls.
Because of to the zero flow velocity at the fluidic channel sydlie molecular flux
to the ring surface will be determined by molecular diffusias was illustrated in
chapter 4, Fig. 4.3.

The solution for the steady state flux to a circular area idlainto that in the

‘Weber's disk’ problem in electrostatics,

2DN acq
ma? -r?

whereN 4 is Avogadro’s numbel;, is the initial concentration (kept constant by
the flow and the assumption of zero depletion) anthe outer ring radius.D
is the diffusion constant. For molecules of several kDa ik weight such

i(r) =
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as immunoglobulins D is approximately 2xn?s!. Integrating this flux with
equation (5.3) yields the steady-state accumulation of

N(t) =4DNscoV2aw — w3t (5.4)

which is linear in time and varies with the square root of tihhg radius.w is the
waveguide width.

The ring resonator sensor requires a threshold of about s0€cuies of a few kDa
molar weight to reach the detection limit (chapter 2, secfiad). With formula
(5.4) we calculate the accumulation time to capture 500 oubds to the surface
of a ring resonator biosensor with radiug:B and waveguide width 500 nm for
increasing molecular concentrations, Fig. 5.5(a). Withia detectable concen-
tration range of an SOI ring resonator biosensdrs(pM), the time to reach the
detection limit threshold is in the order of seconds and ®thus no limitations
for the operation speed. From Fig. 5.5(b) we can concludeftihaadii above 3
um, where bend losses are acceptable, the accumulation ¢imains below 1 s
for 15 pM concentration.

From these graphs we conclude that in order to improve theossrperformance,
we should first focus on the detection limit, through impnoests in transducer,
read-out system and intermediate chemistry. Only when #tection limit can
be decreased to the order of fM, more sophisticated moledelaery systems
are needed. For an initial concentration of 1 fM, a ring radifi 5 yum, and D
of 250 um?s!, the time to accumulate 500 biomolecules approximates 0 mi
utes. This is not acceptable for most applications. Seveethods to enhance
the total flux to the sensor are proposed in literature. Fstairce, analyte mol-
ecules can be actively directed toward the sensor via eletic fields, this has
been demonstrated for nucleic acids and proteins [9]. Siiyjltarget molecules
can be attached to magnetic particles that are then diréotedd the sensor via
magnetic field gradients [10]. Another option could be lasgale integration of
many identical sensors into a closely packed array. In ddutations the flow
above the sensor was not taken into account. This is justifiedapter 4, section
4.1.2. For all practical applications studied in this mamij, transport of the an-
alyte to the surface is for the last few micrometers abovesthréace dominated
by diffusion. An option to circumvent this, is to introducenvection to direct the
analyte to the sensor rather than streaming it past. Simgadyegising the channel
height would increase the effectiveness of fluid flow if theneavolumetric flow
rate could be maintained. However, the pressure requinediotain the volumet-
ric flow rate increases as/i/ such that, under practical pressures, the volumetric
flow is reduced and the total flux to the sensor diminished.
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Figure 5.5: Calculated time to accumulate 500 molecules (of a few kDamol
weight) on a ring resonator surface with width 500 nm. Diifmsconstant D=250
pm?s. Accumulation on the waveguide sidewalls was not takenaiotount.

5.2 Fabrication

Polymers are mostly used as substrate materials for micafldevices in recent
years. There is a huge amount of different materials aVailaltth a broad range of
chemical, mechanical, electrical and optical propertiesthere exist a multitude
of different methods to manufacture microstructures irypars. This allows on
the one hand the selection of the optimal material for alrangtgiven application
but on the other hand this diversity often makes the correcice of a material
very difficult [11, 12].

In terms of physical parameters and thus technologicalymth to fabrication,
polymers can be divided into three main classes. The maempeter which has
to be considered in this classification is the so-calledsglesnsition temperature
(Ty,). This parameter has its origin in the molecular behaviahefpolymer ma-
terial. If a polymer gets heated to a certain temperatueeettergy of motion of
parts of the polymer chain becomes large enough to overoatnaeriolecular fric-
tion. At this point in the temperature curve, larger segmefithe polymer chain
can suddenly start to move quite freely, leading to a sigamficoftening of the
material. Belowl,, a polymer behaves very much like a rigid, solid amorphous
glass; beyond’,, the material becomes flexible and soft. A second important
parameter for technical use is the so-called heat distotémperature (HDT). It
describes the maximum temperature for structural use ahtiterial; beyond the
HDT, the polymer cannot be exposed to any mechanical strgssae. The third
temperature relevant for polymers is the decompositioperature {;), at which
the polymer decomposes and the polymer chains are brokangitty the basic
nature of the polymer.

So according to the value df, and the behavior of the polymer, the following
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material classes can be defined:

1. Thermosets (duroplastic materials): in these mateniditch can be liquid
or solid at room temperature, the molecular polymer chaiat & cross-
link (cure) if the polymer is heated up or is exposed to sudfitly high doses
of light or other radiation, thereby generating a rathedrand inflexible
three-dimensional molecular network. If the curing predeas taken place
once, the polymer remains stiff even if reheated. Thernsasat therefore
not be reshaped once cured typically is rather high and close to the
decomposition temperatufg;. Typical examples of thermoset polymers
in microfabrication are the resist materials for lithogmgpfor microfluidic
applications especially the photoresist SU-8.

2. Thermoplastic materials: these materials show a distoftening at7,
which makes them processable around this temperaturehérratrge tem-
perature difference betwedry and7y allows for a large process window.
In thermoplastic materials, no curing takes place at eégl/sgmperatures so
the molded parts can be reshaped many times by reheatingzal'ggam-
ples are poly(methyl methacrylate) (PMMA) and polycarkier{®C).

3. Elastomers: in elastomers, the molecular chains areskahgn in the other
cases and typically do not show a chemical interaction beitpduysically
entangled. If an external force is acting on the polymerpthlgmer chains
disentangle and allow the polymer to stretch elasticadfyjming to its origi-
nal shape immediately if the external force is withdrawn.i@no their low
costand easy handling, elastomeric materials, namelygiahgthylsiloxane)
(PDMS), have become a primary material for the low-volumeufactur-
ing of microfluidic devices.

A compilation of physical and chemical properties of somlymers we tested for
our microfluidic application is shown in Table 5.1 [11].

Many different fabrication methods are used to fabricatiyrper microfluidics.
The most commonly applied methods are photodefinable téohies, such as
photolithography and laser photoablation, or replicatie@thods, such as imprint-
ing and hot embossing, injection molding for thermoplastsasting for elas-
tomers. We applied two fabrication technologies with twpety of polymers, de-
scribed in the next paragraphs: laser photoablation artthga®r, respectively,
poly-(methylmethacrylate) (PMMA) and poly-(dimethytsidane) (PDMS).

5.2.1 Excimer laser photoablation of PMMA

Photoablation was introduced in the literature as a prptotytechnique for poly-
mer microfluidic channels in 1997 by Roberts et al. [13]. la hotoablation pro-
cess, a high-intensity laser beam is focused onto the mhtsoithat the absorption



Name Trade Density T, (°C) Heat distor- Water Thermal  Resistant Not re-
name (ex- (gcnr?) tion temper- absorption expansion against sistant
amples) ature(°C) (%) coeff. against

(10°/K)

PMMA Perspex, 1.19 110 20 2 80 Acids, Alcohols,

Plexiglas bases acetone,
(medium  benzole,
conc.), oil, UV radia-
petrol tion, most

solvents

PC Makrolon, 1.19-1.24 148 125 0.30 70 Alcohols, Hydrocarbons,
Calibre, acids ketones,
Lexan, KOH,
Trirex most

solvents

PI Kapton 1.42 360410 410 2.94 20 Acids,

bases,
solvents

PDMS Sylgard 1.03 120 200 0.1 960 Weak  Strong

acids and acids,
bases hydrocar-
bons

SuU-8 NanoChem 1.19 210 52 Acids,

bases,
most
solvents

PE (LD/HDy* Rexlon, 0.91/0.967 110140 8Q'100 <0.015 17¢200 Acids, Hydrocarbons
Bapolene, bases,

Dowlex alcohols,
oil

Table 5.1: Overview of polymer material properties [11].

aLow Density/High Density
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Figure 5.6: Poly(methyl methacrylate) (PMMA) microchannels alignec@tSOl
structured chip. The PMMA channels are fabricated with tggeotoablation.
Dimensions of the channels are 320x&%.

of light induces bond-breakage in the polymer backbone.[I4fe structure ge-
ometry can be realized either by using a mask and exposingutherate through
the mask or by moving either the laser beam or the substrataid y direction
to generate the desired pattern. We used an excimer lagearttita at 193 (ArF)
or 248 nm (KrF). High-power infrared Nd:YAG and G@asers are also used for
laser ablation, but as shorter wavelengths correspond étterloptical resolution
of the beam delivery system, excimer lasers are betterdstotepatterning with
micron and even submicron accuracy. The UV excitation ofpigmolecules
consists of certain electronic transitions in the covatenmtds. The different types
of transitions are discussed in [14]. Excited electrong reilax to the ground
state with different relaxation mechanisms: fluorescepbesphorescence, inter-
nal conversion, intersystem crossing, photochemicati@aand external conver-
sion. During ablation, polymer relaxation will be dominétey the decay process
with the shortest lifetime: photochemical reaction (pliigeociation) and internal
conversion (heat generation).

We fabricated PMMA microchannels (Fig. 5.6) with the ‘Optdicromaster’.
This tool is equipped with optics that enable projection afiask pattern with a
chosen magnification on the material to be structured. bigpted to a Lumonics
PM848 laser that produces a power density up to 152&mn248 nm. Using an
attenuator, the energy density can be tuned. Optimizafiatl aorking parame-
ters such as ablation rate (im/puls), pulse repetition rate and energy density was
performed by Kris Naessens at INTEC [14].

Typical values for the ablation depth per laser shot areebtider of 1um. There-
fore, for deeper structures, several shots have to be fireggfth location. This
leads to a characteristic surface roughness of lasereabfaicrochannels. The
ablated material (so-called debris) has to be removed fl@méevice by suitable
means. We sonicated the structures for 10 minutes in isgpad@ohol for that
purpose.
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5.2.2 Casting of PDMS

Although it offers a high degree of flexibility, laser abtatiis a slow serial tech-
nique. Therefore we turned our attention to other fabricatnethods, such as
casting. Casting is by far the most widely published polyfaérication process,
also often referred to as soft lithograghit5]. Elastomer casting is a dominant
fabrication method in the academic world because of its V@myinitial equip-
ment cost, mainly the replication master. The dominantfaxtbr however, is the
process time, which does not produce a significant econonsgalé. Therefore
casting is seen as a prototyping or low- to medium-volumepection technology.
For large-volume manufacturing in an industrial enviromméjection molding,
despite its high initial costs, is the dominating procesmks to the short cycle
time.

The fabrication procedure is illustrated in Fig. 5.7. A dethsequence of the
processing parameters, together with some tips and traakbe found in appendix
A. A thin layer of photoresist is spin-coated onto a silicoafer. We fabricated
features of 5Q:m thickness with SU-8 50. The photoresist is exposed to Uktlig
through a photomask with the inverse channel design, andUa8 &eveloping
reagent is used to dissolve the unexposed regions. Theings8lU-8 structures
serve as a master mold for replication of PDMS microfluidics.

Before creating the PDMS microfluidics, the surface of thie@i/SU-8 master
is treated with an anti-adhesive layer of fluorinated s#an&luorinated mole-
cules have low surface energy, which prevents irrevergibleding of PDMS to
the silicon/SU-8 master. A drop of fluorinated silane (tdde fluoro - (1,1,2,2)
- tetrahydrooctyltrichlorosilane, {&1,Cl3F, 3Si) is placed on the wafer. It is de-
posited on the SU-8/silicon structures during overnighpavration in a dessicator.
Although anti-adhesion treatment in solvent presumaltsylts in slightly lower
surface energy [16], we prefer to use a dry method, as thesb(pentane) de-
stroyed the SU-8 features.

After that, we prepared a liquid PDMS prepolymer in a mixtofé:10 base poly-
mer:curing agent. To prevent the formation of air bubbleddumixing and cast-
ing, we thoroughly degas the mixture in a simple low vacuusteay. The mixture
is then poured over the master and cured &atf651.5 h. The curing itself is an
organometallic cross-linking reaction, where three-disienal bonds are formed.
The resulting elastomer is optically transparent (downktoua 300 nm), electri-
cally insulating and chemically inert. It is compatible ibiological studies be-
cause it is impermeable to water, nontoxic to cells, and pabie to gases. After
curing, the PDMS sheet is peeled away from the master. Smolaistare punched
into the PDMS using a flat needle to produce inlets and outlstany PDMS
replicas can be made from a single master. The replicatioaracy is extremely

3Sometimes the term soft-lithography is used to refer toegilication methods that make use of an
elastomer mold (e.g. PDMS), previously casted in mastedmol
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Figure5.7: Fabrication steps for casting of PDMS microchannels.
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Figure 5.8: PDMS deformation, aspect ratios (h/l) are limited to 0.2a2rder to
obtain defect-free features.

high; the replication of structures below 10-nm feature siith root mean squared
surface roughness of 0.26 nm has been reported [17]. Hovwsperct ratios are
limited to 0.2-2 range in order to obtain defect-free feasuWhen the aspect ra-
tio (h/l) is too high or too low, the elastomeric characteP&iIMS will cause the
microstructures in PDMS to deform or distort and generafedls in the pattern,
as illustrated in Fig. 5.8 [18].

5.3 Integration with SOI chips

Because the SOI microring biosensor platform is develop&e tscalable for high
throughput detection of hundreds of different moleculesat, different receptor
molecules are spotted on the chip before the microfluidicokbs are mounted.
This is in contrast with the approach that couples recepteaules to the sur-
face after bonding the channels, which requires a more caogtiannel network
with multiple in- and outlets, especially for large sensoags. Our approach of
spotting before bonding asks for a low temperature bondingess during which
contact of an adhesive glue with the receptor molecules ersthl chip has to
be prevented. A commonly used technique where both substaae exposed to
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a short oxygen plasma treatment and bonded at higher tetapefar permanent
sealing can therefore not be used. Still, we optimized théshad as well (see
next paragraph), because it is a powerful method that sesultery strong bonds.
It was used for all applications that did not involve bionmlkes: sensing bulk
refractive index changes, preliminary optical trappingexxments... In order not
to damage the fragile receptor biomolecules, we used a stantifstick method to
transfer the channels on the SOI chip for biomolecular sgnskperiments [19].
We will describe both of these techniques in more detailfibgttwe briefly discuss
the surface properties of PDMS which are crucial for unéeding bonding.
PDMS consists of repeating -OSi(GH- units; the CH groups make its surface
hydrophobic. The surface can be made hydrophilic, thus igh surface energy,
by exposure to an oxygen plasma which oxidizes the surfasdamnol (Si-OH)
[20]. This will enhance the bonding capacities of PDMS wiiffiedent materials.
The plasma-oxidized surface remains hydrophilic if it staycontact with water.
In air, rearrangements occur within 30 min, which bring foghobic groups to
the surface and lower the surface free energy.

5.3.1 Direct bonding using plasma activation of the surface

The silanol groups at the PDMS surface, induced by oxygesnmatreatment,
interact with those on another surface, when two such legrerbrought into con-
formal contact. For both PDMS and SiCthese reactions yield Si-O-Si bonds
after loss of a water molecule. These covalent bonds fornbésés of a tight
irreversible seal between both materials.

Prior to the oxygen plasma treatment, the PDMS and the S@lwéie cleaned.
PDMS was sonicated in IPA and DI water, the SOI chips were insptkin a
piranha solution (KS0,:H,O, in 7:3 ratio) for 5 minutes. We used the Oxford
Reactive lon Etching (RIE) or Oxford Plasmalab Inductivelyupled Plasma Re-
active lon Etching (ICP-RIE) equipment for the plasma treait, depending on
their availability. Both tools gave similar results. Aftelasma treatment of both
materials, the channels were aligned to the SOI sensorg asilip-chip bonder
from ‘Microtech’ and bonded at 13& for 45 min. All process parameters can be
consulted in appendix A. Pictures of PDMS channels sealél diiect oxygen
plasma bonding to SOI photonic chips are shown in Fig. 5.9.

5.3.2 Adhesive bonding with stamp-and-stick method

We used a room temperature ‘stamp-and-stick’ bonding igcierfor transfer of
PDMS (or PMMA) to an SOI chip covered with biomolecules. Thigciple has
first been described by Satyanarayana et al. [21], we ad#pss@chnique for our
purpose. The procedure is illustrated in Fig. 5.10. An7 thick SU-8 layer is first
spun on a flat silicon substrate. The PDMS is given a shetpl@sma treatment
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Figure 5.9: PDMS channels are aligned to SOI photonic chips and sealdéul wi
direct oxygen plasma bonding.

1. O, plasma treatment of PDMS 2. Spincoat thin layer SU-8 3. Stamp PDMS in SU-8 layer

E
—
| SOl sensor chip | SOl sensor chip
4. Align to SOI sensor chip 5. Bring in contact and cure with

UV light

Figure 5.10: Stamp-and-stick method for bonding of PDMS microchanrebs t
structured SOI chip without exposure to aggressive surfi@agment or high tem-
peratures.

to enhance adhesion to the glue. After that the microfluididp is pressed in
the SU-8 glue layer, after which a thin layer of glue surraatiet channels. A too
thick glue layer will clog the channels, a layer that is toia thill not be transferred
to the polymer. The channels are aligned to the SOI sensay with a flip-chip
bonder. Both devices are brought into contact and the SUtB/sured for 2.5
minutes. Fig. 5.11 shows pictures of the transfered PDM3afligdics to an SOI
chip. As can be observed from the pictures, the sealing nhigl little irregular
at the edges due to spreading of the glue. By making sure theseste not too
close to the sensors, this did not alter the biosensor’'siwgrdapacity.

5.4 Conclusion

The sample delivery part of the SOI biosensor platform c&ea taree forms: a
flow cell, a cuvette or microfluidic channels. The former twe alamped on the
chip and are reusable, the microfluidics are bonded to theaB@hre disposable
with the rest of the chip. For the current concentration ctéia limit (~10pM),
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Figure5.11: Pictures of PDMS microfluidics bonded to SOI chips with tlaengt-

and-stick procedure using and adhesive layer. Channel mioes range from
50x50pm to 200x5Qum.

the time to accumulate a threshold number of molecules fusisg is not a lim-

iting factor. Only when the detection limit decreases to féhcentration range,
more sophisticated sample delivery methods need to beafmel Using finite
element methods and lumped element methods the behavioids @in a micron
scale can be predicted. We fabricated microfluidic chanméfstwo fabrication

methods: excimer laser photoablation and replication ingldAfter fabrication,

the polymer microfluidics need to be bonded to the SOI chipsorter not to

damage the fragile biomolecules on the sensor, no high texiyes or surface
activation methods can be applied during the bonding stéys [€aves us to ad-
hesive bonding with an intermediate glue. To avoid contat/ben biomolecules
and the glue, we use a stamp-and-stick bonding process.
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Optical read-out

As explained in the introductory chapter, there are bagitalir parts contributing
to a successful detection: the sensing element or transdbieecoupling chem-
istry, fluid delivery and read-out system. They were scherally pictured in
chapter 1, Fig. 1.5.

This chapter describes the optical read-out in detail. Thlkility of the signal in
time is very important for a low detection limit. Section @liscusses how to mini-
mize the influence of environmental parameters on the resenaavelength of an
SOl ring resonator. Light sources and detection mechanigithbe discussed in
section 6.2. Part of the read-out system is integrated @m-sée grating couplers
section 6.3. Part of it consists of free-space optics, settose6.4. A separate
section is devoted to comparison of the different setupsrims of their intensity
noise, section 6.5.

6.1 Signal stability and temperature dependence

The read-out system includes the sensor holder and the emitironment. The
stability of the signal over time is very important for a lowtdction limit. Drift or
shift of the signal when no biomolecular interaction takkese at the sensor sur-
face is to be avoided. The resonance wavelength is suslkeefihll factors that
influence the effective refractive index of the optical made;, amongst them di-
mensional and refractive index changes of the core and iclgadaterial. Stress,
temperature and non-linear optical effects are the maitriborors to unwanted



6-2 CHAPTERG

effective refractive index changes. Non-linear opticéets are avoided by keep-
ing the intensity levels in the ring resonators low enougipa from potential
conformational changes, strain induces changes in the@hedensity and in the
average band gap in silicon [1], causing a change in the mBseefractive index.
However in the SOI biosensor platform, the chips are notezilbp strain or stress.
The main cause of unpredicted shifts are temperature fltiohisa On top of that,
the temperature may be varied intentionally to induce @ettélogical effects
(e.g. (de)hybridization of DNA). The temperature depemgeof the refractive
index of silicon is quite high, the thermo-optic coefficiet/dT equalsl.79 x
10~*/K at 1530 nm. This is an order of magnitude higher than the teatye
dependence of the refractive index of $iQ.2x 107/ K). Thermal expansion has
a negligible influence on the wavelength shift, althougkssrinduced refractive
index variations due to different expansion of silicon an@-Smight contribute
slightly [2].

In contrast to silicon and Si) water has a negative thermo-optic coefficient (
-1 x 107%) [3], hence the red shift induced by material temperatuggeddence
of silicon is partly neutralized. Dumon et al. reported a penature induced
wavelength shift of 83.4 pm/K for a ring resonator in air wftb0 nm waveguide
width [2]. We measured a wavelength shift of 66.7 pm/K fomgniesonator with
the same dimensions in a water environment. Decreasing #éhegmide width
would increase the fraction of light in the negative theramtic coefficient ma-
terial, further decreasing the influence of the temperatarthe resonance wave-
length. However, higher losses due to the water absorptmmdwecrease the
resonator’s Q-factor.

The minimum detectable wavelength sififd,,,;,, of an SOI ring resonator is lower
than 1 pm (chapter 2, section 2.4). A temperature changeDdf©.can already
cause this shift. For that reason temperature stabilizasiovery important. We
place the chip with the fluidics on a temperature-stabilizeack. On top of that,
when multiple rings are placed in an array, one of them carsbd to compensate
for temperature drift, provided that the temperature olrerantire chip is equal.

6.2 Sources and detectors

The read-out system serves to provide light to the sensergesit and process the
light after passing through the sensing element. To measuesonance wave-
length shift, the spectrum of a ring resonator must be magdto This can be
done either by stepping the wavelength of a monochromaticegin particular a
tunable laser source or by excitation with a broadband sgum@articular a (su-
perluminescent) Light Emitting Diode (LED) and spectraalysis of the output
with an optical spectrum analyzer (OSA) or spectrometerQSA typically has
a higher resolution and a higher sensitivity as compareddpegtrometer. The
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highest resolution OSA we have available is an Agilent 8@®L4pectrum ana-
lyzer with 60 pm resolution. This is insufficient to scan tlesanance spectrum
of a ring resonator with a FWHM of 150 pm. Hence a tunable l&sereferred.
High spectral resolution comes at the cost of measurenraat tJsing the fastest
tunable laser we had available, Santec TSL-510A, a rang@of @an be scanned
with 5 pm resolution in about one minute. In chapter 8 we dbsa method to
circumvent the use of an expensive tunable laser by degjgmimore elaborate
photonic circuit.

6.3 Grating couplers

Coupling lightin and out of a photonic integrated circuisimportantissue: sim-
ple butt-coupling between fiber and waveguide results ircoejptable losses be-
cause of the mismatch between the fiber mode (dimensioresingtle fiber core
@ ~ 10 um) and the waveguide mode (dimensie¥50x220 nm). A lensed fiber
that focuses the incoming beam on the waveguide core redlness losses, but
the alignment tolerance is too low for practical applicaioThe coupling problem
has been tackled with different mechanisms. We will onlgdss the use of inte-
grated grating couplers. An overview of other approachesbeafound in [4, 5].
Grating couplers are a substantial part of the biosenstfiopta, especially when
multiple resonators are addressed at the same time. Onewandimensional
grating couplers, with variations in particular designgenbeen demonstrated in
numerous publications, amongst them [6-8]. We briefly oesnthe working
principle of a one-dimensional grating coupler.
Waveguide gratings are structures having a periodic md¢idulaf the refractive
index, see illustration Fig. 6.1. According to the Braggdition, schematically
shown in Fig. 6.1, this one-dimensional periodic structuiié allow power ex-
change between particular modes of the structure. For eating aK-vector
along the direction of periodicity can be defined with magaé:
2
=3
in which A is the period of the grating. The fundamental waveguide nweite
propagation constamt couples to other modes with). vectors given by the Bragg
condition:
ky=pB+mK

with m = ...,-2,-1,0,1,2,.... From the vector diagram it is clear that vertical
coupling through a grating coupler will go hand in hand witlai@e second order
reflection back into the waveguide. To avoid this, the gggiare designed for
slightly off-vertical coupling. In order to optimize the @pling efficiency, the
overlap between the field profiles of an optical fiber and theargs diffracted
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Figure 6.1: (Left) Coupling to integrated waveguides with near-vetigrating
couplers from [4], (Right) Bragg condition for one-dimemsal periodic struc-
tures.

field profile is maximized. An extensive analysis of the desifgrating couplers
is given by Taillaert in [9] and by Tamir in [10].

The SOI shallow etched gratings have maximal coupling efficy of 31% at 1.55
»m wavelength forl0° off-vertical coupling angle, with a 1 dB bandwidth of 40
nm [11]. Two mechanisms to enhance the coupling efficienaptefrated SOI
grating couplers have been demonstrated by Van Laere [tiZRaplkens [13], us-
ing a gold bottom mirror or a silicon overlay layer respeelyv Lateral conversion
of the spot-size from the grating toward a single-mode phiotaire is performed
by an adiabatic taper ef 300 um length. The rather small bandwidth of the grat-
ing couplers forms no limitation for ring resonator sensassthe sensing window
is limited by the FSR of the resonators. As we will see belovemwkiscussing
different setups, the power efficiency of the grating corgig not a limiting fac-
tor either. We benefit from high alignment tolerances whengisompact grating
couplers ¢ 2 um for 1 dB excess loss).

The 1D grating couplers are very polarization selectiveabse of the large wave-
guide birefringence in high index contrast material systefihe effective index is
substantially different for TE and TM polarization and a®agequence a 1D grat-
ing coupler can only be designed for one polarization. Tlteogonal polarization
will be coupled at a completely different angle. For all measnents discussed in
chapter 7, the grating couplers were optimized for TE poédion. Polarization
wheels controlled the polarization at the output facet effiber. This polariza-
tion dependence was used in chapter 3 to launch TE and TMitigivo different
waveguide directions.
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6.4 Measurement setups: fiber-based, camera-based

6.4.1 Fiber-based setup

The fiber-based setup consists of two single-mode fibergnedi to the grating
couplers to transfer the input and output optical signaj, l6.2(a). From the il-
lustration it is clear that only one waveguide can be adéxkasthe time. Hence,
only limited multiplexing is achievable. The output fibenaguide the signal of a
bus waveguide that couples light to multiple ring resorgtand a spectrum like
Fig. 6.2(b) is obtained. Provided that each ring resonaisrehfree spectral range
(FSR) of 15 nm, and their resonances are separated abounXdavoid spectral
overlap and allow shifting upon molecular detection, a maxn of about 10 ring
resonators can be monitored simultaneously. Post-priocgissolves separation
of the individual signals from the common pass port signtiin§ a Lorentzian to
each resonance spectrum, storing the resonance wavekemgjtracing the reso-
nance wavelength of all signals over time.

When measuring an array of ring resonator sensors simuitehe light coming
from multiple output gratings has to be detected in paralsie possible mech-
anism is to align an array of fibers. However, the outer di@amef the cladding
of a single mode fiber is 12b6m, so the gratings need to be separated at least this
much. This is a space consuming and fragile solution. Ifelate packaging is
applied, several fibers can be packaged with the chip. Havtkbigeway the fibers
become part of the disposable which increases its cost aptataly.

6.4.2 Infra-red camera setup with fiber illumination

Another option to measure many output signals simultarigoigso monitor the
light of the grating couplers by imaging them with an infedr(IR) camera. A
XenlCs XEVA camera was mounted on a microscope. An illuistnadf this setup
is shown in Fig. 6.3(a). The InGaAs camera operates from®B 7 m, has
320x256 pixels with 3Qum pixel pitch and captures at a frame rate of 60 Hz. The
exposure time can be set fronu to 400 s. To image the output gratings ok28
um on about 55 pixels, we set the magnification to 15X. Notice that we ordg u
a small fraction of the available pixels, using a linear paway could reduce the
system cost while maintaining similar performance.

Light is coupled into the photonics integrated circuit watlsingle mode fiber. In
our design 3-dB MMI splitters were used as power splittefgeylare about 1pm
long, and have an excess loss of -0.2 dB. This is significamtyer than an SOI
Y-splitter. Although Y-splitters are more compact and havarge operation band
width, because of the sharp feature in the middle, they &flyicause large losses.
The current generation of SOI Y-splitters has an excessabsk5 dB [14]. Fig.
6.3(b) shows the spectra of a4iring resonator array addressed with one fiber.
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(a) Fiber-based setup.
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(b) Resonance spectra measured with two fibers.

Figure 6.2: Fiber-based measurement setup: light transfer with twglsimode
fibers.
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(a) Infra-red camera setup with fiber illumination.
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(b) 4x4 ring resonators are measured simultaneously with a smglde fiber and
an IR camera. Dashed lines: pass spectra, full lines: dregtisp

Figure 6.3: Camera-based measurement setup: one incoupling gratiraglis
dressed with a single-mode fiber and light is captured froendtitcoupling grat-
ings with an IR camera.

A tunable laser scans the spectrum. The input power and timereaintegra-
tion time was chosen so that the intensity of the resonanakspenrresponds to
the pixel saturation level to obtain a maximum signal-tisagatio. A software
framework was programmed around the camera, Fig. 6.4 sh@asean shot of
the user interface. It stores the maximum pixel intensitg @findow around each
grating coupler. The spectrum is plotted on screen (bot&fthdnd the resonance
spectrum of each device is stored in a separate file. By mgakily the intensity
of one pixel (the maximum intensity pixel), noise due to rmeetbal instability is
partially filtered out. A Matlab post-processing script eitkorentzian to the spec-
trum of each ring resonator per time step, so the resonanesleveyth of all rings
over time can be monitored.
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Figure 6.4: Screen shot of the dedicated software for measuring therspeof
multiple devices in parallel using an IR camera and a tundaser.

6.4.3 Infra-red camera setup with flood illumination

In Fig. 6.5(a) we illustrate another way to couple light ithie photonic integrated
circuit. Multiple grating couplers can be addressed at avittea collimated laser
beam. This scheme offers the highest degree of multiplesinge multiple input
bus waveguides can be addressed, and multiple output ggatan be monitored
in parallel. The spectrum of a ring resonator array x4 I shown in Fig. 6.5(b).
For the experiments in chapter 7 we used a collimator thatertsithe fiber mode
in a parallel free space beam of 2 mm diameter. This collinadald transfer light
to over 100 grating couplers. If each grating coupler istagéo a bus waveguide
that serves as an input for 10 ring resonators, an array d b@ensors can be
monitored in parallel. On top of that, there is more flextliln the design width
of the grating couplers, since it does not have to fit to thettwid a single-mode
fiber core in this case. Exciting 100 waveguides with onelsingode fiber instead
of with a collimated beam as discussed here would requireZ¢sblitters. This is
still feasible with respect to space and power budget, lldes not scale as easily
as the flood illumination technique towards even largernyatra

An important advantage of using flood illumination versusoatical fiber is the
alignment tolerance. While the alignment of a single-molderfto a grating cou-
pler has a tolerance of/2m for 1 dB excess loss, the alignment of a wide parallel
free space is in the order of hundreds of microns and scatbsting width of the
collimated beam. The overall system becomes highly totecamechanical insta-
bility. For commercial applications this is a very importé&mature for which many
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(a) Infra-red camera setup with flood illumination.
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(b) 5x4 ring resonators are measured simultaneously with floathiiation and
an IR camera. Dashed lines: pass spectra, full lines: dregtisp

Figure 6.5: Camera-based measurement setup: incoupling gratingsdaesased

with flood illumination and light is captured from the outg@bing gratings with an
IR camera.

existing technologies fail.

Both with fiber coupling and flood illumination the power efffiacy is rather low.
However the losses in the photonic integrated circuit anedaough, and the IR
camera is sensitive down to very low intensity levels so ffwater efficiency has
not been an issue.

Despite these advantages, flood illumination comes withaavidlack: the reso-
nance spectrum is distorted by a periodic modulation wittD g period. In
worst case, the resonance dips disappear in the oscikasiod the spectrum be-
comes useless (e.g. Fig. 6.6). This problem was studied byekhist during
her master thesis work [15]. Two possible sources of thiscefiave been exam-
ined. The distortion might be caused by imaging imperfetioNVhen the image
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Figure6.6: In worst case periodic oscillations can completely detextie the ring
resonator spectrum.
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out-of-focus

Nox=1.444

imaging system

Figure 6.7: Possible sources of the spectral distortion observed in Ed(b).
(Left) Out-of-focus imaging of multiple output grating pters, (Right) Reflection
on the bottom of the silicon substrate.

plane does not coincide with the CCD camera plane, light ngrfriom different
gratings might interfere, Fig. 6.7 (left). However, thisusa can be excluded by
looking at the spectra of Fig. 6.3(b): also here multipletiggs are monitored
simultaneously, but no interference patterns in the outpattrum are observed.
In [15] extra experiments were performed confirming thatMpinterference as a
source of spectral distortion can be excluded.

A second source of the oscillations might be interferenckigbt traveling with
different optical path lengths. For example, aside fromlidjet that couples di-
rectly to the grating, a second possibility is for light taupte via the backside of
the grating, Fig. 6.7 (right). When these waves recombirey, tause interference
patterns.

To confirm that the interference spectrum actually origgedtom a beam that is
coupled through the backside of the grating coupler, weutaille the distance
where a beam should enter the chip in order to arrive at thedifabe grating cou-
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pler after reflection on the bottom of the substrate. Fronntlee vector diagram
of Fig. 6.1 can be determined that the coupling efficiencynfrd wave coming
from the back of the grating to a horizontal waveguide is mmeatj when light is
incident with an anglex,, that satisfies (witl,;,. = 10°):

NairSIN(Qair ) = Moz STN( oy ) (6.1)
= gy = 6.91° (6.2)

Following Snell’s law, the angle of the light beam in thecil substrate is deter-
mined:

NgiSIN(si ) = Moz SIN( Aoy ) (6.3)

= (= 2.86° (6.4)

The most important contribution to this beam comes from dflection of a beam
incident to the bottom surface under the same angle The distancel between
the grating coupler and the location of incidence is thus:

d =2(hogtan(ceg) + hsitan(as;)) (6.5)
=d="T73um (6.6)

Interference of this beam with the beam coupled through dpeof the grating

coupler, will cause a sinusoidal modulation of the intgndtor the calculation of
the period, we assume equal and unit intensity of both ieterice modes. In re-
ality the difference in intensities will mainly depend orthrating coupler design
and on the wavelength. However the interference periodiwitldepend on the
mode intensities. Under these assumptions, the intederi@tensity equals:

I=2(1+cos(AD)) (6.7)

where A® is the phase delay between both waves. The phase delay ¢lgeals
acquired phase difference along propagation through thstiaie plus a phase
shift 7 upon reflection at the bottom substrate. For the followingwations, the
propagation through the oxide is neglectedhe optical path length difference
between the directly coupled mode and the backside coupbelhl is:

hsi

AL =2ng4———— (6.8)
cos(as;)

The phase delay between the interfering beams then becomes:

AQZQTWAL—WZZL—WnS s

A icos(asi) o (6.9)

Lincluding the propagation through the thin oxide layer arfignges the period with a few picome-
ters.
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Plugging this into equation (6.7), we see that the intensityes periodically as a
function of v = % with periodAv = ﬁ. The periodAv can be converted to a
period AX with the identity52 = ££.

AN =N Av (6.10)
2 .

AN A cos(a;) (6.11)
Qnsihsi

At a central wavelength of 1550 nm, the period of the osadliats 477 pm (with
ng;=3.47,hs;=725um, as;=2.86"). This corresponds well with the experimen-
tally measured period of 450 pm.

A possible solution to avoid coupling through the backsitithe grating coupler
while still using flood illumination, is covering the areahied the grating couplers
with an absorbing or reflecting coating. In [15] the chip wasated with a BCB
polymer spacer and covered with a Au coating. A window arotlnedgrating
couplers was lithographically defined and opened. In thig, wa interference
could occur and the spectrum was not distorted. Anothettisoluesides in the
use of a cylindrical lens and focus the laser beam to a limg@ath spot. With a
high-NA lens (NA 0.55), line spots with 1bm line width can be obtained. This
is sufficiently smaller thaml (73 xm) and will help to avoid the oscillations in
the spectra. The problem could also be tackled at the levidleofirating design.
Gratings with greater directionality, that couple sigrafily more efficiently in
the upwards direction, can be fabricated with use of a bottoror or a silicon
overlay layer [4, 5].

6.5 Noise

Apart from wavelength resolution, alignment tolerance éegree of multiplexing,
noise is an important characteristic of the measuremernpetant. The detection
limit is defined by the ratio of measurement resolution anasieity (chapter
2, section 2.4). If infinitely small resonance width wereikalde and absolutely
zero system noise were present, the sensor performanaklm®aharacterized by
the sensitivity alone. However, the resonance resolutimhsystem noise detract
from the accuracy with which the true resonance wavelengithbe located. The
relations between accuracy, spectral resolution, systaserand resonance shape
(extinction and Q-factor) are worked out in chapter 2, ecf.3. In this section
we discuss the noise of the different read-out methods teeg imtroduced above.
There are two classes of noise that contribute to errorstariaiéning the positions
of the resonant mode: intensity variations and spectraatians [16]. Intensity
noise refers to the cumulative noise added to the specamditnission character-
istic. Noise sources include thermal and shot noise in tlidquietector, laser rel-
ative intensity noise, quantization errors and possiblerftb-chip coupling vari-
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ation. In addition to intensity noise, there are spectraafactors that also con-
tribute to variation in the spectral location of the resdnmande and thus to the
measurement resolution. First there is the thermal vanatf the system. This
was discussed in section 6.1 of this chapter. The specsalution is also limited
by the wavelength accuracy of the laser or the optical dieteatechanism. In our
setup, the laser is tuned over a small spectral range whileotogetector or IR
camera measures the amplitude at the output of the systeenliniitation in this
case is due to the linewidth of the laser, which is less tharHz MAt 1550 nm, 1
MHz is equivalent to about 8 fm.

Since the Q-factor of the SOI ring resonators is relatively (10*), the influence
of noise on the detection limit is dominated by intensityseoi In the case of
high-Q sensorsl1(”), spectral noise becomes the limiting factor and contrglli
the temperature and laser induced spectral fluctuationsyisdka high detection
limit.

To determine the intensity noise of the detection systemotitput intensity was
measured a large number of times at constant wavelengttoasteat input power
[17]. The intensity noise was then determined as the vagiafiche normalized
. . . _ 9 _{ar?) . . . .
intensity, noise =7 ~ =‘75-. This way we bring setup noise only into ac-
count, and exclude possible noise sources in the phototggriated circuit (for
example the interference mentioned in the previous séctidme same definition
was used for the noise in the simulations of chapter 2. Resoitthe different
setups are in graph 6.8. A large part of the noise of the filber8etup originates
from vibrations of the fibers, which causes the coupled witgro fluctuate. When
comparing the noise of a setup with two loose fibers to theenleigel of a setup
where the mechanical stability is enhanced by gluing botréilo the chip with a
UV curable glueg?  decreases with a factor 50. For the IR camera setups, the
measurements were done for a set of input powers to obtaindise for the full
dynamic range of the camera. No correlation was found betwezinput inten-
sity level ands7 , but the standard deviation was used to indicate the error ba
aimm of the camera setup is dominated firstly by mechanical stykihe noise
decreases when gluing the fiber or using flood illuminatiamd then by quan-
tization errors because of the limited number of bits (12dufor analog/digital
conversion.

6.6 Conclusion

Measuring the spectrum of a ring resonator biosensor carelfermed with a
number of read-out systems. They differ in light source (cabmomatic or broad-
band), detection (spectrum analyzer, photodetector or €&era) or light guid-
ing (fiber or free-space). The read-out system of an intedraptical biosen-
sor is fundamentally different from the read-out systemarhmercial free-space
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Figure 6.8: Comparison of the variance on the normalized intensity ftieent
read-out systems.

biosensors like Biacore SPR. The read-outis completelywa@ed from the detec-
tion, offering a much higher degree of multiplexing and a mbigher alignment
tolerance. The latter is important for portable applicasiand largely reduces the
cost of the overall system. In Table 6.1 the setups we inya&d are listed and
compared in terms of important performance parametersdrltumination and
detection with an IR camera offers a good trade-off betweégi thegree of multi-
plexing and low noise. However precautions need to be takemdid oscillations
originating from interference between the modes coupleztty and through the
backside of the grating couplers.



Wavelength res- Noise Alignment tol- Mutliplexing  Cost of the
olution [pm] erance (#rings) disposable
Fiber-fiber (SANTEC tunable lasef-1 high low (2um) 10 low
photodetector)
Fiber-fiber glued (SANTEC tunable 1 very low 10 high
laser-photodetector)
Fiber-fiber (SLED-OSA Agilent) 60 low (2 um) 10 low
Fiber-fiber glued (SLED-OSA Agilent) 60 10 high
Fiber-IR camera 1 very high low (21:m) 100-1000 low
Glued fiber - IR camera 1 medium 1061000 high
Flood illumination-IR camera 1 low high 6100 m) >1000 low

Table 6.1: Overview of the performance parameters of different reatdsetups.
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Biosensor measurement results

7.1 Introduction

The previous chapters were devoted to the technical detatlse SOI ring res-
onator biosensor platform development. This chapter \mitiveé the most impor-
tant measurement results that we obtained. All measurerhané been performed
with the focus on characterization of the platform, inchglphotonic chip, chem-
istry, fluidics and read-out system. The platform is devetbf be applicable for
a broad range of applications with a focus on protein detactHowever, in the
course of this work we did not investigate a specific diagonastbiotechnologi-
cal problem. Instead we used standard molecules such &g avitin, IgGs and
DNA to characterize the platform.

First we will present the sensor’s ability to monitor refige index variations of
the entire environment, i.e. bulk refractive index (RI) ebas (see section 7.2).
In a next step we measured the thickness of thin layers withkmewn prop-
erties at the ring resonator surface, see section 7.3. Tgredffinity molecular
couple avidin-biotin has been used to perform specific andgpecific binding
tests. Although avidin-biotin will not be the ultimate bagjical system studied
with these biosensor chips, it is a useful model affinity deup demonstrate the
feasibility and reproducibility of the detection. It alsliosved us to characterize
the sensitivity of the system and to show the efficiency ofshdace chemistry
coatings to reduce non-specific interactions, see sectibn The measurement
results are structured similarly to the section structuréhe chemistry chapter
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(chapter 4). Ultimately we tested the system for multiptepeotein detection:
different proteins were spotted on different chip locasi@md various antibodies
could be detected simultaneously, see section 7.5.

In the theoretical chapter (chapter 2) we calculated théemmim detectable wave-
length shiftA\,,;, of the system. With the measurement results presented here,
we can determine the sensor’s sensitivity towards bulk Rhges or biomolecular
layer changes. The ratio &\,,;,, and sensitivity provides us with the sensor’s
detection limit. The detection limits reported in this cteapare calculated for a
minimum detectable wavelength shift of 0.67 pm, which wdsutated in chapter
2, section 2.3.5. A list of calculated detection limits canfbund in table 2.2 of
the same chapter.

7.2 Bulk Rl sensing

Although the sensitivity for bulk Rl changes is not a direeasure for the sensor’s
sensitivity for biomolecular detection, it is importantibvestigate this parameter.
Biomolecules appear in solutions with different refraetindices, hence some-
times causing a bulk RI contribution to the measurementsstNikely this signal
is of no interest for the user, so in order to be able to comgerfer it, it is advis-
able to predict its contribution.

Liguids with varying refractive indices (water with difiemt sodium chloride con-
centrations) are flowed across the ring resonator in ordehaoacterize the bulk
refractive index sensitivity. No surface chemistry wagiearout, so the refractive
index is homogeneously changed above the ring resonatoet &lu experimen-
tally determined the refractive index of solutions at 1580i]. The refractive
index of an aqueous solution of NaCl variesias 0.17151C + 1.3105, with C the
concentration in mass %. Fig. 7.1 shows a linear shift of 68Ribh of the res-
onance wavelength with increasing salt concentration. shifés are determined
after Lorentzian fitting. All measurements are done thnesi to prove repeata-
bility. The linear fit is depicted with mean wavelength shiflues and weighted
standard deviation error bars. The variations are verylsmraving a very high
stability. The sensitivity corresponds well to the simathsensitivity values in
chapter 2, section 2.2. If a shift of 0.67 pm is detectables tesults in an RI
detection limit of 9.7 107% RIU.

7.3 Layer thickness sensing
To study molecular interaction near the sensor surfacenplsimodel of a layer

surrounding the waveguides at three sides with constargatafe index and in-
creasing thickness is commonly used (chapter 2, sectio®)72. The resonance
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Figure7.1: Resonance wavelength shift versus bulk refractive indamggshow-
ing a sensitivity of 69nm/RIU or a detection limitkd—> RIU.

wavelength shift is

_ AneffA()

AN (7.1)

Ng

taking first-order dispersion into account ¢ is the effective index change of the
resonating mode), the initial resonance wavelength angthe group index. We
simulated the effective index changey ¢, using vectorial mode solver software
Fimmwave, and calculated the corresponding resonancdevegth shift with for-
mula (1). To verify this formula and simulations, we depedithin layers of Si@
on ring resonator sensors and measured the wavelength Bhétsimulation pa-
rameters of the deposited layers, thickness and refracitilex, were determined
with a M-2000FI Spectroscopic Ellipsometer (J.A. Woollasn)flat surfaces fab-
ricated at the same time. Sidewall layer thickness was é@ted by focused ion
beam (FIB) cross-sectional examination of the waveguidé® expected wave-
length shift induced by these layers with known parametexs simulated, and
showed good correspondence with the measured waveleniffthssle Fig. 7.2.
Four rings with different radii were measured for each datmtfp Average and
standard deviation, although very small, are indicatedexygected, the shift does
not vary with the ring radius. Sensing with TM polarized ligiould be 1.5 times
more sensitive for thin layers, but the grating couplergie$or these experiments
was optimized for TE polarization, so we only performed Tpenments.
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Figure 7.2: Comparison between theoretical and experimental respofhsbe
resonance wavelength shift to the thickness of an. Si@rlayer.

7.4 Avidin-biotin characterization

7.4.1 One-step modification

The title 'One-step modification’ refers to the chemistrngdgbed in the section
with the same name, section 4.3.1 in chapter 4. A layer of ART&Eanchored
to the silicon waveguides, to which biotin molecules ar&edih with NHS/EDC
chemistry. We flowed different concentrations of avidin moBphate Buffer So-
lution (PBS) across the sensor surface and plotted the eyt shift after about
45 minutes in Fig. 7.3 (left). Each data point shows the diffiee in resonance
wavelength of the cavity immersed in PBS, before and aftergi@ contact with
the avidin solution. Redundant avidin molecules are rirtkedoughly with PBS,
so no bulk refractive index changes are involved. All measwents are performed
with at least 3 different samples, and error bars are inéitafor avidin concen-
trations above 1@g/ml the surface is fully covered, so the resonance wavieng
shift saturates. This is another proof that we detect a senmfaodification and
not a bulk liqguid modification, like in Fig. 7.1. Smaller auidconcentrations
cause smaller wavelength shifts which allows quantificetibthe avidin concen-
tration. Starting from the lowest measured concentrati@assume a linear shift
for smaller concentrations. With this assumption, the eotr@tion corresponding
to a minimal detectable shift of 0.67 pm, is a detection liofis.1 ng/mt.
Assemblies of silane reagents are straightforward silgtgface coatings that can
carry a wide range of functional groups for receptor mole@umobilization, but
they typically do not have sufficient resistance to non-gjeiniteractions. SOI

INote the value of 3.8 ng/ml from table 2.2 corresponds to 86 Bhemistry and not the APTES
chemistry
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Figure 7.3: Left: Resonance wavelength shift corresponding to difteaidin
concentrations for quantitative molecular detection. tBiovas anchored to the
surface through an APTES layer with the chemistry describeskection 4.3.1,
Right: Non-specific binding tests to show a lower responséifiin-BSA inter-
actions compared to biotin-avidin interactions, however tesponse is still much
too high for practical applications.

ring resonator biosensor measurements that confirm thertugkspecific signal
of APTES are presented in Fig. 7.3 (right). Bovine Serum Aibu (BSA), a
protein with similar molecular weight to avidin but with lcaffinity to biotin, has
been used as a model for non-specific interactions. Iddiytlmatin-coated chips
are brought into contact with avidin solutions and BSA Sohs. The response
to BSA concentrations is clearly lower, but not sufficierldy to be usable in
practical applications with serum that typically contaB8A concentrations of at
least 20 times higher than in this experiment. With a silamatiog, one can not
distinguish between a specific signal of.§/ml avidin and a non-specific signal
of 20 ug/ml BSA.

7.4.2 Two-step modification

The low robustness against non-specific interactions afisicoatings can be im-
proved by attaching an ultra thin layer of a hydrophilic pobr like poly(ethylene
glycol) (PEG). In chapter 4, section 4.3.2 we describe howottt the sensors with
monoprotected diamino-PEG {N-PEG-NH,) or a-sulfanylw-carboxy PEG (HS-
PEGCOOH) in a two-step modification procedure. Chemicatattarization ex-
periments confirming the reduced hydrophobicity and thedgeneity of the sur-
face coatings are also presented in chapter 4. In this sestiosing results of an
SOl ring resonator with a PEG coating are presented.

Concentration measurements

After deprotection of the Boc groups, chips coated with NHPEG-NH;-Boc)
were biotinylated and placed in the optical setup. PBS (104&MPQ,, 150mM
NacCl, pH 7.4) was used as running buffer. The signal of theshinmersed in
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PBS was taken as a reference level. Fig. 7.4 shows the reat¢isponse signal of
the chips to a range of avidin concentrations: 2, 10, 87.51a1%d.g/ml and two
response signals of the chips to BSA at 1 mg/ml concentrafiery curve cor-
responds to a different experiment on a different chip. Fghlconcentrations, a
fast wavelength shift is initially recorded due to the suddencentration gradient.
Ideally, under mass-transport limiting conditions preaserthese interactions, the
initial slope is linearly proportional to the concentratiof the analyte in solution.
In our experiment however, due to gradual mixing of the flurdthe tubings (it
takes several minutes before the initial concentratioellsweached), the slope of
the curve does not directly correspond with the concewmatr the kinetics of the
interaction. The kink in the 2g/ml signal is due to a flow problem: when an air
bubble gets trapped, a short increased flow rate is needesstoifthrough.
Sensor calibration can be done either by monitoring the ahd certain time, af-
ter a certain transported volume, or by calculating theeslofgthe S-curve. How-
ever for the last method, a valve needs to be installed thatvslinstant switch-
ing between liquids without gradual mixing. The initiabpk-based quantization
method was used by other groups and was found to have a higlsipre[3].
This is mainly because more data points are taken into atd¢owsalculate the
slope over a given time range as opposed to determining diaepdint after a
certain time. We calculate the detection limit from a onépcealibration with the
saturation level in time of the 2g/ml curve, under the assumption that smaller
concentrations cause linear shiftsu@/ml avidin concentration causes the reso-
nance wavelength to shift over 350 pm, the sensitivity wass fiound to be ap-
proximately 175 pmig/ml. We extrapolate a detection limit of 3.8 ng/ml for a
measurement resolution of 0.67 pm.

No blue shift was observed when the chips were rinsed with &B8e end of the
experiment. This is in agreement with the specific bindingvadin, rather than its
adsorption, due to the low dissociation constant of avidotin and the absence
of a bulk refractive index effect at these concentrations.

Monitoring all coupling steps in real time

In a second set of experiments the receptor immobilizatias performed inside
the microchannels instead of on the bench top before setidaghannels. Fig.
7.5 is a graph of the real time sensor response to successveical steps. Bi-
otin was immobilized via the free amino groups of theNHPEG-NH, layer using
biotin-NHS. After rinsing the surface with buffer, a sotutiof BSA (1 mg/ml) was
applied to block the surface and evaluate the non-speciécaantion. Afterwards,

a solution of 55:g/ml avidin in PBS was run through the system. An immediate
signal shift occurs. It is a little lower than the shift of Fig.4, because the bi-
otinylation did not proceed long enough. In order to savesfime performed the
receptor coupling in solution outside of the optical setapdill the experiments
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Figure 7.4: Specific versus non-specific binding tests: interaction>obmtiny-
lated HN-PEG-NH, coated chips. Wavelength shift obtained due to the interac-
tion with avidin (2, 10, 87,5 and 17hg/ml) and with BSA (1mg/ml). For BSA
interaction two signals on two separate chips are shown. Kihle in the 2..g/ml
signal was due to a flow problem: when an air bubbles gets &dpp short in-
creased flow rate pushes it through.

described below.

Non-specific interaction

In Fig. 7.4 we observe a low response to 1 mg/ml BSA as comparedhigh
response to 2g/ml avidin. This confirms the ability of the PEG coating tduee
non-specific interactions. Further investigation of npessfic interactions with a
silane coating versus a PEG coating was performed in FigI7 €hows a com-
parison of the signal provided by chips with and without tlE&Pcoating. Curve
A is the interaction of 1Q.g/ml avidin with a biotinylated PEG coated chip. The
response signal to avidin arises 210 times above the noisé IEurve C shows
the interaction of 17:g/ml BSA with an epoxy-silane (GPTS) covered chip. Itis
clear that even for a BSA concentration this small, in abseriche PEG coating
a rather high output is measured. This refers to the highspagific interaction
of silane coatings. Curve B shows the signal obtained byaeten of increasing
BSA concentrations on a PEG coated chip. For a BSA concénirat 17 g/ml

no distinguishable signal was measured. Fopgml BSA, the signal exceeded
only 2.5 times the noise level. 1 mg/ml BSA concentratiosedithe output re-
sponse to only about 15 times above the noise level, takerattount the back
shift after rinsing with PBS (such high molecular concetitras cause a bulk re-
fractive index change). From these low levels of non-spesigjinal it is concluded
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Figure 7.5: Real time sensor response of biotin receptor binding andiavnter-
action.

that the PEG coating truly reduces the background. Thisusiartowards appli-
cations with serum that contains high levels of random pmeteand only very
small amounts of the analyte to detect.

7.5 Protein detection and multiplexing

To immobilize protein receptor molecules on the PEG-coatkebn sensor, the
original coupling procedure for N-hydroxysuccinimidyltes of biotin (biotin-
NHS) had to be modified since proteins do not carry groupsrésatt directly
with the amino groups of the PEG coating. This was discussetiapter 4, sec-
tion 4.3.3. Fig. 4.15 in chapter 4 shows two different couglioutes: one route for
coupling activated proteins (like biotin-NHS), and the®st route for coupling
non-activated proteins (like biotin-NHas well as most proteins). The second
route is the one we used for the final multiplexing experiraent

We will first introduce the SOI biosensor platform for the tiplexing experi-
ments in section 7.5.1. The different chemistry steps faingpation of the cou-
pling routes were characterized with the SOI ring resonbiosensor platform
and results are discussed in section 7.5.2. Section 7.6v@sstwo results of mul-
tiplexed label-free biosensing of proteins.

7.5.1 SOl biosensor platform for multiplexed protein detetion

Fig. 7.7 illustrates the biosensor platform for multipldxgotein detection. The
SOI photonic integrated circuit consists of an array ®ft 3nicroring resonators.
Four rings are connected to one common input waveguide,&ablem having a
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Figure 7.6: Comparison of chips with and withoutN-PEG-NH, coating: (A)
specific interaction on a kEN-PEG-NH coated surface, (B) non-specific interac-
tion on a LN-PEG-NH coated surface with increasing BSA concentrations, (C)
non-specific interaction on a nonN-PEG-NH coated surface.

dedicated drop signal port. Three of these four ring serieplaced independently
next to each other. The resonators in series differ by 30 noir@umference to
avoid spectral overlap of resonances.

The SOI chips are modified according to the coupling procesidiescribed in
chapter 4. A drop of receptor proteins was spotted to eaaimuobf rings prior

to microfluidics packaging. All proteins were spotted at Z/migconcentration in
PBS (pH 7.4) containing 10% glycerine to prevent spot evaipam and normalize
spot size [4]. The minimum spot size of the BioDot spot to8l08 :m in diameter,

but one column of racetrack resonators occupied about a 1iameter, so that is
the spot size we aimed for. Samples were incubated in thgefiad 4C overnight.

Afterwards, they were rinsed thoroughly with MilliQ watercaPBS.

In a next step, the samples are packaged with microfluidimsrding to the stamp-
and-stick procedure described in chapter 5, section 5T2. chip with fluidics
is subsequently placed on a temperature stabilizing chodklze sample liquids
were pumped with a Harvard syringe pump atlfnin flow rate.

The three input waveguides are simultaneously addresseulgh vertical grating
couplers with a 2 mm wide collimated beam coming from a tuaddser source.
The output gratings are imaged with an IR camera. This resadsgstem was
detailed in chapter 6, section 6.4. This way we can recorddasgonse of 12 ring
resonators to different molecules in the serum in parallel.
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Figure 7.7: lllustration of the biosensor platform (not to scale).
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Figure7.8: Experiment that proves the increased non-specific intemaethen re-
ceptor proteins are coupled to the PEG layer through glueayde. The signal of
three sensors coated with different proteins (Hu-lgG, H84 ane uncoated sen-
sor) does not show sufficient specificity upon interactiadh diluted goat serum.

7.5.2 Chemistry optimization steps

In a first attempt to couple proteins other than biotin, atton of the PEG surface
was carried out by gluteraldehyde (chapter 4, Fig. 4.13.ldftowever as con-
firmed by contact angle measurements, after inactivatidhefildehyde groups
with ethanolamine the hydrophobicity increased. Thislpadnceled out the ad-
vantages of the hydrophilic PEG surface. In Fig. 7.8 theaased non-specific
interaction after coupling through gluteraldehyde is dest@ated. Three sensors
with different receptor proteins are measured in paralle sensor was coated
with Hu-IgG (Human Immunoglobuline), another sensor waated with HSA
(Human Serum Albumin) and yet another sensor was not coXéférent fluids
are consecutively flowed across all sensors. The signalidlizged in PBS. Then
48 pg/ml of anti-Hu-IgG in 100X diluted goat serum was introddc@&his serum
contains about 55@g/ml proteins that might interact non-specifically with the
sensor. The sensor that was coated with Hu-lgG featuresheetigsponse than
the sensor coated with HSA and the uncoated sensor. Howsveron-specific
signal is high if compared to the low non-specific signalshia previous para-
graphs. When a solution of 31g/ml anti-HSA in 100X diluted goat serum is
pushed through the channels, not only the sensor coatedH&ithresponds, but
all three sensors have a positive signal. This is causededgdh-specific interac-
tion of the proteins in the goat serum with the aldehyde serf&urther investiga-
tion with fluorescence microscopy and contact angle measmts confirmed the
poor resistance of gluteraldehyde to non-specific interast

Fig. 7.9 gives an overview of several experiments we peréarfor optimization
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Figure 7.9: Immobilization of receptor proteins through DSC. Curve bides
the interaction for the ideal situation where an activatedtpin (biotin-NHS) is
coupled directly to the surface (coupling route 1). Whenptiog a non-activated
protein (biotin-NH) through DSC,the competition with hydrolysis decreases th
receptor density, both in low and high pH buffer (curve 2 aipd\® biotin-avidin
interaction can take place.

of protein coupling. Curve 1 depicts the interaction of avidith biotin when
biotin-NHS is used as receptor molecule. This is the idéahtbn that was used in
all previous sections to optimize the coating towards low-specific interactions
(coupling route 1). As a model for other proteins, biotintwé primary amino
group (biotin-NH) was used. Instead of using aldehydes for coupling proteins
to the surface, we investigated the use of DSC (disuccinjihtidrbonate). DSC
transforms the amino end-groups of the PEG coating to Ndyyduccinimidyl.
With this method, the inactivation of the surface strucsuoecurs by hydroly-
sis, providing hydrophilic carboxylic groups at the sudgchapter 4, Fig. 4.13
(right)). From curve 2 we conclude that, indeed, the norciijgenteraction is
low, but the specific signal is low too. The receptor couplingpugh DSC was
not effective because of the competing interaction of waterreceptor molecules
with the N-hydroxysuccinimidyl (chapter 4, section 4.3.I8)order to improve the
coupling, a MES buffered saline (pH 5.5) was used as couplirifgr instead of
PBS. The lower pH of the solution decelerates the hydraglydisch might extend
the reaction period of the proteins with the surface. Thixpdure was verified in
curve 3. Unfortunately, the receptor density remained i@wwhen using a lower
pH buffer resulting in a low avidin-biotin interaction andcav output signal.
Next, instead of changing the pH of the solution, we playexiad with the so-
lution volume. The water content during receptor immohtiian was minimized
by using very low volumes and placing a second chip on top efsénsor chip
(chapter 4, Fig. 4.15 coupling route 2). The efficiency of seeond route was
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Figure 7.10: Biotin-NHS versus biotin-NfHas model receptor molecules. The
full line depicts biotin-avidin interaction when couplibiptin-NHS with coupling
route 1, the dashed line depicts biotin-avidin interactigmen coupling biotin-Nkl
with coupling route 2.

verified and compared to that of the first route in Fig. 7.10e Tl line shows
the response to avidin of a sensor with biotin-NHS receptaenules (Fig. 4.15,
coupling route 1), the dashed line corresponds to the regoravidin of a sensor
with biotin-NH, receptor molecules (Fig. 4.15, coupling route 2). Aftebsiz
ing the signal in PBS-diluted goat serum (1.9-mg/ml totaltin concentration),
a sample of the same serum fortified with 1.5 mg/ml of BSA was through
the system showing almost no response. One hour later, aleséonified with
50 pg/ml of avidin was analyzed. Within a few minutes a sharp wevgth shift
was detected, which corroborates the high selectivity amsitvity of the sys-
tem. The avidin binding test revealed that the second reuéss efficient and less
repeatable (dashed line), probably due to partial hydi®lyssurface NHS-ester
groups during the coupling step. Although not optimal yieis tesult indicates the
viability of the applied methodology.

7.5.3 Multiplexing

Fig. 7.12 shows the result of a proof-of-principle multi#ed sensing experiment.
Three different proteins are spotted on the resonatordg@HSA and BSA. The
fourth column of resonators was left for reference. Fir8SRvas pumped over
the sensors to determine the reference wavelength. Aféey tiho diluted body
fluids are successively pumped through the channels; gnanssith 128,.g/ml
polyclonal anti-Hu-1gG (1.9 mg/ml total protein concettitva) and goat serum
with 82.6:.9/ml polyclonal anti-HSA (1.5-mg/ml total protein conceatton). All
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dilutions are made with PBS + 0.1% Tween. Notice the high eatration of
non-specific proteins versus the low concentration of trecidip antibodies in
the serum. When the first serum is introduced, a sharp siggealvas measured
for the three resonators covered with Hu-lgG. The other n@s®nators barely
responded, proving the absence of anti-HSA and anti-BSAdffitst serum. Upon
introduction of the second serum, the signals of the resosabvered with HSA
rise sharply, while the other signals remain constant. ifldigates the presence of
anti-HSA in the second serum and the absence of anti-Hu-igiGati-BSA. The
non-specific background signal is extremely low. No differe in background
signal was detected between the reference sensors andngmsseovered with
BSA. The variation between equally covered sensor sigmatadinly due to a
slight difference in receptor coverage, as it cannot beagnptl by geometrical
or temperature variations. Indeed, intra-chip variationgvaveguide width are
very small ¢ 1 nm) and account for less than 3 pm variation in responsedasstw
different sensors. The signal differences are also toodizgtattributed to intra-
chip temperature variations. A difference of 0.05 nm shiftid originate from a
temperature variation of about@ over less than a millimeter on chip. A small
part of the wavelength shift is due to the difference in retixee index of the diluted
serums versus PBS. This difference is estimatéck 10~* for the serum with 1.5
mg/ml protein concentration [2], which corresponds to dt &fil5 pm.

The reference signals, both from the BSA sensors and theteamolecule-free
sensors, can be subtracted from the positive signals. Taystlae non-specific
interaction signal and the bulk refractive index signaleliminated and we obtain
the net shift due to specific binding.

In a second experiment, all four sensor columns were coweitbdreceptor mol-
ecules: Hu-IgG, HSA, BSA and biotin-NH The exact same solutions as in the
previous experiment of anti-Hu-1gG and anti-HSA in goatisewere successively
pumped through the system. Again the sensors coated witty8wand HSA re-
sponded to their complementary molecules. At the end of émepge running
sequence, a solution of goat serum containing A¢¥2nl of avidin and 0.4 mg/ml
other proteins was added. The biotin-NEoated sensors responded. From the
rather low signals in this experiment, we can conclude thatéceptor coverage
was not optimal. With sensor surface areas as small as?0the requirements
in terms of homogeneity are very strict. Further investaaof the coupling pa-
rameters is needed to improve receptor density and repkgtab

7.6 Conclusion

In this chapter we listed the most important measuremeanltsagbtained with the
SOl ring resonator biosensor platform. We characterizedeisponse to bulk re-
fractive index changes. A minimum index changd 0f° is detectable. However
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Figure 7.11: Experiment with three different receptor molecules spbtie the
SOl chip: Hu-IgG, HSA, and BSA. PBS was introduced first tabdish the ref-
erence. After that, two serums were successively pumpedi@/sensors. The
first serum contained 128g/ml anti-Hu-IgG and 1.9 mg/ml other proteins, and
the second serum contained 82.6/ml anti-HSA and 1.5 mg/ml other proteins.
The resonators spotted with the complementary proteinsoreged sharply, while
the response of the other resonators remained low.
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Figure 7.12: Experiment with four different receptor molecules spottedhe SOI
chip: Hu-IgG, HSA, BSA and biotin-NH PBS was introduced first to establish
the reference. After that, three serums were successivetyped over the sensors.
The first serum contained 128/ml anti-Hu-lgG and 1.9 mg/ml other proteins,
the second serum contained 82:6/ml anti-HSA and 1.5 mg/ml other proteins
and the third serum contained 1Q2/ml avidin and 0.4 mg/ml other proteins. The
resonators spotted with the complementary proteins redgadsharply, while the
response of the other resonators remained low.
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this does not directly correspond to the sensor’s perfoom&or biomolecular de-
tection. To verify the validity of our understanding of thawelength shift caused
by surface layers with increasing thickness, we comparadlations to measure-
ments of the wavelength shift upon deposition of Si&yers with known parame-
ters. We found a good correlation. The main measuremerltsékat have lead to
optimization of the surface chemistry are also presentedir#, characterization
was performed with the high affinity couple biotin-avidin.e\ibund the system
being capable of detecting a few ng/ml avidin concentrati&fter validation of
the coupling chemistry, preventing non-specific inte@tdiof random proteins in
the solutions, we coupled proteins other than biotin to tirtase. The measure-
ments presented here reveal that careful control of therwatgent during recep-
tor immobilization was necessary and further optimizatierds to be carried out
for increased repeatability. With the final coupling proaes] multiple proteins in
solution were detected in parallel in two proof-of-prineipxperiments.
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Perspectives

Up until now we worked on the development of an integratedémsor platform
with SOl microring resonators. The current system has bbaracterized theo-
retically and experimentally. For that, we integrated thgavith microfluidics
and implemented it in a read-out system. The knowledge afindsinucture we
collected can now serve to improve upon the entire platfofniew suggestions
are given in the section 8.1. In section 8.2.2 we discuss thedieps we took
towards DNA hybridization monitoring. This fits into a bigdeamework where
we explore the possibilities of including SOI photonic l@nsors in a point-of-
care diagnostic system with on-chip sample preparatiothdrast section of this
chapter, a novel implementation of SOI microring reson&iosensors is intro-
duced. Instead of detection on-chip, we transfer the SOtariitgs to the facet of
an optical fiber. This does not lead to higher multiplexingoint-of-care systems,
but enables in-vivo label-free biosensing.

8.1 Towards lower detection limit, higher level of in-
tegration and reduced cost

The detection limit of the platform is in good agreement with detection limit
of most state-of-the-art systems, but for many applicatiolike cancer diagnos-
tics - a lower detection limit is desired. Instead of ng/métettion limits in the
order of pg/ml are needed for a broad range of biomarkerdower detection
limit can be obtained by reducing the measurement resolutiomcogdasing the
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sensitivity. Reducing the measurement resolution can hieeed by increasing
the resonance Q-factor and reducing the system’s noiseudied of the wave-

length step is another possibility, but that comes with ameéased scan time. In
chapter 2 we argue that the limitation factor for the Q-faésothe propagation

loss caused by water absorption. Changing the working waggh to 1300 nm

can enhance the Q-factor. For noise reduction there areusroutes. In a fiber
setup, balanced detection has been used by several groapaeans to increase
the signal-to-noise ratio [1]. When using an IR camera,emsluction can be ob-
tained by reduction of background light or analog/digitaheersion with a larger
number of bits. An enhanced sensitivity would be achievedmwineasuring with

TM polarized light. Grating coupler and ring resonator dasivould have to be

adapted to function optimally for TM polarization. Asidein that, other filter

configurations can be studied. In chapter 2, section 2.5¢satamples that were
proposed in literature are listed. They have to be studi¢erins of resolution and
sensitivity.

In parallel,higher levels of integratioare required for development of point-of-
care systems. The read-out equipment, still existing dfybtdols like a tunable
laser and an IR camera, can be miniaturized and integratidheé chip, prefer-
ably at reasonable additional cost. Then, the overall $igmaoise ratio will have
to be reevaluated and optimized. Various routes for palssitiee integration are
described in chapter 1, section 1.3.3. Integration witlvaanicrofluidics is an-
other level of integration. Several laboratory functioas be included on the chip,
like cell lysis, sample amplification and dilution or samgleaning, to end up with
a so-called lab-on-a-chip.

As an intermediate step towardsst reductionwe could integrate a broadband
light source and make use of the directionality of the oupdiog light. This way
expensive equipment with high spectral resolution can bétedn At INTEC,
Van Acoleyen et al. study integrated dispersive elementbdam steering using
high order arrayed waveguide gratings (AWGSs) and gratingptays. We could
integrate these devices on one chip with a microring biaserBroadband light
will be filtered by the ring resonator and send to the AWG. Threationality
of the output beam will depend on the central wavelengthcliebrresponds to
the resonance wavelength of the sensor and thus to the neri@muncentration.
Design and fabrication requirements are not trivial to mieet after optimization
the beam steering could run up to several degrees for waythleshifts of less
than 1 nm. This can be measured with cheap optics. The ide@alsgous to
a cheap implementation of SPR biosensors named SPREETAneaalized by
Texas Instruments. Using a broad band source and broad leflanting to a CCD
camera, a cheap hand-held device was developed. This comhescast of worse
detection limit and low throughput [2].
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8.2 DNA hybridization

The development of nucleic acids diagnostics has becomsuthiect of intense
research. Current methods mainly consists of optical tieteasing labeled ol-
igonucleotides with dyes [3], quantum dots [4], or enhanalesbrption of light
by oligonucleotide-modified gold nanoparticles [5]. Lafrele methods that offer
sensitivity, selectivity, and low cost for the detectiorDiIA hybridization are un-
der investigation, especially for their implementatiompoint-of-care diagnostics.
We started investigating the ability to monitor DNA hybddtion with the SOI
ring resonator platform. We successfully attached singénded DNA (SSDNA)
probes to microring resonator surfaces. The chemistrasarfunctionalization is
briefly summarized in section 8.2.1 and ring resonator éxpts are discussed in
section 8.2.2. Although hybridization experiments wergfully successful yet, an
important issue has been uncovered. For the surface mditifiage collaborated
with Dr. Sylvia Wenmackers and Dr. Veronique Vermeeren ftominstitute for
Materials Researcht Hasselt University

In the future, SOI ring resonators will be integrated in paificare systems,
amongst others during the EC funded project INTOPSENS uridér The project
aims for point-of-care label-free identification of patleog: bacteria strains and
their antibiotic resistance for fast and low-cost diagimesbf sepsis. Sepsis is a
systemic inflammatory response to infection, often assediwith organ or mul-
tiorgan dysfunction. A diagnostic platform is needed tteat quickly identify the
presence and type of infectious micro-organisms, as wehesgype of antibiotic
resistance genes that it carries, so as to be able to pregtebcorrect type of
antimicrobial treatment.

8.2.1 DNA functionalization

The covalent attachment of DNA on silicon was performedulgtothe introduc-
tion of -COOH functionalities on the surface followed by Eii&diated coupling
to NHs-terminated ssDNA. The modification steps are shown in Fig.. &his

procedure was published by Vermeeren et al. in [6]. Instdazbopling silane
chains with -COOH end groups like described in chapter 4iHerDNA exper-
iments we explored a different modification route. COOHwieated lipid acids
were attached to -H groups exposed at the silicon surface.

-H termination 20 min of SPM and APM standard silicon cleaning was per-
formed first [7]. Then, the substrates are rinsed and drigdmirogen. The chips
are immersed in buffered HF (0.6 vol% HF (40%) in DI water) Tanin to obtain

1SPM: sulfuric-peroxide mixture (4:1480; : H203).
2APM: ammonia-peroxide mixture (5:1:10 : HoOo : NH3).
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Figure 8.1: Schematics of the chemistry functionalization steps foalemt at-
tachment of ssSDNA to SOI chips.

-H terminated silicon surfaces. After that, the surfaceskapt in an oxygen-free
environment to avoid oxidation.

-COOH termination The -H terminated SOI surfaces were covered with pure
10-undecenoic acid (10-UDA), an organic unsaturated fatigt containing a car-
boxylic acid (COOH) functionality. The samples were suhsegly illuminated

for 20 h with 254 nm light from a 4W lamp-.5 mW/cn#¥), under a protective
nitrogen atmosphere inside a glovebox. The samples wesedwith hot distilled
water.

DNA functionalization To establish covalent attachment of bkérminated ss-
DNA to the -COOH terminated samples, they were treated wjimbl (0.1 M) of
EDC and 30 pmol of NH-modified ssDNA in a 25 mM MES buffer (pH 6) for 2
h at £C. EDC as an intermediate component to couple, MHCOOH functional
groups was described in chapter 4, section 4.3. After intomathe chips are
cleaned with multiple 1xPBS rinsing steps and stored @t 4

8.2.2 DNA preliminary results

Surface modification To optimize the chemistry procedure described above we
performed SOI microring resonator measurements after eaudification step.
The results presented in Fig. 8.2 are obtained with simetiae measurement of
15 ring resonators. The output was averaged and standaiatidevs indicated.
Each bar corresponds to the resonance wavelength aften&et(on dry chips)

as compared to a reference measurement on the same chip beldment. The
first bar shows to the resonance wavelength shift after seiréeaning steps, -H
termination and attachment of COOH-terminated 10-UDAdirsk After cova-
lent attachment of ssDNA with 8 and 36 base pairs, the outpireases as can
be observed on the second and the third bar. Together witlnatdry confocal
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Figure 8.2: Ring resonator measurement of different modification stepsova-
lent attachment of ssDNA probes. The reference level (0 ifthwhs determined
before modification. Results are averaged over 15 simuttasig measured rings
and standard deviations are indicated.

microscopy using fluorescently labeled probes, this cosfitine formation of a
ssDNA layer on the ring resonator surface.

DNA hybridization  For the study of DNA hybridization, we brought the chips
in contact with hybridization buffer at elevated temperat{#0 C). First, in order
to determine the reference wavelength, hybridizationdsuffithout complemen-
tary DNA was flown over the chip. We noticed that instead ohalgstabiliza-
tion, there was a large blue resonance shift, see Fig. 8.8 ekperiment was
performed on 15 ring resonators simultaneously and alltsesbow the same be-
havior. When comparing a SEM picture of an SOl waveguide rleeémd after
immersion in hybridization buffer (Fig. 8.4), we clearlyesthe aggressive effect
of the buffer on the waveguides. Although hybridizationrsed to be successful
when we performed a control experiment with confocal micopy using fluo-
rescently labeled DNA, the ring resonator response is dataéhby a blue shift
induced by waveguide damage. Investigation of the compsmdrcommercially
available hybridization buffers provides us with a list afsgible sources of this
effect. A thorough study of the influence of the separate comepts is ongoing in
order to find the source of damage and seek for a way to circointive problem.

8.3 Fiber probe sensor

8.3.1 Motivation

Optical fibers are used extensively as medical devices fwinig hard-to-reach
locations, e.g. the endoscope. The property of fibers towairigiht to a remote,
convenient location can be used for in-vivo biosensing. alpdommercial op-
tical fiber biosensors require fluorescent or colorimetulzeling of one or more
biomolecules [8]. Once the labeled biomolecule has intethwith its target, the
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Figure 8.3: Wavelength shift when the chip with ssDNA probes is immdrsed
hybridization buffer. A large blue shift can be observed.ablgements were per-
formed on 15 ring resonators simultaneously.

Figure 8.4: SEM pictures of an SOI waveguide before and after being irseder
in hybridization buffer.
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fluorophore is excited by the evanescent wave and the negultiorescence is
then conducted via the fiber to an analytical device that le@s lequipped with
appropriate wavelength filters. This area is the subjectretant review [9].

Over the past years, optical fibers have been studied fol-fedeebiosensing as
well. They include fiber bragg gratings, long-period grgtinosensors, photonic
crystal fiber sensors, hollow fibers in a fabry-perot caety,[10, 11]. Most appli-

cations, however, focus on bulk refractive index sensimy. fochemical detec-
tion, these sensors cannot compete with other types ofadggnsors in terms of
their detection limits, even though their bulk sensitivign exceed 100 nm/RIU.

8.3.2 Implementation

We propose a configuration that combines the high quality@if i81g resonator
biosensors with the portability of optical fibers. An SOI m@ane with integrated
ring resonators will be transfered on the facet of a singlelenoptical fiber and
form a ‘fiber probe sensor’. A top view of the design is pictune Fig. 8.5. The

chip is designed to be ‘retroreflective’: using a dedicatglticoupling scheme,
light will couple into and out of the integrated circuit viaet same grating cou-
pler and under the same angle. The fiber core is aligned totag@upler, the

cladding of the fiber carries the rest of the integrated dircomprising a 3dB

MMI splitter/combiner and a ring resonator biosensor. Avedrgrating focuses
the light onto the SOI waveguide, this circumvents the needpace consuming
waveguide tapers [12]. The SOI circuit will be modified wittteptor molecules.
When immersed in sample solution, the resonance wavelenttib ring resonator
will shift when analytes bind to the receptors. This shifnignitored by repeatedly
scanning of the spectrum with a tunable laser and detectittmarphotodetector.
As illustrated in Fig. 8.6, source and detector are conueciéhe device through
an optical circulatot.

8.3.3 Fabrication

In the course of the master thesis work of C. Lerma Arce westuseveral routes
for fabrication of the device, in particular for the transféa structured SOl mem-
brane onto a fiber facet. One of the fabrication routes istitated in Fig. 8.7. By
making use of a thin spincoated SU-8 layer, the silicon maméis suspended
while etching the silicon oxide layer underneath. Aftertttine optical fiber is
aligned to the grating coupler in an active way, by optinggzihe reflected power.
In the final step an intermediate glue is cured with UV lighheTSOI membrane
and the fiber facet form an angle of “1@orresponding to the angle of optimal

3A circulator is a non-reciprocal multiple port device thatrtsmits power entering at a port to the
next port.
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Figure 8.7: One of the studied fabrication routes for transfer of a staued SOI
chip to a fiber facet.

efficiency and low reflection of the grating. Details on theqass steps and mea-
surement results can be found in [13]. Investigation of nedfieient fabrication
methods that provide a higher yield is ongoing in the PhDish&fsC. Lerma Arce,
as well as characterization of the device for biosensing.

8.4 Conclusion

We proposed several routes for continuation of this work. fé&8ove studied a
single ring resonator biosensor on an SOI photonic chip ailtidbasic measure-
ment platform for multiplexed detection around it. Now, @tfiilter configurations
and better read-out schemes can be developed to obtain @®tection limits.
Higher levels of integration, with microfluidics and opteeronic components,
have to be studied as well. Ultimately the photonic chip Ww#l integrated in a
point-of-care diagnostic tool. For one specific applicatisepsis diagnoses, we
started investigation of DNA hybridization monitoring. § kast part of this chap-
ter deals with a novel implementation: an integrated SQiudiris transferred to
the facet of a single mode optical fiber. This can lead to asbbuad portable
device for in-vivo label-free biosensing.
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Conclusions

We studied a label-free biosensor platform based on anraiiesd) SOl photonic
circuit, in particular a ring resonator. The photonic citeuas theoretically inves-
tigated, fabricated and experimentally tested. In coltabon with thePolymer
Material Research Groupt Ghent Universityith Prof. Em. Etienne Schacht, we
investigated silicon surface modification techniques fostering receptor mole-
cules to the waveguides. We packaged the photonics chipRDiHS microflu-
idics and interrogated the sensors with a camera-baseliigbagad-out setup.
Important features were studied theoretically for optatiian of a single micro-
ring resonator. The device transduces molecular intenact its surface into a
shift of resonance wavelength, measurable by trackinggkenance peak or dip
of its spectrum. The quantities to be studied include thesm@anent resolution
AMnin, the sensitivity and the detection limiA),,,;,, corresponds to the mini-
mum measurable wavelength shift. It depends on the reserstnape, determined
by Q-factor and extinction, and on equipment parametetsriiéned by noise and
wavelength step. The influence of these parametersip;,, was simulated. We
found thatA\,,.;,, is linearly dependent on the Q-factor, on wavelength naigke a
on intensity noise squared (sometimes referred to as ardplitoise). It scales on
the square root of the wavelength step and is not dependethieopeak extinc-
tion ratio for extinction ratios that surpass 15 dB. This methat improving the
Q-factor and diminishing the noise will be the most efficiemty to enhance the
measurement resolution. We found the Q-factor to be limitgdhe round trip
losses in the ring due to water absorption. This is inheretité sensing mecha-
nism and might be improved by using other working wavelesgéhg. 1300 nm,



9-2 CHAPTER9

the other telecom wavelength. The sensitivity correspondise amount of shift
for a unitamount of biomolecular interaction, and is expeelin shift per adlayer,
absolute mass or concentration. The inherent device sétys{tnaximum sensi-
tivity) is determined by the fraction of light in the moleewllayer. This results
in a large sensitivity for high index contrast waveguide$e Bensitivity for ab-
solute molecular mass is determined by the sensor’s suafaee the smaller the
surface area, the fewer molecules are needed to cover tihe sensor, while the
resonance wavelength remains the same. A ring resonatoiopiimal design in
a low noise setup is able to detect a minimum layer thickné#sss than 1 pm
and surface coverage of around 1 pg/fnrfihis corresponds to a detection limit
of 100 molecules with medium weight like avidin.

The material platform of choice, silicon-on-insulatorppides a high index con-
trast, leading to dense integration of components and heghitvity biosensors.
On top of that, it offers the advantage of reuse of extengidelveloped CMOS
processing technology. Fabrication of photonic chips wiimoscale reliability
and with no extra equipment development cost is a major &ss80I biosensors.
It allows for mass production and economics of scale.

We presented a novel method that allows to extract morerimdtion on biomo-

lecular interaction with a single ring resonator. Inteatign of the wavelength
shift of two orthonally resonating modes provides us with tihickness as well as
with the refractive index of a layer at the sensor surfaceis Tan be translated
in real-time information on the molecular density and thastlee conformation

of the molecules which is crucial in many genomics and prwies applications.

The error on resolving thickness and index of the layer ddpen the actual thick-
ness and index values, but is always lower than 0.11% on tiexiand 4% on the
thickness (when the layer indext.40).

The inherent biosensor sensitivity can be reduced whenebeptor molecule
density is not optimal. Thus, the properties of a biosensitically depend on
the quality of the receptor layer, especially for detectiorcomplex samples.
The interfacial layer has to allow for immobilization of egtor molecules and
at the same time effectively block non-specific interactiovith the macromo-
lecular components of the analyzed sample. In addition itrbe stable, must
not affect the transducer sensitivity and must not hindendport of the chemi-
cal or biological compounds to the transducer surface.n&igion of a silicon
oxide layer on top of the silicon waveguide is a straightfamvcoupling pro-
cedure for dense receptor coverage. However, silanesrpegoorly in terms
of non-specific interactions with proteins in the analytiSon. To reduce the
non-specific interaction, we introduced thin PEG layers ifwa-step coupling
procedure. We investigated two heterobifunctional PE@rayvith different re-
active groupsia-sulfanylw-carboxy PEG (HS-PEG-COOH) and monoprotected
diamino-PEG (HN-PEG-NH-Boc). Surface characterization tests confirnhmed t
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high quality, the reproducibility and the binding capadfyPEG layers. The thick-
ness is in the order of a few nanometers. The contact anglasvasv as 21 and
31° for both PEG coatings, while the density of the functionalugrs remained
high.

After chemical modification of the surface, the chip is pagdwith PDMS mi-
crofluidics that serve to deliver the analytes. In order nolamage the fragile
biomolecules on the sensor, no high temperatures or suaf@oation methods
can be applied during the packaging step. This implies teeofiadhesive bond-
ing with an intermediate glue. To avoid contact between liecules and the
glue, we use a stamp-and-stick bonding process. For therdwgoncentration de-
tection limit (+10pM), the time to accumulate a threshold number of moledole
sensing is not a limiting factor.

Measuring the spectrum of a ring resonator biosensor wdsrpgzd with a num-
ber of read-out systems. They differ in light source (momonfatic or broad-
band), detection (spectrum analyzer, photodetector or €&era) or light guid-
ing (fiber or free-space). The read-out system of an intedraptical biosen-
sor is fundamentally different from the read-out systemarhmercial free-space
biosensors like Biacore®SPR. The read-out is completetpdeled from the de-
tection, offering a much higher degree of multiplexing anthach higher align-
ment tolerance. The latter is important for portable agpians and considerably
reduces the cost of the overall system. Flood illuminatiweh detection with an IR
camera offers a good trade-off between high degree of ntepiipg and low noise.
Using the platform we described we performed a number ofraxats to charac-
terize the SOI microring biosensor. Avidin/biotin was iality used as a model bio-
molecular pair. The detection limit of the system was deieeahto be around 3.8
ng/ml. Once the platform was found to be stable, we performeliiplexed pro-
tein detection experiments. An array of microrings was ceddromogeneously
with a PEG layer, on top of which different proteins were spbon different ring
resonators. After packaging with PDMS microfluidics, diéfet diluted serums
were flown over the biochip. Each analyte could be detectéd vigh specificity.
Now that a basic biosensor platform has been installed aridr&@oring biosen-
sors have been characterized, other filter configuratiothbetter read-out schemes
can be developed to obtain lower detection limits. Higheele of integration,
with microfluidics and optoelectronic components, havegdaestigated as well.
This will ultimately lead to integration of a disposable S@iotonics biochip in a
point-of-care diagnostic tool.






Microfluidics processing

A.1 Introduction

Optimization of the fabrication and bonding of PDMS micralfias went along
with many trial and error phases. This appendix describefinlal method that we
believe can be applied with high reproducibility and yi€lthe first section lists the
steps for fabrication of the PDMS part. It consists of 1) fedtion of the mold, and
2) casting of the PDMS. In a section step (section A.3, théasas are prepared
for bonding. As explained in chapter 5, section 5.3 we degdotwo bonding
methods: direct bonding at high temperature and adhesivéibg with a stamp-
and-stick procedure. Depending on the bonding proceduhoice, different
surface preparation steps are required. Section A.4 histattual bonding steps
for both procedures.

A.2 PDMS microfluidics fabrication
Step 1: master mold fabrication
1. SU-8 lithography

» Spin coat SU-8 50 at 500 rpm for 5 sec, then at 3000 rpm for 0 se
* Prebake at 6% for 6 min, then at 95C for 6 min
» Exposure at 25000 mJ for 500 sec
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 Postbake ate 6& for 6 min, then at 108C for 6 min
» Develop with SU-8 developing reagent

2. Anti-adhesion treatment with fluorinated silanes. Pkagery small drop of
fluorinated silanes (¢4,Cl3F;3Si) on the side of the wafer, and let evap-
orate overnight in a desiccator. Clean with DI water and IPhe silicon
wafer with SU-8 structures is hydrophobic now.

Step 2: PDMS microfluidics fabrication

1. Weight PDMS and curing agent in a plastic cup. 10:1 mags (ex. 30g
PDMS + 3g curing agent)

2. Mix well (use kitchen mixer, clean it immediately aftemata with aceton)
3. Degas in desiccator

4. Pour on silicon/SU-8 mold

5. Degas in desiccator

6. Cure on hot plate (about 1,5 hours at 60C, depending omitleness of the
PDMS)

7. Punch holes with flat needle (pink needles)
8. Cut out the PDMS with a razor blade

9. Remove the PDMS at the holes

A.3 Surface preparation

Step 3 for stamp-and-stick procedure
e SOI chip: dry
« PDMS

1. 5 min ultrasonic cleaning in DI water

2. 5 min ultrasonic cleaning in isopropyl alcohol (IPA)
3. 30 sec drying at high temperature
4.

Oxygen plasma treatment (ICP/RIE parameters: 15 sec, 79WTorr
plasma pressure, 20 sccm oxygen flow rate, program O2KatrHn
parameters: power 400 W, flow 500 sccm, time 0.3 min.)
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Step 3 for direct bonding procedure

* SOl chip: dry

1. 5min piranha etching 80, : H,O5 in 7:3 ratio)

2. Aceton, IPA, DI water cleaning

3. Dry with argon flow

4. Oxygen plasmatreatment (ICP/RIE parameters: 15 sec, 7®WTorr
plasma pressure, 20 sccm oxygen flow rate, program O2KatRHn
parameters: RIE parameters: power 400 W, flow 500 sccm, tiie O
min.)

- PDMS

1. 5 min ultrasonic cleaning in DI water
. 5 min ultrasonic cleaning in IPA
. 30 sec drying at high temperature

. Oxygen plasma treatment (ICP/RIE parameters: 15 sec, 7T®WTorr
plasma pressure, 20 sccm oxygen flow rate, program O2KatrHn
parameters: RIE parameters: power 400 W, flow 500 sccm, tidie O
min.)

A WN

A.4 Bonding

Step 4 for stamp-and-stick procedure

1.
2.

ol

© 00 N o

Spincoat SU8-10 on flat, clean Si substrate (50 sec at paQ0r

Place PDMS on bottom holder of flip-chip machine, chanius sp (put
glass plate underneath, to keep the machine clean).

. Place Substrate with glue on top holder of flip-chip maelfirse vacuum to

seal).

. Gently make contact between both surfaces and release.

. Run 'stamp-and-stick’ program (+/- 30 sec at6Qo evaporate solvents of

glue on PDMS chip).

. Place SOI chip on top holder of flip-chip machine.
. Align surfaces to each other (zoom out as far as possible)
. Make contact

. Take glass plate with the entire structure out of the flippanachine and

cure with UV lamp (+/- 160 sec)
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Step 4 for direct bonding procedure

1.

Place PDMS on bottom holder of flip-chip machine, chanius sp (put
blue plastic foil under PDMS to make sure the PDMS does nck $ti the
holder after bonding).

Place SOI chip on top holder of flip-chip machine

Align surfaces to each other (zoom out as far as possible)

. Make contact with 20 N force

. Run 'PDMS’ program (45 min at 11Q top holder/13%bottom holder)
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