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Nederlandse samenvatting

Biosensoren en silicium fotonica

Tijdens dit doctoraatsproject bestudeerden we wat er gebeurt als twee veelbelo-
vende, maar heel verschillende onderzoeksgebieden samengebracht worden.
Fotonica is het vakgebied dat ‘licht’ bestudeert, in veel vormen en toepassingen.
Licht kan uit verschillende kleuren of golflengtes bestaan.Het kan op verschil-
lende manieren geleid worden, bijvoorbeeld door een opeenvolging van spiegels
of door een glasvezel. Het kan gemanipuleerd worden; versterkt, verzwakt, ver-
traagd, versneld... In het vakgebied ‘silicium fotonica’ wordt licht geleid en gema-
nipuleerd in kleine silicium chips, zoals we kennen uit de elektronica.
Biosensoren worden gebruikt in de biotechnologie. Ze dienen voor het bestud-
eren van interacties tussen moleculen en voor het detecteren van moleculen in
lichaamsvloeistoffen zoals bloed en serum. Dit is niet triviaal, omdat biomoleculen
erg klein zijn en in zeer lage concentraties voorkomen (pg/ml tot ng/ml). Boven-
dien komen ze voor in vloeistoffen die ook duizenden andere moleculen kunnen
bevatten in veel hogere concentraties. Biologisch moleculair onderzoek steunt
vandaag voornamelijk op het detecteren van eenlabel dat vastgehecht wordt aan
de molecule, het virus of de cel die men wil bestuderen. Dit isgeı̈llustreerd in
Fig. 1(a). Fluorescente en radioactieve labels, alsook nanodeeltjes, zijn courant
gebruikte indicatoren omdat ze gemakkelijk gedetecteerd kunnen worden en dus
indirect de aanwezigheid van de gezochte biomolecule kunnen aantonen. Hoewel
gelabelde methodes sterk ingeburgerd en heel gevoelig zijn, vertonen ze enkele
grote nadelen. Wanneer een biomolecule aan een label bindt,kan de vorm en de
functionaliteit ervan beı̈nvloed worden. Het labelen zelfis duur, tijdrovend en
moet in een gecontroleerde omgeving gebeuren. Bovendien ishet quasi onmo-
gelijk om een kwantitatieve meting uit te voeren, of om moleculaire interacties in
de tijd te volgen.
Om deze redenen ontstond het laatste decennia een trend naarde ontwikkeling
van labelvrijedetectiemethodes. Zoals illustratie 1(b) toont, bestaat een labelvrije
biosensor uit een sensor die de aanwezigheid van een molecule direct kan de-
tecteren, zonder tussenkomst van een label. Dit gebeurt danop basis van de fysieke
eigenschappen van die molecule. Optische biosensoren bijvoorbeeld, sturen licht
door de biomoleculen waarbij deze het licht ‘vertragen’. Debiosensor zet deze ver-
traging om in een uitleesbaar signaal. In dit werk bestuderen we een affiniteitge-
baseerde biosensor. Aan het oppervlak van de sensor worden receptoren gehecht.
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(a) Biosensor op basis van een ‘label’

(b) Labelvrije biosensoren

Figuur 1: Illustratie van biosensoren op basis van ‘labels’ en ‘labelvrije’ biosen-
soren.

Deze vertonen een hoge affiniteit voor de biomolecule die menwil detecteren en
zullen er dus een binding mee aangaan. Dit zal resulteren in een signaal aan
de uitgang van de sensor. Op die manier kan de binding gevolgdworden in de
tijd en bij het plaatsen van verschillende sensoren in een matrix kunnen verschil-
lende biomoleculen tegelijk worden gedetecteerd. Labelvrije biosensoren kunnen
voor een doorbraak zorgen in verschillende toepassingsgebieden, o.m. voor de on-
twikkeling van geneesmiddelen, omgeving- of voedselcontrole en voor draagbare
toestellen voor ziektediagnose, zogenaamde point-of-care systemen.
Labelvrije biosensoren die vandaag verkrijgbaar zijn, bestaan uit losstaande op-
tische componenten die het licht geleiden. Hierdoor zijn zegroot en zwaar en
moeten ze mechanisch stabiel, dus in labomgevingen, geplaatst worden. Deze
toestellen kunnen niet uitgebreid worden naar systemen diegrote hoeveelheden
moleculen simultaan kunnen detecteren, zonder aan gevoeligheid of kostprijs in
te boeten. Daarom is er de laatste jaren onderzoek naar het integreren van la-
belvrije biosensoren op kleine chips, bijvoorbeeld fotonische chips. Fotonische
geı̈ntegreerde circuits bestaan uit geminiaturiseerde componenten die licht kun-
nen geleiden, opslaan of manipuleren. Alle componenten vande chip worden
in een stap gefabriceerd en zijn automatisch goed gepositioneerd ten opzichte
van elkaar. Vermenigvuldigen van de detectie kan eenvoudigweg gebeuren door
meerdere sensoren in een matrix te plaatsen en ze met de bron en de detector te
verbinden door middel van golfgeleiders. Maar, nog belangrijker, bieden deze
chips de mogelijkheid om verder geı̈ntegreerd te worden metelektronische of bi-
ologische functies. Uiteindelijk zullen alle labostappen, nodig ter bestudering van
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Figuur 2: Werkingsprincipe van een ringresonator biosensor.

een bloed- of serumstaal, door één chip uitgevoerd worden. Dit is het zogenaamde
laboratorium-op-een-chipconcept.

Het werkingsprincipe van de geı̈ntegreerde biosensor die in dit werk is bestudeerd,
is geı̈llustreerd in Fig. 2. In een ringresonator kunnen optische golven circuleren
als hun golflengte voldoet aan de volgende vergelijking:

λres = Lneff

m

waarbijL de omtrek van de ring is,m een geheel getal enneff de effectieve bre-
kingsindex van de circulerende mode. Als de brekingsindex aan het oppervlak van
de ring verandert door het binden van een biomolecule, zal deresonantiegolflengte
verschuiven. Deze verschuiving is een kwantitatieve maat voor het aantal mole-
culaire bindingen in de omgeving van de ring en kan dus gebruikt worden als
uitgangssignaal van de biosensor.

Silicium-op-isolator als materiaalplatform voor geı̈ntegreerde fotonische circuits
biedt verschillende voordelen. Door het hoge brekingsindexcontrast van het ma-
teriaal, kan licht opgesloten worden in structuren met dimensies kleiner dan een
micrometer. Licht zal geleid worden doorheen heel kleine bochten, wat leidt tot
ringresonatoren met potentieel heel kleine oppervlaktes (orde 30µm2). Er zijn
slechts kleine hoeveelheden biomoleculen nodig om deze oppervlakte volledig te
bedekken, terwijl de verschuiving van de golflengte niet schaalt met deze opper-
vlakte. Bijgevolg kunnen potentieel heel kleine hoeveelheden biomoleculen gede-
tecteerd worden. Een vierkante millimeter op de chip kan meer dan 1,000 sensoren
bevatten. Als elke sensor met receptoren van een verschillende soort is bedekt,
kan een enorm aantal verschillende biomoleculen, bijvoorbeeld antilichamen ter
bepaling van een bepaalde aandoening, tegelijk worden gedetecteerd. Een an-
der belangrijk voordeel van silicium als fotonisch materiaal platform, is dat het
kan gestructureerd worden met bestaande apparatuur die ontwikkeld werd voor
fabricage van CMOS componenten, meer bepaald 193 nm optische projectielitho-
grafie en droog plasma-etsen. Dit maakt massaproductie mogelijk, wat leidt tot
een enorme kostenreductie per chip zodat de chips als wegwerpproducten kunnen
geleverd worden.
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Theoretische studie

We maakten een theoretische analyse van de intrinsieke capaciteiten van SOI ring-
resonator biosensoren, waarbij drie criteria werden onderzocht: de meetresolu-
tie, de gevoeligheid en de detectielimiet. De meetresolutie komt overeen met de
kleinste golflengteverschuiving die met voldoende nauwkeurigheid kan gemeten
worden. Deze hangt af van de vorm van de resonantiecurve en van de eigenschap-
pen van de meettoestellen (zoals golflengtestap en ruis). Demeetresolutie kan
veel kleiner zijn dan de breedte van de resonantiepiek of -dip, door gebruik van
een gepast fittingalgoritme. Het reduceren van de ruis en hetvergroten van de Q-
factor van de resonantie zijn de belangrijkste manieren om kleine waarden voor de
meetresolutie te verkrijgen. De Q-factor, die een maat is voor de breedte van de
resonantie, is beperkt door de propagatieverliezen in de ring, veroorzaakt doordat
water licht met golflengtes rond 1550 nm sterk absorbeert. Weberekenden een
meetresolutie van 0.67 pm voor de SOI ringresonatoren. De gevoeligheid van de
sensor weerspiegelt de grote van de golflengteverschuivingwanneer veranderingen
aan het oppervlak plaatsvinden. We bestudeerden deze factor voor verschillende
omgevingsinvloeden, voor verschillende afmetingen van degolfgeleider en voor
verschillende polarisaties van het licht. De detectielimiet (DL) wordt dan bepaald
uit de verhouding van de meetresolutie en de gevoeligheid. We berekenden de de-
tectielimiet voor homogene veranderingen van de hele sensoromgeving (DL=10−6

RIU), voor moleculaire oppervlaktedichtheid en voor moleculaire massa. Het SOI
sensorsysteem kan een oppervlaktedichtheidvan 5.02 pg/mm2 detecteren, dit komt
overeen met ongeveer 158 ag moleculen gebonden aan het ringoppervlak.

Biosensor platform: chemie, fluidica en uitlezing

Om de theoretische resultaten experimenteel te bewijzen, werd een biosensor plat-
form uitgebouwd, bestaande uit de fotonische chip zelf, bindingschemie, een vloei-
stofsysteem en uitleesapparatuur.
De gevoeligheid van de biosensor is afhankelijk van de dichtheid van de recep-
toren op het oppervlak. De bindingschemie die de receptorenaan het silicium-
oppervlak van de golfgeleiders moet koppelen is een cruciaal onderdeel van de
biosensor. Ze moet ervoor zorgen dat receptoren efficiënt worden gebonden, en ze
moet tegelijk interactie van andere moleculen in het vloeistofstaal met het opper-
vlak tegengaan (zogenaamde niet-specifieke interactie). De chemische laag moet
stabiel en homogeen zijn, en mag het transport van de moleculen naar de opper-
vlakte niet in de weg staan. Courant gebruikte bindingschemie bestaat erin de
siliciumgolfgeleiders te bedekken met een silaanlaag met een functionele groep
aan het uiteinde. We onderzochten deze methode, maar de silaanlagen bleken
onvoldoende immuun tegen niet-specifieke interactie. Een betere methode werd
ontwikkeld. Die bestond erin een extra polymeerlaagje van enkele nanometers
dik aan te brengen. Twee heterobifunctionele poly(ethylene glycol) (PEG) lagen
met verschillende functionele groepen werden onderzocht:α-sulfanyl-ω-carboxy
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Figuur 3: Golfgeleider met PEG laag voor binding van receptor moleculen en
voor het verhinderen van niet-specifieke interacties.
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Figuur 4: Stempelprocedure voor het verpakken van SOI fotonische chips met
PMDS microvloeistofkanalen.

PEG (HS-PEG-COOH) en diamino-PEG(H2N-PEG-NH-Boc). Dit wordt schema-
tisch weergegeven in Fig. 3. De polymeerlagen verlaagden deniet-specifieke
interactie in hoge mate zodat het systeem nu moleculen kan detecteren in een
lichaamsvloeistof met een veel verschillende componenten.
De vloeistoffen moeten met gelijke snelheid over alle sensoren op de chip worden
geleid. Hiervoor gebruikten we vloeistofkanalen met dimensies van enkele tien-
tallen micrometers, zogenaamde microfluidische kanalen. Alvorens de kanalen op
de chip aan te brengen, zullen de verschillende receptormoleculen op de sensoren
worden aangebracht. Tijdens het binden van de kanalen moet er dus voor gezorgd
worden dat de receptormoleculen niet beschadigd geraken door agressieve opper-
vlaktebehandelingen, hoge temperaturen of lijm. Om deze redenen gebruiken we
een stempelprocedure om de chip te verpakken met de kanalen.Deze procedure is
geı̈llustreerd in Fig. 4, er wordt ook een foto van het afgewerkt geheel getoond.
Na de chemische behandeling en het verpakken van de chip met microvloeistofka-
nalen, kan de detectie gebeuren en moet de chip uitgelezen worden. We maken ge-
bruik van geı̈ntegreerde roosterkoppelaars om het licht van de horizontale golfgelei-
der naar de verticale richting te koppelen, waar het verder geleid wordt door op-
tische vezels of in de vrije ruimte. In tegenstelling tot commerciële biosensoren,
is het uitleessysteem hier volledig ontkoppeld van het sensormechanisme en kun-
nen beide afzonderlijk geoptimaliseerd worden. De tolerantie op de posities van
de componenten is veel groter wat belangrijk is voor draagbare toepassingen. We
installeerden en bestudeerden een uitleessysteem met simultane belichting van ver-
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Figuur 5: Illustratie van een verpakte SOI sensor chip met een matrix van sensoren
in de meetopstelling.

schillende ingangsgolfgeleiders en een infrarood camera voor simultane uitlezing
van verschillende uitgangsgolfgeleiders. Dit systeem heeft een laag ruisniveau en
biedt de mogelijkheid tot het uitlezen van meer dan 1,000 sensoren tegelijkertijd.
Een illustratie is weergegeven in Fig. 5.

Experimentele resultaten

Voor het testen van het SOI biosensor platform, gebruikten we in eerste instantie
avidine en biotine. Dit zijn twee stabiele biomoleculen dieeen hoge affiniteit voor
elkaar vertonen en daarom als modelmoleculen worden gebruikt voor de karak-
terisering van het systeem. De detectielimiet bleek ongeveer 3.8 ng/ml avidine
concentratie te bedragen. Voor simultane detectie van meerdere moleculen, werd
een matrix van ringen bedekt met een homogene polymeerlaag.Daarop werden
vervolgens drie verschillende receptormoleculen aangebracht (ook aangeduid op
Fig. 10): Hu-IgG, HSA en BSA. De vierde kolom van de matrix werd vrijge-
laten en als referentie gebruikt. Fig. 6 toont het resultaatvan een karakterisatie-
experiment. Wanneer serums met verschillende antilichamen over de chip werden
gevloeid, kunnen deze antilichamen worden gedetecteerd aan de hand van het sig-
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mentaire biomoleculen (anti-Hu-IgG en anti-HSA) werden over de chip geleid en
de desbetreffende ringresonatoren vertonen een duidelijksignaal aan de uitgang
wanneer binding optreedt.

naal van de overeenstemmende ringresonatoren.
Nu een basis biosensor platform met SOI ringresonatoren is uitgebouwd en een
theoretische studie werd voltooid, kan het systeem verder worden geoptimaliseerd
om de detectielimiet te verlagen, bijvoorbeeld met andere componenten of betere
uitleesapparatuur. Verdere integratie met microvloeistofsystemen en elektronica
kan uiteindelijk leiden tot SOI fotonische wegwerpbiochips, bijvoorbeeld 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 between biomolecules and to
detect analytes from body fluids, manufacturing processes or environmental sam-
ples. The development of this technique is challenging, because biomolecules are
extremely small and sometimes present within a sample at very low concentra-
tions (pg/ml to fg/ml) that simultaneously contains thousands of other molecules
at much higher concentrations. Biological research has historically relied upon at-
tachment of alabel to one or more of the molecules, viruses or cell being studied.
Commonly used labels are fluorescent dies, radioactive molecules or nanoparti-
cles. These are easily measurable and serve to indicate the presence of the analyte
to which they have been attached indirectly. While labeled detection methods can
be sensitive down to a single molecule, labels can structurally and functionally al-
ter the assay and the labeling process is labor intensive andcostly. Quantification is
difficult since the bias label intensity level is dependent on all working conditions.
Moreover, a labeled assay can only be performed in an ‘end-point’ fashion so that
no kinetic information on the biomolecular interaction canbe obtained. Due to
these considerations, there has been a drive to reduce assaycost and complexity
while providing more quantitative information with high throughput. Label-free
biosensors measure the presence of a biomolecule directly through some physical
property. The type of label-free biosensor we studied is an affinity-based biosen-
sor: a so-called ‘receptor’ or ‘ligand’ is attached to the surface of a sensor that
responds to the affinity interaction of the receptor with an analyte. The forma-
tion of complexes can thus be monitored continuously and many interactions can
be followed simultaneously. Emerging applications include point-of-care diagnos-
tics, drug development, environmental control and food monitoring. Point-of-care
systems are designed to process clinical samples for a number of different types of
biomarkers and to work in a variety of settings.
Optical label-free biosensors make use of the fact that biological molecules reduce
the propagation velocity of electromagnetic fields that pass through them, which
is translated in into a quantifiable signal proportional to the amount of biological
material present on the sensor surface. Commercially available optical label-free
biosensors exist mainly in free-space beam sensing configurations, where discrete
components such as mirrors and lenses are used. Coupling light from one com-
ponent to another in free-space setups typically requires accurate and therefore
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Figure 7: Basic principle of a ring resonator biosensor.

time consuming and expensive mechanical alignment. For that reason portability
of the equipment is low and its use is limited to dedicated labor clinical envi-
ronments. Expanding the optical sensing principle to multiplexed sensing is not
straightforward with these tools, as the complexity and cost of the optical compo-
nents of the read-out equipment scales with the degree of multiplexing. Over the
past decade, there has been a vast research effort in integration of optical label-
free biosensors on photonic chips. Photonic integrated circuits (PIC) consist of
optical components, such as light sources, detectors, or sensors, that are integrated
on one single chip. The integrated approach allows for a significant simplification
of the optical system, since the light routing and processing can be accomplished
by a waveguide circuit that is fabricated by a collective lithography process. The
sensing part is fully decoupled from the optical read-out part and can thus be op-
timized separately. Extension to multiplexed sensor arrays is simply attained by
arraying one sensor next to the other and connecting them with source and detector
through integrated waveguides. Most importantly, additional levels of integration
with electronic and biologic functions are possible. The ultimate goal is to inte-
grated several laboratory functions in a single chip, a so-called lab-on-a-chip.
The working principle of the integrated optical label-freebiosensor we studied is
illustrated in Fig. 7. A ring resonator supports circulating waveguide modes with
resonant wavelengths that are related to the effective optical path length within the
resonator:

λres = Lneff

m

whereL is the circumference of the ring,m is an integer andneff the effective
refractive index of the circulating mode. When the refractive index near the ring
resonator surface is modified due to the capture of target molecules on the surface,
neff will change which in turn leads to a shift in the resonance wavelengthλres.
This wavelength shift is a quantitative measure for the number of binding events
near the surface.
Silicon-on-insulator (SOI) as a material platform for on-chip biosensors offers
several advantages. SOI waveguides confine light within sub-micron structures
because of the high omni-directional index contrast. This results in very sharp
bending structures and in micron-scale ring resonators, which is of importance
when detecting very small amounts of molecules. The resonance wavelength shift
does not scale with the size of the cavity, hence the smaller the cavity, the less
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molecules are needed to cover its entire surface, while the response does not de-
crease with decreasing surface area. Moreover, not only thesmall surface area, but
also the high mode confinement itself is beneficial for highlysensitive detection.
Due to the high integration density of structures in SOI, onesquare millimeter on
a photonics chip can contain over 1,000 biosensors. When each of them is cov-
ered with different receptor molecules, large sets of biomarkers can be screened
simultaneously within very small sample volumes. Last but not least, using sili-
con as a photonics platform offers the advantage of reuse of extensively developed
CMOS processing technology, in particular 193 nm optical projection lithography
and dry etching. This allows for mass production and economics of scale. For
point-of-care diagnostics the availability of cheap disposables is a prior require-
ment, since reuse of the sensor chip is excluded. Also in drugdiscovery where
immense numbers of test assays are run, cheap disposables can increase efficiency
and keep down the development costs of the drugs.

Theoretical study

We performed a theoretical study of the intrinsic biosensing capacities of SOI ring
resonators. Three important characteristics were investigated: the measurement
resolution, the sensitivity and the detection limit. The measurement resolution
corresponds to the minimum wavelength shift that can be accurately measured. It
depends on the shape of the resonance spectrum and on equipment factors such
as wavelength step and noise. It can be much smaller than the light source line
width and the resonance peak width by using a peak fitting algorithm. Suppress-
ing intensity noise and increasing the Q-factor are important to obtain a good mea-
surement resolution. The Q-factor however, is limited by propagation losses in
the ring mainly caused by the large absorption of water at 1550 nm wavelength.
The measurement resolution of our devices was found to be 0.67 pm on average.
The sensitivity of a biosensor reflects its response to environmental changes. It
was studied for various waveguide dimensions and various types of environmental
changes (bulk refractive index changes and molecular layerchanges that can cor-
respond to a thickness or a density increase). The detectionlimit of a biosensor
includes the effect of the two other parameters: it is the ratio of the measurement
resolution to the sensitivity. We calculated the detectionlimit of SOI biosensors for
bulk index sensing, layer detection, surface coverage and absolute mass and find
the current system being capable of detecting a surface coverage of 5.02 pg/mm2,
corresponding to a total molecular mass of about 158 ag on thering surface.

Platform: chemistry, fluidics and read-out

For experimental verification of the theory, we built a biosensor platform con-
sisting of the photonics chip itself, coupling chemistry, afluidic sample delivery
system and read-out equipment. All parts were developed with a focus on low
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Figure 8: Waveguide with PEG coating for receptor binding and reduction of non-
specific interaction with other molecules in the sample.

detection limit and high throughput biosensing.

The intrinsic sensitivity of the biosensor is reduced when the density of the re-
ceptor molecules at its surface is not optimal. Thus, the properties of a biosensor
critically depend on the quality of the receptor layer. The coupling chemistry has
to allow for immobilization of receptor molecules and at thesame time effectively
block non-specific interactions with the macromolecular components of the sam-
ple. It must be stable, homogeneous and must not hinder transport of the chemical
or biological compounds to the transducer surface. Silanization of a silicon oxide
layer on top of the silicon waveguide is a straightforward coupling procedure for
dense receptor coverage. However, silanes perform poorly in terms of non-specific
interactions with proteins in the analyte solution. To reduce the non-specific inter-
action, we coupled thin poly(ethylene glycol) (PEG) layersto the silane coating.
We investigated two heterobifunctional PEG layers with different reactive groups:
α-sulfanyl-ω-carboxy PEG (HS-PEG-COOH) and monoprotected diamino-PEG
(H2N-PEG-NH-Boc). This is schematically shown in Fig. 8. The PEG layers
are a few nanometers thick and show good homogeneity. We willpresent various
characterization experiments to verify the effectivenessof the coatings towards
non-specific interaction reduction.

In order to deliver a sample liquid to an array of ring resonators, it is important
that the flow characteristics are equal over the entire chip.The need for compact
fluidics in which the flow velocity is similar at all locationson the chip implies
the use of channels with dimensions in the order of a few tenths of microns, so-
called ‘microfluidics’. Different receptor molecules are spotted on the chip before
microfluidic channels are mounted. This is in contrast with the approach in which
receptor molecules are coupled to the surface after bondingthe channels, which
requires a more complex channel network with multiple in- and outlets. Our ap-
proach asks for a low-temperature bonding process during which no contact is
allowed between an adhesive glue an the receptor molecules on the SOI chip. We
use a stamp-and-stick method to transfer PDMS channels on the SOI chip without
damaging the fragile receptor molecules. This is illustrated in Fig. 9 together with
a picture of the finished device.

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

subsequently placed in a read-out setup. Integrated grating couplers couple light
from the horizontal waveguides to the vertical direction where it is further guided
through single-mode optical fibers or in free-space. A system consisting of flood
illumination of multiple input waveguides and imaging of multiple output gratings
with an infra-red (IR) camera offers a good trade-off between a high degree of mul-
tiplexing and low noise. The chip with read-out system is schematically shown in
Fig. 10. The read-out system of an integrated optical biosensor is fundamentally
different from the read-out system of commercial free-space biosensors like Bia-
core SPR. Here, read-out is completely decoupled from the detection, offering a
much higher degree of multiplexing and a much higher alignment tolerance. The
latter is important for portable applications and reduces the cost of the overall sys-
tem.

Biosensor experiments

Using the platform, we performed a number of experiments to characterize the
SOI microring biosensor. Avidin/biotin was initially usedas a model biomolecular
pair. The detection limit of the system was determined to be around 3.8 ng/ml. For
multiplexed protein detection experiments, an array of microrings was covered
homogeneously with a PEG layer, on top of which different proteins were spotted
on different ring resonators (see Fig. 10). Fig. 11 shows theresult of a proof-of-
principle multiplexed sensing experiment. Three different proteins are spotted on
the resonators: Hu-IgG, HSA and BSA. The fourth column of resonators was left
for reference. When flowing diluted serums with different antibodies (anti-Hu-IgG
and anti-HSA) across the chip, the analytes could be detected with high specificity.
Now that a basic biosensor platform has been installed and SOI microring biosen-
sors have been characterized, other filter configurations and better read-out schemes
can be developed to obtain lower detection limits. Higher levels of integration,
with microfluidics and optoelectronic components, are investigated as well. This
will ultimately lead to integration of a disposable SOI photonics biochip in a point-
of-care diagnostic tool.
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Figure 10: Illustration of the packaged SOI chip, containing an array of SOI mi-
croring resonators, implemented in a read-out system.
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1
Introduction

In this PhD project we studied and developed a label-free biosensor based on a
silicon-on-insulator photonic chip. The sensor itself consists of an integrated opti-
cal resonator that responds when biomolecules interact at its surface. It was a mul-
tidisciplinary project during which different research fields like chemistry, fluidics
and optics were combined to obtain a sensitive, disposable biochip for multiplexed
protein detection. We closely collaborated with thePolymer Material Research
Groupat Ghent Universitywith Prof. Em. Etienne Schacht in the framework of a
UGent GOA project.
This chapter serves to set the context of this work. It will give an answer to the
questions “Label-free biosensing: what, why and what for?”in sections 1.1 and
1.2. Section 1.3 introduces the device that we studied: a silicon-on-insulator (SOI)
ring resonator biosensor. We will briefly introduce the fieldof SOI photonics and
its connection with biology. The working principle of the device will be explained
as well as its main assets. The outline of the rest of the manuscript is given in
section 1.4. The chapter concludes with an overview and discussion of competing
technologies in section 1.5.

1.1 Affinity biosensors

A biosensor provides the ability to study interactions between biomolecules, to
observe the activity of cells, and to specifically detect analytes from body fluids,
manufacturing processes, or environmental samples. The development of tech-
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nology to meet these requirements is challenging because biochemical analytes
are extremely small and sometimes present within a sample atconcentrations in
the fg/ml to pg/ml concentration range that simultaneouslycontains thousands of
other molecules at concentrations orders of magnitude greater. The analytes to
detect can include drug compounds with molecular weights below 500 Da1, DNA
oligomers, peptides, enzymes, antibodies, viral particles... An additional chal-
lenge arises from the need to perform many thousands of individual measurements.
For example, researchers working in pharmaceutical discovery and life science re-
search seek to perform large numbers of assays2 in parallel [1].
Due to the difficulty in detecting biological analytes directly through their intrinsic
physical properties (such as mass, size, electrical impedance, or dielectric permit-
tivity), biological research has historically relied uponattachment of some sort of
‘label’ to one or more of the molecules,viruses or cells being studied. The label
is designed to be easily measured and indirectly indicates the presence of the an-
alyte to which it has been attached. For example, many commercially available
fluorescent dyes can be conjugated with DNA, proteins, or cells so that, when
illuminated with a laser at the excitation wavelength of thefluorophore, light is
emitted at a characteristic wavelength. An example is illustrated in Fig. 1.1(a).
ELISA (enzyme-linked immunosorbent assay) allows for screening of an antigen3

in a sample (e.g. the blue antigen in the figure). In brief, thesample is adsorbed to
a surface first. The surface is then treated with a solution containing the primary
antibody - an antibody against the antigen of interest. Unbound antibody is washed
away and the surface is treated with a solution containing antibodies against the
primary antibody. These have been linked to fluorescent labels. The fluorescent
signal is proportional to the concentration of the antibodyof interest in the sample.

Though labels have been central to implementing nearly all biochemical and cell-
based assays, the labels themselves pose several potentialproblems. For example,
though the detection ofradioactive labelscan be performed with tremendous sen-
sitivity, their usage requires specially outfitted ’hot labs’ and the generation of
large quantities of contaminated reagents and labware thatmust be properly dis-
posed. With advanced microscopy, fluorescence can be detected down to very
small amounts [2]. However, the emission efficiency offluorescent labelsis de-
graded by time and exposure to light (including room light and the laser excitation

11 Dalton (Da) is the atomic mass unit corresponding to one twelfth of 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 and/or measuring the activity of a drug or
biochemical substance in an organism or organic sample.

3Antibody/Antigen: Antibodies or immunoglobulins (Ig) arethe proteins at the heart of the human
immune system. They bind bacteria, viruses or other foreignmolecules and target them for destruction.
An antigen is any molecule or pathogen capable of eliciting an immune response, it may be a virus, a
bacterial cell wall or another macromolecule. An individual antibody binds only one particular antigen,
more specifically, it binds to one particular molecular structure within the antigen.
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Figure 1.1: Illustration of labeled and label-free biosensors. Labeled biosensing
relies on attachment of a label to the analyte and is illustrated with the ELISA
principle. The label (fluorescent, radioactive, nanoparticle, ...) can easily be mea-
sured and indirectly indicates the presence of the analyte to which it has been
attached. Label-free affinity biosensing relies on a receptor molecule attached to
a transducer that responds to affinity binding between receptor and analyte.
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light) by photobleaching, reducing the ability to supply highly quantitative mea-
surements and requiring that assays be read in an ‘end point’fashion so that kinetic
information from an assay is lost. Quenching and self-quenching may also reduce
the efficacy of fluorescent tags in an unpredictable manner [3]. In practice, label-
based assays require a high degree of development to assure that the label does
not block an important active site on the tagged molecule or modify the molecular
conformation.
Due to the above considerations, there has been a drive to reduce assay cost and
complexity while providing more quantitative informationwith high throughput.
Label-free detection generally involves a transducer capable of directly measur-
ing some physical property of the chemical compound, DNA molecule, peptide,
protein, virus, or cell. A well-known example is the glucosesensor, this is an
‘enzyme-based’ biosensor. It uses an enzyme (glucose oxidase) that breaks the
glucose down into gluconic acid and H2O2, under consumption of O2. The glu-
cose sensor will produce a transducer signal proportional to either the H2O2 con-
centration, the pH of the gluconic acid or the O2 comsumption. This signal relates
thus directly to the original glucose concentration [4].
The type of biosensor handled in this work is an affinity-based biosensor. Affinity
biosensors are analytical devices composed of a biologicalrecognition element,
the so-called ‘receptor’ or ‘ligand’, interfaced to a transducer which responds to the
affinity interaction of the receptor with an analyte. The receptor molecule can be an
antibody, receptor protein, biomimetic material or DNA. Inanalogy with ELISAs,
in Fig. 1.1(b) we illustrate a label-free biosensor for detection of antibodies in
a sample. Identical sensors are placed in an array, each of them coated with a
different antigen. When immersed in a sample, the complementary antibodies will
bind to the antigens resulting in an output signal of the corresponding sensor. In
contrast to labeled detection, the formation of the complexes is now monitored
continuously and many interactions can be followed simultaneously. This real-
time data results in information on the kinetics of the reaction as well as on the
concentration of the antibodies in the sample. More detail on affinity binding is
given in chapter 4.
Below we list a number of biosensor requirements. Dependingon the application
area, the tolerances on the requirements differ. The terms that are introduced here
will be used throughout the next chapters and will be relatedto the SOI ring res-
onator biosensor where appropriate. Some metrics, such as sensitivity or cost, can
be defined numerically. Others, such as portability, are subjective 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.

• Resolution is the smallest change in output signal that can be observed.
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It depends on transducer, read-out equipment, overall noise level 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 sample. It can be
expressed with various quantities: minimum bulk refractive index change
[RIU], minimum surface coverage [pg/mm2], minimum analyte concentra-
tion [ng/ml], minimum detectable molecular mass [g]... Thedetection limit
depends on intrinsic transducer properties as well as on surface chemistry,
sample delivery, affinity of the analyte for the receptor, buffer conditions etc.

• Selectivity is the sensor characteristic that prevents molecules otherthan
the analyte to attach or adsorb to the surface and cause a large background
signal, thus deteriorating the biosensors detection limit. Selectivity is is
provided by an appropriate surface coating.

• Thedynamic range is 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 in pharmaceutical dis-
covery and life science perform large numbers of assays in parallel to un-
derstand how many molecular permutations affect the efficacy of a drug
candidate.

• Costbreakdown has two components: cost of the disposable and cost of the
instrumentation. Adoption of biosensor technology for most applications in
diagnostics or pharmaceutical screening will be driven to some extent by the
cost of performing an individual assay. The cost of a read-out instrument is
related to its complexity and the cost of the components required to reach a
specified level of performance.

• Portability is important for detection systems that need to serve in a range
of locations (e.g. diagnostics in the doctor’s office or at the patients’ bed)
and in time-restricted settings where real-time detectionoffers considerable
advantages over transportation of the sample to the lab (e.g. environmental
pollution control).

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

1.2 Application areas

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

The analysis of molecular interactions is a key part of the drug discovery process;
many millions of dollars are spent early in drug developmenton screening com-
pounds for receptor binding in vitro. Biosensors with fluorescent or radioactive
labels are nowadays commonly used for such tasks, but label-free biosensors are
increasingly deployed for their high information content on affinities and kinetics,
and flexibility to the process of assay design and quality control. High through-
put is currently important to a lesser extent. An information-rich assay that gives
a quantitative ranking of interaction affinities and the active concentration of an
expressed receptor or ligand can be extremely valuable in the early stages of drug
discovery, including target identification, ligand fishing, assay development, lead
selection, early ADME4 and manufacturing quality control. In [5], Cooper et al.
give an overview of the use of biosensors at all stages in drugdiscovery and give in-
dications on where label-free sensors might become indispensable, some of which
have already been implemented today.

1.2.2 Point-of-care diagnostics

Biosensors for multiplexed diagnostics are currently attracting the most commer-
cial interest [6]. Point-of-care (POC) systems are designed to process clinical sam-
ples for a number of different types of biomarkers5 and to work in a variety of
settings, such as clinical laboratories, doctors offices and eventually, at home. Ba-
sically, POC systems make state-of-the-art technology platforms accessible to a
large population pool. This can be achieved by integrated systems that combine
biosensor technology with sample preparation. Instead of sample pre-treatment
(including for example cell lysing and extraction) in room-sized laboratories, all
preparation steps have to be performed on-chip. These technologies can contribute
to the realization of personalized medicine by creating a link between the diagno-
sis of disease and the ability to tailor therapeutics to the individual. Aside from
the technological difficulties, another bottleneck diagnostic biosensors face is the
additional regulatory challenge of demonstrating that theinformation provided is
of clinical significance.
Biosensors in point-of-care systems for cancer diagnostics are believed to be very
promising [5]. Cancers arise as a result of the disruption ofnormal cell signaling
pathways, which can produce cells (cancer cells) that exhibit a decisive growth
advantage compared to their neighbors. The common method for cancer diagnosis
and prognosis relies heavily on technologies that are over 100 years old (visual

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

5A biomarker for diagnostics is a term used to refer to a protein measured in blood whose concen-
tration reflects the severity or presence of some disease state.
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inspection of cell morphology by a pathologist). Unfortunately in terms of diag-
nosis, there is not one molecular marker that can provide sufficient information to
assist the clinician in making effective prognoses or even diagnoses. Large panels
of markers must typically be evaluated. Therefore, new technology platforms must
possess the capability to provide data on a large panel of markers across several
different classes of biomarkers. Multiplexing becomes thus very important. It is
likely that the concentration of biomarkers in either serumor urine will be very
low. This will require that biosensors for cancer diagnostics will have to possess
excellent sensitivity. It also imposes very stringent specificity requirements for the
biological recognition elements.
The goal of using optical biosensors for diagnostics in developing countries [7] has
become an important driver for engineering more cost-effective systems. Tech-
nologies for cheap, robust, low-cost, user-friendly diagnostics with minimal re-
quirements for external energy sources are in the development and clinical testing
phase. Successful approaches will work just as well in technologically advanced
cultures and be more rapidly accepted due to the lower cost ofuse.

1.2.3 Environmental control and food testing

Environmental concerns are driving the development of on-site monitoring sys-
tems to reduce the response time and cost of pollution control in comparison to
shipping samples to a central laboratory. Label-free biosensors are being tested
for monitoring air, water, and soil, with the primary interest coming from environ-
mental regulatory agencies, for example online screening of water quality for both
household and industrials use [8].
Food processing companies are interested in automated monitoring systems to pro-
mote safer products and reduce liability. A few companies have already emplaced
optical biosensors for food testing, but the efficacy of these systems 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 biosensors, we can extract
a few key requirements: low detection limit, high throughput, portable systems,
integration with sample preparation and low cost of the disposable. Depending on
the actual application, some requirements are more stringent than others.
Optical label-free biosensors have received considerableattention over the past
years. The key behind optical biosensors’ ability to detectbiological analytes is
that biological molecules, including proteins, cells, andDNA, all have a permit-
tivity ǫ greater than that of air and water. Therefore, these materials all possess the
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intrinsic ability to reduce the propagation velocity of electromagnetic waves that
pass through them. Optical biosensors translate changes inthe propagation speed
of light into a quantifiable signal proportional to the amount of biological material
present on the sensor surface.

In this category, there exist a number of detection methods,including refractive
index (RI) detection, optical absorption detection, and Raman spectroscopic de-
tection. RI and absorption are the real and imaginary part ofthe more general
complex refractive index constantn = √ǫ/ǫ0 and are related to each other via the
Kramers−Kronig relations [9]. Raman detection is unique in that, on one hand,
like RI and absorption detection, target molecules are not labeled, on the other
hand, emitted Raman light is used for sensing, similar to fluorescence-based de-
tection. All optical biosensors are immune to electromagnetic interference. The
biosensor platform we developed is based on RI detection.

Commercially available optical label-free biosensors exist in free-space beam sen-
sing configurations, where discrete optical components such as mirrors, lenses, and
spatial filters are used to define the wave front and the trajectory of the beam. A
well-known example are SPR (surface plasmon resonance) biosensors by Biacore
and other companies. Coupling light from one component to another in free-space
setups typically requires accurate and therefore time consuming and expensive me-
chanical alignment. For the same reason portability of the equipment is low and its
use is limited to dedicated lab or clinical environments. Expanding the optical sen-
sing principle to multiplexed sensing is not straightforward as the complexity and
cost of the optical components of the read-out equipment scales with the degree of
multiplexing (see also section 1.5).

Over the past decade there has been a vast research effort in integration of op-
tical label-free biosensors on photonic chips. Photonic integrated circuits (PIC)
consist of optical components, such as light sources, detectors, data processing
units or sensors, that are integrated on one single chip. Theintegrated approach
allows for a significant simplification of the optical system, since the light routing
and processing can be accomplished by a waveguide circuit that is fabricated by a
collective lithography process. The sensing part is fully decoupled from the opti-
cal read-out part and can thus be optimized separately. Extension to multiplexed
sensor arrays is simply attained by arraying one sensor nextto the other and con-
necting them with source and detector through integrated waveguides. Most im-
portantly, additional levels of integration with electronic and biologic functions
are possible. The ultimate goal is to integrate several laboratory functions in a
single chip, a so-called lab-on-a-chip. These functions can be diverse, like cell
lysis, sample amplification and dilution, sample cleaning,labeling etc. Biosensors
can be included in various functions of the lab-on-a-chip, for example 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 ringresonator biosensor is
illustrated. The ring resonator consists of a waveguide that can confine light within
the submicron scale. The resonator supports circulating waveguide modes with
resonant wavelengths that are related to the effective optical path length within the
resonator:

λres = Lneff

m

whereL is the circumference of the ring,m is an integer andneff the effective
refractive index of the circulating mode. When the refractive index near the ring
resonator surface is modified due to the capture of target molecules on the surface,
neff will change which in turn leads to a shift in the resonance wavelengthλres.
This wavelength shift is a quantitative measure for the number of binding events
near the surface.
In a wavelength interrogation setup the spectrum is scannedrepeatedly and the
location of the resonance is tracked, while in an intensity interrogation setup the
output intensity is monitored at one specific wavelength. For sharp peaks, intensity
interrogation can be more sensitive, however it is largely dependent on the peak
shape and thus very susceptible to slight shape variations and noise. On top of
that intensity interrogation offers a limited dynamic range. For these reasons we
applied wavelength interrogation in all experiments.

1.3.3 Silicon photonics for biotechnology

Unlike in electronic integration, where silicon is the dominant material, photonic
integrated circuits have been fabricated from a variety of material systems like
silica-on-silicon, polymers, III−V semiconductors, SiON (silicon-oxynitride), silicon-
on-insulator etc. Aside from ease and cost of fabrication, the number of compo-
nents per surface area (the integration density) is a key issue for the choice of
material. This is related to the minimal waveguide bend radius that supports guid-
ing without substantial losses and the minimal device separation that avoids mode
coupling. Essentially this relates to the degree of confinement in the waveguides.
As higher confinement is achieved in material systems with larger index contrast,
platforms consisting of semiconductor materials like silicon or III−V semicon-
ductors with refractive index around 3 offer the highest degree of integration, in
contrast to glasses or polymers with indices in the range of 1.5−2. In literature in-
tegrated biosensors based on resonant cavities are demonstrated with different ma-
terial systems such as hydex glass [10, 11], polymers [12] and silicon nitride [13].
In this section we will argue that silicon-on-insulator (SOI) as a material system
for integrated biosensors is a valuable option.
An SOI wafer consists of a silicon membrane and a buried silicon-oxide layer
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Figure 1.2: Basic principle of a ring resonator biosensor. A ring resonator sup-
ports resonating modes with wavelengths determined by the optical path length
Lneff . Upon biomolecular at the ring surface, the effective indexof the resonat-
ing mode will change which in turn leads to a measurable resonance wavelength
shift.
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Figure 1.3: SEM picture of SOI waveguide for monomodal operation with width
= 450 nm, height = 220 nm. SOI ring resonator with radius 5µm and straight
section 2µm.

(BOX) on a supporting substrate. Silicon is transparent in the near infra-red (NIR)
beyond 1.2µm, which includes the main telecom wavelengths 1.30µm and 1.55
µm. The silicon membrane is of sub-wavelength height, lateral confinement is
achieved by etching fully through the silicon membrane. In this way, a high omni-
directional index contrast (nSi=3.46, nSiO2

=1.44) is achieved which enables guid-
ing through sharp bends and thus large density sensor integration. Fig. 1.3 shows
a SEM picture of a fabricated SOI wire with typical dimensions. The silicon mem-
brane of our fabricated devices measures 220 nm in height, and monomodal op-
eration is achieved for waveguide widths around 450 nm (depending on the top
cladding -often watery solutions in biosensing- and the polarization).

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

Integration density Because of the high index contrast, the ring resonators cover
only a 10×14µm2 area. One square millimeter on a photonics chip can thus con-
tain over 1,000 biosensors. When each of them is covered withdifferent receptor
molecules large sets of biomarkers can be screened simultaneously within very
small sample volumes. Today very few techniques exist to address surfaces this
small with molecules. Thanks to advances in genome screening with microarrays,
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Figure 1.4: SOI microring resonators of 10×14µm area addressed separately with
liquid drops of compatible dimensions produced with a Bioforce ‘Nanospotter’.

there has been vast investment in tools that produce molecular sample spots with
a few hundred micron radius. SOI compatible molecular spotsof a few tenths
micron radius however can only be made with few commercial tools, amongst
them ‘Bio-jet’ nanodispensing system of Olivetti and ‘Nanospotter’ of Bioforce.
Fig. 1.4 shows pictures of SOI ring resonators with liquid drops of 15µm radius
produced with the Bioforce ‘Nanospotter’.

Fabrication Using silicon as a photonics platform offers the advantage of reuse
of extensively developed CMOS processing technology. Typical minimum SOI
photonic feature sizes are around 100 nm, which fits well within the capacities of
today’s industrial fabrication tools based on 193 nm optical projection lithography
and dry etching. As a consequence of the high index contrast and the waveguide di-
mensions being close to the diffraction limit, device responses are very sensitive to
minimal dimensional variations. Therefore, an accurate dimensional control in the
range of 1-5 nm is needed. To achieve such requirement a high resolution fabrica-
tion process is needed. In [14–16], members of our group gavea detailed descrip-
tion on how industrial techniques are adapted for fabrication of high quality SOI
photonic integrated circuits. All test devices used in thiswork are fabricated with
the research facilities of IMEC (Interuniversity Microelectronics Center), Leuven,
Belgium.
Fabrication of photonic chips with nanoscale reliability and with no extra equip-
ment development cost is a major asset for SOI biosensors. Itallows for mass
production and economics of scale. For point-of-care diagnostics the availability
of cheap disposables is a prior requirement, since reuse of the sensor chip is ex-
cluded. Also in drug discovery where immense numbers of testassays are run,
cheap disposables can increase efficiency and keep down the development 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 integration is between optical
structures and microfluidics. Microfluidics can serve for a number of applications
like cell sorting and cell manipulation required for the sample preparation prior to
diagnostic biosensing. A second level of integration, namely the integration of the
sensors with light sources, and detectors, as well as the corresponding on-board
or on-chip optical and electronic controls is the next step towards fully integrated
hand-held sensor systems.
While SOI is a promising platform for passive functions likesensing, the fabrica-
tion of active optoelectronic devices (light emission, amplification and detection)
at telecom wavelengths using electrically contacted devices is difficult. The inte-
gration of active optical functions on a silicon platform isan active area of research.
This implies the integration of silicon-based modulators,SiGe photodetectors and
silicon light sources. A literature review of state-of-the-art in silicon photonics is
given in [17].
A second route to achieve active functionality is heterogeneous integration of sili-
con with III−V material systems. As state-of-the-art active optoelectronic compo-
nents are fabricated in InP/InGaAsP, heterogeneous integration with silicon results
in exploitation of advantages of both material systems. Various routes towards
integration are possible: one can integrate preprocessed III−V devices onto the si-
licon host substrate or one can integrate the material first and process the devices
after. Both approaches offer advantages and have drawbacks. At Intec, the second
option has led to a number of publications [18–22]. By integration of InP/InGaAsP
as individual dies on the silicon host and processing them subsequently, tolerances
on the misalignment of positioning is very high and positioning can thus be done
quickly and cost effectively. This approach leads to efficient use of expensive In-
P/InGaAsP material. In this work we do not address the integration with active
components. Various functional components have been developed in parallel to
this work and integration of passive sensors and light guiding with active sources
and detection will ultimately lead to fully integrated biosensors.

1.4 Outline of the manuscript

For an innovative biosensor platform like the SOI ring resonator biosensor, not
only the sensor technology needs to be developed. Basicallythere are four parts
contributing to a successful detection: the sensor, the coupling chemistry, fluid
delivery and read-out system. They are schematically pictured in Fig. 1.5. In
general, the quality of the weakest part will be the limitingfactor for the overall
quality of the system. For instance, high-quality read-outcan never compensate
for a bad-quality sensor chip. Separate chapters are devoted to the various aspects.
The sensor element is discussed in chapter 2. Chapter 3 introduces a new technique
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Figure 1.5: A biosensor platform consists of four parts contributing toa successful
molecular detection: the sensing element, the coupling chemistry, sample fluid
delivery and read-out system.

to extract additional data from ring resonator biosensors.Chapter 4 overviews the
work we performed to obtain high quality coupling of receptor molecules to SOI
biosensors. The development of microfluidics delivery and aread-out system for
low noise and parallel detection is described in chapters 5 and 6. Chapter 8 gives
an overview of possible routes for continuation of this work, some of which have
already been initiated. It also introduces an alternative implementation of SOI ring
resonator biosensors, namely transfer of a resonator to an optical fiber facet for
extreme portability and in-vivo sensing.

1.5 Competing technologies

Detection via the optical properties of biomolecules is only one of the many op-
tions that are considered for label-free biosensors. The two other main categories
are electrical and mechanical sensors based on electrical molecular properties or
mass. We will briefly give an overview of the three main label-free biosensor
classes in a current commercial context. Only affinity-based biosensors are listed,
other mechanisms -like the enzyme-based glucose sensor we discussed earlier- are
not discussed here. We intentionally choose a technological point of view and
do not discuss other metrics such as time-to-result and specificity. While these
metrics are critically important to sensor utility, as willbecome clear in chapter
4 and 5, they can be complicated by other factors that are not related to the fun-
damental physical performance of the device. For the same reason it is hard to
compare detection limits of the different platforms. No standard evaluation exists
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and performance numbers in literature reflect not only the technology, but also the
quality of the interfacial layer, the fluidics and the kinetics of biomolecular pairs.
Moreover different figures of merit can be used such as concentration detection
limit, surface coverage etc. They are discussed in chapter 2, section 2.4. Lists
on published detection limits for various sensing platforms and additional infor-
mation can be found literature reviews [23–25]. We only discuss affinity-based
biosensors.

1.5.1 Optical biosensors

Optical biosensors were already introduced in section 1.3.1. They have a long his-
tory in biosensing, since most labeled biosensors are also optical in nature. We cat-
egorize optical biosensors in 3 categories: plasmonic biosensors, interferometer-
based biosensors and cavity biosensors. Each of them can have a number of differ-
ent implementations (free space optics, integrated waveguides, photonic crystals,
fibers...) and material systems. We will briefly introduce the main working princi-
ples, which can be used to understand many other implementations not mentioned
here. Plasmonic biosensors can also be combined with interferometer or cavity
biosensors, but we will treat them separately for their fundamentally different na-
ture. Photonic crystals can be part of an interferometer or acavity but can also
serve as a biosensor as such and will also be treated separately. For a discussion
on fiber optic sensors, we refer to chapter 8.

Plasmonic biosensors

Undoubtedly the most established label-free optical biosensor is based on surface
plasmon resonances (SPR). A surface plasmon wave (SPW) is a charge density
oscillation that occurs at the interface of two media with dielectric constants of
opposite signs, such as a metal and a dielectric. There existmany implementations
of SPR biosensors that mainly differ in the method to excite the SPR: prism cou-
pling, waveguide coupling, fiber optic coupling, grating coupling... In the prism
coupling configuration an incident light beam is totally reflected at the prism-metal
interface and generates an evanescent field penetrating into the metal layer. At the
resonant angle (or resonant wavelength), the propagation constant of the evanes-
cent field matches that of the SPW and the photon will be coupled into the SPW.
This angle is dependent on the refractive index of the environment and can be used
for sensing. This principle first got commercialized by Biacore and generally has
a good detection limit. However it is bulky and it is difficultto integrate. Fig. 1.6
illustrates a prism coupled label-free optical biosensor.Multiplexed sensing with
imaging prism coupled SPR (SPRi) was first introduced in [26]. A CCD camera is
used to image the intensity of light reflected off the surface. However this comes
with a cost: SPRi typically has a limit of detection 10−100 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 biosensor manufacturers and the
range of products is extensive. In the past few years, SPR andSPRi have been
applied in molecular biology for the detection of proteins with a detection limit
ranging from picomolar to nanomolar. Generally commercialsystems are capable
of detecting 1 pg/mm2 surface coverage of molecules. This detection limit de-
pends on many parameters, but particularly on surface functionalization. We refer
to [27, 28] for reviews on SPRi technology literature.
Waveguide coupling offers an integrated alternative to theprism: a SPW is ex-
cited at the interface where a metal strip is included in the waveguide. This way
multiplexing will be achievable at virtually no cost by simply integrating more
sensors on one chip. At Intec, Peter Debackere examined guided SPR modes for
biosensing, this work is published in [29–31].

Interferometer-based biosensors

The phase change introduced by molecular interaction at thebiosensor’s surface
is transduced in a spectral shift of the interference when recombining the sensor
signal with a reference signal. In general the sensitivity of an interferometer in-
creases with longer interaction length. This principle canbe implemented in a
Mach-Zehnder interferometer, a Young interferometer or backscattering interfer-
ometer.
In a Mach-Zehnder interferometer the sensing and referencebranch are recom-
bined and the output intensity is monitored. Mach-Zehnderscan be fully inte-
grated on chip, and will be discussed in more detail at the endof chapter 2. A
Hartman interferometer is a type of Mach-Zehnder implementation, receptor mol-
ecules are patterned on top of a planar slab waveguide. Lightis recombined on
the chip which creates interference patterns between pairsof functionalized strips
and is then coupled out of planar waveguides using gratings.A Hartman interfer-
ometer has been used by Schneider et al. for immunoassays forhuman chlorionic
gonadotropin (hCG) [32]. They achieved 5 ng/ml detection limit and improved it
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Figure 1.7: Schematic of a porous silicon backscattering interferometric biosensor
from [39].

to 0.5 ng/ml using signal amplification with gold nanoparticles conjugated second
anti-hCG antibodies.
In a Young interferometer the two arms are not recombined butform interference
fringes on a detector screen (e.g. a CCD) and the spacial intensity distribution
is interrogated. A commercialized Young interferometer biosensor from Farfield
Scientific [33] is currently available (called AnaLight®).It can probe two po-
larizations of light sequentially, and this additional measurement provides extra
information on the conformation of the biolayers. A similarmechanism has been
investigated in this work, see chapter 3.
The previous implementations are similar in nature which results in similar per-
formance. Most notably, to produce a sensitive device, a long interaction length
between guided wave and sample is necessary. A last class of interferometer-
based biosensors is called backscattering interferometry. This typically consists of
a laser focused onto a small sensing area and a detector to analyze the reflected in-
tensity. Sub-wavelength structures on the sensing surfaceresult in interference at
the detector. This technique was implemented in various configurations and com-
mercialized by Quadraspec and Silicon Kinetics, amongst others [34, 35, 37, 38].
In Fig. 1.7 one of the first implementations of this concept isillustrated. The top
and bottom surfaces of the porous sensor serve as the reflecting surfaces. When
analytes are specifically captured by biorecognition molecules immobilized inside
the pores, a shift in the interference signal is observed.

Cavity biosensors

Ring resonators Optical microring resonator biosensors have recently beenun-
der a lot of attention [40]. The light propagates in the form of whispering gallery
modes (WGM) or circulating waveguide modes, and its evanescent field present at
the ring resonator surface responds to the binding of biomolecules. This type of
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biosensor will be extensively discussed in the next chapter. A high number of rev-
olutions in the cavity results in sharp resonance peaks which enlarges the sensor
performance. A ring resonator can deliver sensing performance similar or superior
to an interferometer while using orders of magnitude less surface area and sam-
ple volume. The sensors have been implemented in ring-, disk- and microtoroid-
shaped resonators on a chip. Since the concept was first described by Boyd et
al. [41], over 100 papers have been published on ring resonators for various sensing
applications, even showing single molecule detection [42]. Chao et al. showed
biomolecular detection with planar polymer microring resonators, fabricated by a
direct imprinting technique, with a detection limit of 250 pg/mm2 [12]. In [10, 11]
planar glass-based microring arrays with 5 microrings weresequentially scanned
for rapid detection of whole bacterial cells, proteins and nucleic acids. [43, 44]
published results on SOI microring resonator biosensing. Washburn et al. recently
reported a limit of detection of 2 ng/ml for an SOI microring resonator 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 and returns back upon itself in
phase. The optical effect of binding a compact monolayer of proteins is to increase
the average radius of the sphere. Because the resonance wavelength is proportional
to the radius, the fractional shift in the wavelength is equal to the fractional change
in the radius. In contrast to circulating waveguide modes inring resonators, the
sensitivity in whispering gallery mode biosensors dependson the sphere radius.
A comprehensive work on viral detection with a microsphere sensor that includes
theoretical discussion as well as experimental results waspublished in [36]. It
predicts that the microsphere is capable of detecting a single virus.

Liquid-core ring resonators The liquid core optical ring resonator (LCORR)
utilizes a thin-walled micro-sized capillary. As illustrated in Fig. 1.8, the circular
cross section of the capillary forms the ring and supports a WGM. The capillary
wall is sufficiently thin (< 4 µm) so that the WGMs of high Q-factors (> 106) are
exposed to the core and interact with the analyte in proximity of the capillary inner
surface [45]. The LCORR was used for quantitative detectionof DNA sequences
with base-mismatch studies. DNA concentration down to 10 pMwas experimen-
tally detected and the estimated surface coverage detection limit is 4 pg/mm2 [46].

Photonic crystals

A photonic crystal (PC) has a periodic dielectric structurewith a periodicity on
the order of the wavelength, from which forms the photonic bandgap. Incident
light whose wavelength lies within the photonic bandgap cannot propagate through
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Figure 1.8: Conceptual illustration of a liquid core optical ring resonator sensor
array from [47].

the PC and a wide bandgap emerges in the transmission (or reflection) spectrum.
However, a photonic ‘defect’ within the bandgap can be introduced by locally
disturbing the PCs periodic structure, leading to the formation of the defect mode.
Light resonant with the defect mode can propagate in the PC. As a result, in the
transmission (or reflection) spectrum, the defect mode appears as a relatively sharp
peak within the bandgap. Since the spectral position of the defect mode is highly
sensitive to the change in the local environment around the ‘defect’, it can be used
as the sensing transduction signal when the refractive index changes as a result of
the binding of the molecules to the defect.
Lee et al. for the first time demonstrated a PC microcavity biosensor that is capable
of monitoring protein binding on the walls of the defect holeand quantitatively
measuring the protein diameter [48]. Mandal et al. recentlydemonstrated a novel
sensor array based on the use of arrays of 1D photonic crystalresonators and a
single bus waveguide (Fig. 1.9). Using the streptavidin/anti-streptavidin model,
they characterized the dose-response of the device and observed a dynamic range
of 1 to 100µg/ml [50].
The directionality of 1D grating couplers has also been usedfor biosensing, upon
biomolecular interaction at a grating surface, the angle orthe wavelength shift of
the guided mode resonance can be interrogated. In this case the optical layout of
the sensor system is almost identical to that used in SPR systems, with a free space
laser beam incident on the sample from above or below the substrate [49].

1.5.2 Mechanical biosensors

Two classes of mechanical biosensors have been successfully implemented and are
commercialized: acoustic wave biosensors and microcantilevers.
Acoustic wave biosensors include quartz crystal microbalances (QCM) and inte-
grated surface acoustic wave technologies. Both approaches utilize a piezoelectric
quartz crystal connected to an oscillating external circuit that is able to measure the
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Figure 1.9: Photonic crystal sensor array: 1D photonic crystals are evanescently
coupled to a bus waveguide from [50].
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Figure 1.10: Illustration of two classes of mechanical biosensors.

resonant oscillatory frequency of the system (Fig. 1.10(a)). Binding of molecules
to the surface of the sensor is measured as a shift in the resonance frequency of the
device [51–53]. By collecting both the dissipation and the resonance frequency of
a quartz crystal, kinetics of both structural changes and mass changes are obtained
simultaneously. The dissipation is an indication for whether a soft film (water rich)
has formed on the surface or if the film is rigid (less water). One key advantage
of this class of sensors is that it is amenable to a wide range of surface coatings.
QCM technology has been commercialized, a.o. by ‘Q-sense’,and can be used to
characterize the formation of thin films (nm) such as proteins, polymers and cells
onto surfaces in liquid [54].

Microcantilevers are a second class of mechanical biosensors, illustrated in Fig.
1.10(b). A binding event near a cantilever surface can be transduced with three
methods: deflection of the cantilever [55], a change in the resonance frequency of
the cantilevers [56], or a change in the stress exerted on thecantilever, which in turn
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generates an electric current in an attached piezoelectricelement. To achieve great
sensitivity, especially when working in liquids, it is necessary to pre-energize the
cantilevers by using alternating electric, magnetic, or acoustic fields. The simplest
transduction event to monitor is the change in deflection, measured by reflecting
a laser beam off the back of a cantilever and measuring the position with a split
photodiode.

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

Recently, report [58] demonstrated sensitive protein detection using very large ar-
rays of up to 960 individually readable microcantilevers with 1 ng/ml PSA (prostate-
specific antigen) detection limit and minimal response to non-specific proteins at
much higher concentration. Currently, several companies are developing commer-
cial microcantilever- based systems, including Cantion [59], BioScale [60] and
Concentris [61].

1.5.3 Electrical biosensors

Electrical biosensors relate on a binding-induced change in some electrical prop-
erty of a circuitry of which the sensor is a vital component. Acommon mode
of electrical biosensing is based on the principles of the field effect transistor
(FET). In normal transistor operation, a semiconducting element is attached to
a source and a drain electrode, and current flowing through the element is modu-
lated by changing the voltage applied to a gate electrode. Ina FET-based nanowire
biosensor configuration, the SiNW (silicon nanowire), functionalized with appro-
priate receptor molecules is connected to a source and drainelectrode (see Fig.
1.11). Binding of target biomolecules changes the dielectric environment around
the nanowires and plays a role similar to that of the gate electrode. Thus, molec-
ular binding can be directly quantitated as a change in the conductivity of the
nanowires [62]. The small size of nanowires means that individual binding events
result in a more significant change in the electrical properties of the circuit. This
unique feature of nanowire FETs provides ultrahigh sensitivity down to a single
virus [63]. A significant challenge of multiplexed biosensing with nanowire FETs
however, relates to the integration of nanowires on substrates with reproducibility
and uniformity [64, 65].

Carbon nanotubes (CNTs) and electrochemical impedance spectroscopy (EIS) are
two alternative electrical biosensing implementations. CNTs have been investi-
gated for a number of applications because of their unique structure-dependent
electronic and mechanical properties [66]. CNT arrays in FET configuration have
shown potential for biological detection. However, widespread utility has been
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Figure 1.11: A silicon nanowire based field effect transistor as a biosensor. A
binding event with a net positive charge yields a decrease inthe conductance.

limited to date by difficulties in controlling the physical parameters relevant to
biosensing: length, diameter and chirality. In EIS, sensing is accomplished by
measuring changes in the resistance and/or capacitance of the electrode/solution
interface upon binding of a target molecule to a receptor-functionalized surface
[67, 68]. At this stage, several commercialized systems arealready available for
cell-based screening (ACEA Bioscience [69], Applied BioPhysics [70]).

In general, electrical detection methods have been suggested as attractive alterna-
tives to optical readouts owing to their low cost, low power consumption, ease of
miniaturization, and potential multiplexing capability.However some significant
challenges are to be addressed. One inherent challenge is that they suffer reduced
sensitivity when operated at physiological ionic strengths (approximately 0.15 M).
Ions in solution respond similarly to the biomolecular target, and thus the device
can experience a much diminished response to the binding event [71]. This can
be avoided by desalting the sample prior to analysis, but introduces an additional
preparative step prior to analysis.

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

1.6 Conclusion

In this chapter we introduce the concept of this work: label-free optical biosensing
with microring resonators. We started with a general introduction on biosensors,
with a focus on affinity biosensors and the main biosensor requirements. The most
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promising application areas include drug discovery, point-of-care diagnostics, en-
vironmental control and food testing. The basic working principle of biosensing
with ring resonator biosensors was explained and we justified the choice of silicon-
on-insulator as a material platform for integrated biosensors. The high index con-
trast enables achievement of a low detection limit and high integration density. On
top of that, the possibility of reuse of CMOS electronics fabrication equipment
leads to mass fabrication of biochips at very low cost. Integrated biosensing has
become a vast area of research and many configurations have started to be commer-
cially implemented. We gave an overview of the three main biosensor categories:
optical, electrical and mechanical biosensors with several sub-classes.
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2
Evanescent field sensing with SOI

microring resonators

This chapter is devoted to a study of the key device in this PhDproject: a single
microring resonator, used as a sensor. In the first section, we study the relation
between the design parameters of a single ring microresonator and its performance.
We examine silicon-on-insulator (SOI) microring resonators with a focus on their
sensing capabilities. However, at the same time we aim to give a useful overview
with generic design guidelines for microring filters.
All devices are fabricated using standard CMOS processing tools, in particular
193nm deep-UV lithography and dry etching. Throughout thiswork, the fabri-
cation process has evolved immensely [1–4]. The experiments in chapter 7 are
performed in the course of several years and thus make use of optical chips that
are fabricated in different optimization stages. In this chapter we discuss the per-
formance of the devices as they are today, anno 2009. All devices are fabricated
according to the processing steps described by Selvaraja etal. in [4].
When using a ring resonator as a sensor, one has to track wavelength shifts caused
by refractive index changes of the environment. This resonance wavelength shift
is studied in section 2.2.
The detection resolution, being the minimum detectable wavelength shift, is an
important property of a sensor system. In section 2.3 we search for the resolution
for resonators with various spectral parameters and various interrogation methods.
The measurement setups employed to obtain the results described in chapter 7 are
compared in terms of the measurement resolution they provide.
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Combination of the results of sections 2.3 and 2.2 leads to a conclusion on the
overall detection limit of SOI microring resonator biosensors (section 2.4).
At the end of this chapter other optical waveguide configurations for sensing are
briefly discussed and their performance is compared to the performance of a single
ring microresonator biosensor.

2.1 SOI microring resonators

Optical microresonators are extensively described in literature [5–8]. In general
a ring resonator consists of a loop and a coupling mechanism to access the loop.
When waves that travel in the loop have a round trip phase shift that equals an
integer times2π, the waves interfere constructively and the cavity is in resonance.
From this condition we can calculate the resonance wavelength:

λres = neffL

m
m = 1,2,3... (2.1)

, whereL is the cavity length andneff is the effective index of the resonant mode.
In what follows, we will briefly summarize all concepts and formulas that are
needed for understanding the rest of the manuscript: all-pass and add-drop config-
uration, photonic wires, coupling section and spectral characteristics. After that,
the performance of fabricated SOI ring resonators is discussed (section 2.1.4).

All-pass ring resonators In its simplest form a ring resonator can be constructed
from feeding one output of a directional coupler back into its input, the so-called
all-pass or notch filter configuration (see Fig. 2.1 A). The basic spectral properties
can easily be derived by assuming continuous wave (CW) operation and matching
fields. Under the assumption that reflections are negligible, from the ratio of the
transmitted and the incident field, we obtain the transmissionTn

1:

Tn = Ipass

Iinput
= a2 − 2racosφ + r2
1 − 2arcosφ + (ra)2 (2.2)

φ = βL is the single-pass phase shift, withL the round trip length andβ the
propagation constant of the circulating mode.a is the single-pass amplitude trans-
mission, including both propagation loss in the ring and loss in the couplers. It
relates to the power attenuation coefficientα [1/cm] asa2 = exp(−αL). r and
k are the self- and cross-coupling coefficients. Hencer2 andk2 are the power
splitting ratios of the coupler, they are assumed to satisfyr2 + k2 = 1. This as-
sumption causes a small error on the transmission power levels. The width of the

1Notation: we use subscriptn from notchnot to confuse with the pass transmissionTp from an
add-drop filter in the next paragraph.
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Figure 2.1: (A) All-pass and (B) add-drop ring resonator.

resonance remains correct, as long as the losses that are introduced by the couplers
are included in the resonator round trip loss coefficienta.
When the cavity is in resonance the phase shift equals an integer times2π. For
ideal cavities with zero attenuation,a ≈ 1, the transmission is unity for all values
of detuningφ. Under critical coupling, when the coupled power is equal tothe
power loss in the ring1 − a2 = k2 or r = a, the transmission at resonance drops to
zero.
The phase argument of the field transmission varies periodically for different fre-
quencies. All-pass resonators delay incoming signals via the temporary 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 drop port (see Fig. 2.1 B). The
transmission to the pass and the drop port can also be derivedfrom CW operation
and matching the fields.

Tp = Ipass

Iinput
= r22a

2 − 2r1r2acosφ + r21
1 − 2r1r2acosφ + (r1r2a)2 (2.3)

Td = Idrop

Iinput
= (1 − r21)(1 − r22)a
1 − 2r1r2acosφ + (r1r2a)2 (2.4)

If the attenuation is negligible (a ≈ 1), critical coupling occurs at symmetric cou-
pling (k1=k2). For a lossy resonator, critical coupling occurs when the losses
match the coupling asr2a = r1. The shape of the transmission curves approxi-
mates a Lorentzian curve around resonance.

2.1.1 Photonic waveguides

SOI waveguides channel light through transverse and lateral confinement in a sili-
con ‘core’ of refractive index 3.47 surrounded by a bottom silicon oxide cladding
with index 1.44 and a low index top cladding. A SEM picture of afabricated SOI
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wire was shown in chapter 1, Fig. 1.3. In most of the biosensing applications,
the top cladding consists of a aqueous solution like serum, with an index of ap-
proximately 1.31 at 1550 nm wavelength [9]. The index contrast between core
and cladding is very high, this gives rise to very strong confinement which enables
light guiding in bends with very small radii without radiation losses. The criteria
for single mode operation are met for a limited range of waveguide dimensions.
An SOI photonic wire with a core thickness of 220 nm and width around 450 nm
guides a single TE mode. An in-depth study of the dimensions for single mode
operation is performed in chapter 3.

Propagation losses in straight SOI wires Propagation losses originate from
multiple sources and were measured to be 2.7± 0.06 dB/cm [4].Bulk absorption,
mainly caused by Boron-dopants in the crystalline silicon membrane, accounts for
an absorption of 0.02 dB/cm [7]. Dangling bonds and bonded elements at the side-
wall introducesurface state absorption. For high powers, two-photon absorption
and free carrier absorption contribute to thenon-linear absorption. In the device
used in this work, power levels are low enough to avoid non-linear absorption.
During propagation, part of the power is coupled to radiative modes in the sub-
strate, thissubstrate leakageis expected to decrease exponentially with bottom
cladding thickness. For the bottom oxide of this devices (2µm), these losses are
negligible for the TE00 mode and in the order of 0.001 dB/cm for the TM00 mode,
which was calculated in the PhD thesis of P. Dumon [7]. The fundamental lower
limit of propagation losses is associated toRayleigh scattering, caused by deep
sub-wavelength index perturbations in the bulk of the waveguides. Thanks to the
high quality SOI material, the Rayleigh scattering for the measured devices is ex-
pected to be extremely low.Light scattering at sidewall roughnessis the main
propagation loss contributor. The losses are correlated with the periodicity of the
roughness as well as its dimensions. In [7] the author elaborates on the effect of
sidewall roughness on scattering and phase deviations of the propagating modes
in SOI wires. A last small loss figure comes fromscattering at top surface rough-
ness. Depending on the polishing process that was used for wafer fabrication, top
surface roughness can be induced. The rms roughness of the SOI wafers is about
0.1 nm [7], and its calculated loss contribution is negligible.

Bend losses The strong mode confinement in SOI wires allows for very sharp
bends (radius down to 3µm) with still low radiation as compared to bends in con-
ventional waveguides (radius down to 100µm). However, both the substrate leak-
age and scattering loss might be influenced by waveguide bending, as the mode
is slightly pushed outwards. Excess bending losses of 500 nmwide SOI wave-
guides fabricated with 193 nm deep-UV lithography are reported by Selvaraja et
al. in [4]. A 4.5µm radius bend induces 0.01 dB/90○ loss. For bend radii below
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3 µm the losses increase rapidly to 0.071 dB/90○ for a 1µm radius bend. The
excess bending loss of a circular 90○ bend includes mode mismatch at the straight-
bend interface, coupling to TM and higher order modes in the bend section and
propagation loss in the bends.

Dispersion Because of the high index contrast, silicon wires are highlydisper-
sive. This means that the effective index of the propagatingmode is frequency de-
pendent so that monochromatic waves of different frequencies will travel through
the waveguide with different velocities. This causes propagating pulses (that com-
prise a sum of monochromatic waves) to broaden and to be delayed.
The group velocityν is the velocity at which the envelope of a propagating pulse
travels and is a characteristic of the dispersive medium. Since the refractive index
is mostly measured as a function of optical wavelength rather than frequency, it is
convenient to express the group velocityν at a central frequencyω0 in terms of
n(λ): ν = c

ng
with ng the group index of SOI waveguide mode:

ng = neff − λ0

dneff

dλ0

(2.5)

whereλ0 = 2πc/ω.
An SOI photonic wire has a normal first-order dispersion in the wavelength range
of interest and for the dimensions we performed the characterization on:dneff

dλ
< 0

[7, 10, 11]. The group index is almost twice as large as the effective index. This has
a large impact on the spectral characteristics of a resonator and on the sensitivity
of the sensor. SOI resonator sensors rely on the resonance wavelength shift when
the effective index of the mode changes. Because of dispersion, this wavelength
shift will induce an additional effective index change. Unfortunately both effects
counteract. The influence of the dispersion on the sensitivity of an SOI waveguide
will be discussed in section 2.2.

2.1.2 Coupling section

A good understanding of the behavior of the coupling sectionis crucial for ring
resonator filter design. Especially for multistage ring resonators (section 2.5), the
design of directional couplers is one of the main bottlenecks to achieve accurate
operation. Two coupling schemes are commonly used for coupling light from
a waveguide to a resonator: multimode interferometers (MMIs) and directional
waveguide couplers.
Although MMIs [12] can provide 50% coupling with high tolarance to dimen-
sional variations, they are much more instable when used forvery low coupling
as required for near critical coupling in low loss ring resonators. Moreover they
are typically larger than directional couplers and they require a two-step etch pro-
cess [13]. A study on MMIs in SOI is ongoing within our research group.
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Figure 2.2: SEM cross section of typical SOI directional coupler.

Directional waveguide couplers consist of two waveguides in close proximity. A
typical SEM cross section is shown in Fig. 2.2. Their theoretical behavior is well
documented [14, 15], however few experimental studies are reported in literature.
In this section, the coupling between a straight waveguide and a bend-straight-bend
waveguide is determined experimentally. This is the configuration that was mostly
used for the racetrack resonators in this work. Its compactness ensures coupling
control with conservation of a high FSR (the FSR scales inversely with the total
resonator lengthL).

Method A waveguide-based Mach-Zehnder interferometer (MZI) was used as
a test device for this study. It consists of a splitter, two waveguides with a given
group delay, and a combiner. The splitter is a directional waveguide coupler, the
combiner is a balanced MMI with50% combining ratio. Fig. 2.3 shows the device
with a zoom on the directional coupler. When both the splitting and combining
ratios are50%, the MZI is balanced. In this case, complete destructive interference
occurs when the phases in both arms are opposite. When the splitting or combining
ratios are different, we can extract the imbalance from the wavelength dependent
ratio between adjacent minima and maxima of the output spectrum. The output
fieldEout is calculated using the matrix formalism2 [16]:

[TEout
] = [Tcombiner] ⋅ [Tinterferometer] ⋅ [Tsplitter] ⋅ [TEin]

Eout = [ 1√
2

1√
2
] [ e−jφ1 0

0 e−jφ2
] [ √1 − k2 jk

jk
√
1 − k2

] [ 0

Ein
]

2The transfer matrix of an electromagnetic circuit is a matrix that describes the relation between the
output quantities and the input quantities. When cascadingdifferent circuits, the transfer matrix of the
entire system is found by multiplication of the individual matrices of the cascade. More information
can be found in various text books.
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Figure 2.3: Left: A Mach-Zehnder Interferometer (MZI) was used as a testdevice
for the study of directional waveguide couplers. From the adjacent minima and
maxima of its spectrum we can extract the coupling coefficient of the splitter or
combiner. Right: Zoom on the directional waveguide coupler.

Eout = 1√
2
jke−jφ1Ein +

1√
2

√
1 − k2e−jφ2Ein

Iout = ∣Eout∣2 = 1

2
(1 + 2k√1 − k2sin(∆φ)) Iin

IoutdBm
− IindBm

= 10log (1
2
+ k
√
1 − k2sin(∆φ))

With φ1 = βL1, φ2 = βL2 and∆φ = φ1 − φ2. The directional couplers are
assumed to be lossless. The method is illustrated in Fig. 2.4. From the wave-
length dependent extinction ratio (ER) between the upper and lower envelope of
the normalized intensity, we can determine the wavelength dependent amplitude
cross-coupling coefficientk:

ERdB = 10log⎛⎝
1

2
+ k
√
1 − k2

1

2
− k
√
1 − k2

⎞⎠ (2.6)

ER = 10ERdB
10 = 1

2
+ k
√
1 − k2

1

2
− k
√
1 − k2

(2.7)

⇔ k2 =K± = 1

2
±
1

2

¿ÁÁÀ
1 − (ER − 1

ER + 1
)2 (2.8)

For our experiments, the coupling length (L) and the gap width (G) are swept. This
way we obtain a two-dimensional sweep of the coupling coefficient. Of course, by
scanning a broad spectrum, the wavelength dependence is studied as well. The
L sweep was used to fit the power coupling coefficient to a sine squared and ob-
tain the coupling coefficient per unit distanceκ [1/µm] and the offset coupling
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Figure 2.4: Method to obtain the wavelength dependent coupling coefficient per
unit distanceκ [1/µm] as well as the initial coupling coefficientκ0 of a directional
waveguide coupler from the output intensity of a Mach-Zehnder interferometer.

coefficient due to the bend sectionsκ0
3:

K(λ) = k(λ)2 = sin2(κ(λ)L + κ0(λ))
This fitting was performed for all wavelengths and for all gapwidths.

Results We compared coupling coefficients of symmetrical and asymmetrical
SOI waveguide directional couplers, i.e. with SiO2 and air cladding respectively.
From fabrication data we know the waveguide widths are 427 nmand gap widths
are 195, 226, 239 and 261 nm. Results are shown in Fig. 2.5. Thefirst graphs show
κ [1/µm] andκ0 as a function of wavelength. As expected, the coupling increases
with longer wavelengths because of the lower mode confinement. κ0 is very sensi-
tive to dimensional deviations, wavelength and fitting errors and hence displays a
larger variation. Fig. 2.6 comparesκ at 1550 nm wavelength for a waveguide with
air and oxide cladding. Waveguides that are covered with SiO2 have a lower index
contrast, hence the mode is less confined and coupling coefficients are higher.
The beat length is the propagation length after which all optical power is trans-
ferred to the other waveguide and is equal toπ

2κ
−

κ0

κ
. The beat length of a direc-

tional coupler with an air cladding is about 1.5 times longerthan the beat length
of a directional coupler with an SiO2 cladding because of the stronger mode con-
finement.
Fitting of a sine squared to the data obtained from the extinction ratio is not trivial
for two reasons. A first issue is that equation 2.7 has two solutionsK+ andK−. For
all lengthsL one of them has to be discarded. Second, the accuracy of measured
spectra is limited because of the limited resolution of the Agilent Spectrum An-
alyzer used for the experiments (60 pm). This limited resolution results in larger
errors on the sharpest features. The error is thus larger on higher extinction ratios,

3This situation solely describes coupling with zero phase mismatch, 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 coupling coefficient
per unit lengthκ [1/µm], initial coupling coefficientκ0 and beat lengthLπ

2
versus

wavelength. Waveguide widths=427 nm, left: air cladding, right: SiO2 cladding.

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

2.1.3 Spectral characteristics

The spectrum of a ring resonator is depicted in Fig. 2.7. Whenthe round trip
phase shift equals an integer times2π, the cavity is in resonance. The resonance
wavelength equals:

λres = neffL

m
m = 1,2,3... (2.9)
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Figure 2.7: General spectrum of a ring resonator with important parameters.

The characteristic parameters are indicated in the figure. They depend on the losses
and coupling coefficients and can be extracted directly fromthe formulas for trans-
mission (2.2), (2.3) and (2.4). The results are listed below. In section 2.1.4 we will
perform the reverse operation: starting from the measured spectral characteristics,
the losses and coupling coefficients of SOI ring resonators will be determined.



EVANESCENT FIELD SENSING WITHSOI MICRORING RESONATORS 2-11

Resonance width From expressions (2.2) (2.3) and (2.4) we can derive the full
width at half maximum (FWHM) of the resonance spectrum4:

All-pass ring resonator:FWHM = (1 − ra)λ2
res

πngL
√
ra

(2.10)

Add-drop ring resonator:FWHM = (1 − r1r2a)λ2
res

πngL
√
r1r2a

(2.11)

Free spectral range Within a first order approximation of the dispersion, the
wavelength range between two resonances or free spectral range (FSR) in function
of wavelength equals5:

FSR = λ2

ngL
(2.12)

with L the round trip length. The strong confinement in SOI wires allows for
very sharp bends (radius down to 3µm) with still low radiation. This largely
increases the potential FSR of SOI ring resonators as compared to conventional
optical resonators.

Extinction ratio The on-off extinction ratio of through, respectively drop trans-
mission is equal to Tt

Rmin
, respectivelyTmax

Td
. The extinction ratio at resonance

between through and drop port of an add-drop resonator is given by Tmax

Rmin
. Tt,

Rmin, Tmax andTd are defined as:

4Possible derivation method: use third order Taylor series around resonance and substitute

sin(φ/2) = 0, cos(φ/2) = 1,
dneff

dλ
= −

ng−neff

λ
.

5Possible derivation method: start with the definition,FSR(λm) = λm−λm+1 = L(
neff (λm)

m
−

neff (λm+1)

m+1
). In first order approximation:neff(λm+1) = neff (λm)+( dndλ )λm

(λm+1 −λm) =

neff (λm)+ ( dndλ )λm
FSR(λm). Substitution of this formula in the formula for FSR and including

the definition of the group index (2.5), returns formula (2.12).
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All-pass ring resonator:Tt = (r + a)2(1 + ra)2 (2.13)

Rmin = (r − a)2(1 − ra)2 (2.14)

Add-drop ring resonator:Tt = (r2a + r1)2(1 + r1r2a)2 (2.15)

Rmin = r22a
2
− 2r1r2a + r

2
1(1 − r1r2a)2 (2.16)

Tmax = (1 − r21)(1 − r22)a(1 − r1r2a)2 (2.17)

Td = (1 − r21)(1 − r22)a(1 + r1r2a)2 (2.18)

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

Finesse= FSR
FWHM

(2.19)

It is thus a measure of the sharpness of resonances relative to their spacing. The
quality factor (Q-factor) is a measure of the sharpness of the resonance relative to
its central frequency,

Q-factor= λres

FWHM
(2.20)

The physical meaning of the finesse and Q-factor relates to the number of round-
trips made by the energy in the resonator before being lost tointernal loss and the
bus waveguides. This is a temporal phenomenon and must be examined with the
transient response. The mathematics are described in numerous text books and
publications [5, 8, 17, 18]. The finesse is found to representwithin a factor of2π
the number of round-trips made by light in the ring before itsenergy is reduced to
1/e of its initial value. The Q-factor represents the number of oscillations of the
field before the circulating energy is depleted to 1/e of the initial energy. To define
the Q-factor, the microring is excited to a certain level andthe rate of power decay
is considered. From this point of view it is understood that round trip losses as
well as coupling in the directional couplers are loss factors that need to be reduced
to obtain high-Q resonances. Therefore an all-pass resonator typically exhibits a
higher Q-factor than an add-drop resonator (when both devices operate close to
critical coupling).
The unloaded Q of a resonator is the Q-factor when the resonator would not be
coupled to waveguides. We always meanloaded Qwhen referring to Q-factor,
unless it is specifically mentioned otherwise. The importance of Q-factor for the
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sensor resolution is addressed in section 2.3. How to designring resonators for
optimized Q-factor and finesse is discussed in the next section.

2.1.4 Performance of SOI ring resonators

We will examine the performance of SOI ring resonators that were fabricated with
193 nm deep-UV lithography and dry etching (details in chapter 1, section 1.3.3).
In the first paragraph we search for the group index of the resonating mode, an
important factor for the sensitivity of the resonator biosensor. The spectral charac-
teristics, FWHM and extinction, are used to determine the losses and the coupling
in the resonators. The last paragraph deals with Q-factor and finesse. We discuss
possible optimization of the device with an eye on its application for biosensing.

All measurements are performed with TE input polarization (dominantE-field
parallel to wafer plane). For our waveguide dimensions TM polarized light would
provide an enhanced sensor performance, as we will demonstrate in section 2.2.
However, all test devices were designed and optimized for TEpolarization, as well
as the grating couplers that transfer light from the horizontal waveguide direction
to the vertical fiber direction6. Characterization of TM polarized ring resonator
modes is ongoing at the time of writing.

The spectra are obtained with the measurement setup described in chapter 6, sec-
tion 6.4.

When used as a biosensor, the ring resonator will most likelybe immersed in a
aqueous solution like serum. The optical properties of water will affect the spec-
trum of the ring resonator. Water has a refractive index of 1.311 [9] and absorption
of 10.9/cm [19] at 1550 nm. We performed the characterization of a ring resonator
both immersed in water and exposed to air, and we will discussto what extent the
water cladding influences the spectrum.

Group index of resonating modes

The group index can be determined experimentally by measuring the FSR of ring
resonators with various round trip lengths. Fig. 2.8 (left)shows the FSR as a
function of the round trip length of a racetrack add-drop resonator. The waveguide
dimensions are 220x486 nm.ng is determined by fitting formula (2.12) to the
measured values of the FSR (measuredng = 4.55). The group index obtained with
FimmWave (vectorial mode solver software) simulations differs slightly from the
measured group index in a straight wire with the same dimensions (simulatedng =
4.39). This difference can be attributed to an altered mode profile in the coupling
sections, where the waveguides are typically slightly smaller due to the optical

6More on grating couplers can be found in chapter 6, section 6.3
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Figure 2.8: Left: Measurement of FSR for varying round trip lengths of anadd-
drop racetrack resonator with waveguide dimensions of 220x486 nm. A group
index of 4.55 was determined after fitting FSR=λ2

0/(L ⋅ ng) to the measurements.
Right: Measurement of group index of photonic wires width different widths (wire
height=220 nm).

proximity effect7, and in the bend sections. For the rest of the chapter we use
values ofng that were measured on each set of rings before the characterization
experiments.
The group index is extremely dependent on waveguide dimensions and wave-
length. With the same experimental method the group indicesfor waveguide
widths of 448, 467, 486 and 495 nm are plotted in Fig. 2.8 (right). Over this
rangeng varies by 2%. Simulation of the group index of straight wiresprovides
us with the other values on the graph. They are consistenly lower, but follow the
same trend as the measured group indices in ring resonators.The bandwidth of the
grating couplers that were used to couple light into and out of the photonic circuit
was not large enough (as compared to the ring FSR) to perform an investigation of
the group index as a function of the wavelength with this method.

Losses and coupling

Method The test device is a rectangular resonator, with a variationof the total
round trip lengthL, Fig. 2.9 (left). The vertical straight length is altered, this way
the coupling sections remain unaffected. All dimensions are indicated on the fig-
ure: waveguide dimensions are 448×220 nm, horizontal straight sections are 2µm.
We measured symmetrical add-drop filters (r1 = r2) with all gap widthswg equal
to 281 nm. To obtain spectra like in Fig. 2.9 (right), the spectrum is scanned with 1
pm resolution, fitted to a Lorentzian with a least-squares fitting method and scaled
before determining the FWHM and the extinction parametersRmin andTmax. We

7The optical proximity effect (OPE) is defined as the change infeature size as a function of the
proximity of nearby features. When an isolated line comes inclose proximity with another line (e.g. in
an directional coupler), the line widths of both lines reduce as a function of the distance between them.
OPE can be partially corrected (optical proximity correction - OPC) at the mask level.



EVANESCENT FIELD SENSING WITHSOI MICRORING RESONATORS 2-15

vertical straight 

length (varied)

2 � m gap = 281 nm

horizontal straight 

length

radius = 4.5 � m
gap = 281 nm

Id

IpIinput waveguide 

448x220 nm

1550.8 1551 1551.2 1551.4 1551.6
0

0.2

0.4

0.6

0.8

1

Wavelength [nm]

In
te

ns
ity

 [A
.U

.]

Figure 2.9: Left: Test ring resonator with typical dimensions indicated and a vari-
ation on the vertical straight length. Right: Exemplary add-drop ring resonator
spectrum, scaled to one and fitted to a Lorentz function.

did not examine asymmetrical ring resonators because the error on measurements
and fitting was too large to solve the system with three equations fora, r1 andr2.
Therefore, we simplified the situation by using a symmetrical add-drop resonator.
For all-pass filtersa andr are interchangeable, so it is not possible to distinguish
them from the spectral characteristics. A way of circumventing this issue was pub-
lished by Mc-Kinnon et al. in [20]. They measure the transmission over a broad
wavelength range and disentanglea andr based on how these parameters vary
with wavelength. Another possibility is to determinea andr whenr is assumed
to be known from add-drop resonators with the same dimensions. However, this
way errors are accumulated, leading to large errors on the results.

Results and discussion The losses are caused by three mechanisms: propaga-
tion losses, bend losses including mismatch losses at the straight-bend transition
and losses in the coupling section. Propagation and bend losses were already de-
scribed in section 2.1.1. Losses in the coupling section8 are not fully characterized
yet. They originate from propagation losses, from additional sidewall roughness
affecting the distributed intensity, from a mismatch in wire width caused by the
optical proximity effect or from a combination of these factors.
Fig. 2.10 plots values of the power round trip lossesA = a2 [dB] and the power
self coupling coefficientR = r2 [dB] as a function of round trip lengthL. The
range of round trip lengthsL was not large enough to draw a conclusion on the
losses as a function ofL. For future work several new device sweeps are designed
based on these results to obtain more data. For now, we use themeasurements for
differentL values to calculate the standard deviation on the results below.

8Sometimes the term coupling loss is used for the coupling power transmissiont2, becauset2 is
also a loss factor from the resonator’s point of view. To avoid confusion we will not use it in this
context.
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ng A [dB] T [dB]
Air cladding 4.61 -0.11 -17.16± 0.15
Water cladding 4.34 -0.17 -13.91± 0.21

Table 2.1: Ring resonator distributed propagation losses and cross power coupling
of a directional coupler with gap 281 nm. Values for devices with air and water
cladding.

We list typical numbers for the round trip lossA [dB] and the couplingT = t2 =
1 − r2 in [dB] in table 2.1. Group indices that were used for the calculations are
also listed in the table.
The loss includes the three loss contributors summarized above:

A[dB] = ApropagationLvertical + 4Abend + 2Acoupler (2.21)

An overview of the loss distribution in SOI ring resonators with air cladding is
shown in Fig. 2.11. The contributions from different loss mechanisms was deter-
mined as follows. Propagation losses of SOI straight wires are measured to be 2.7
± 0.06 dB/cm [4]. Multiplying this value with the twice the length of the straight
vertical ring resonator sections provides us with the totalstraight wire propagation
loss. Each bend induces an excess loss of 0.01 dB [4]. We assume all ‘unknown’
losses to be loss factors in the coupler sections. The coupler section loss of each
directional coupler with air cladding is thus 0.04± 0.01 dB. This is a significant
fraction of the total loss in the resonator, and therefore a prime candidate to focus
on when trying to increase the Q-factor of the rings in the future.
For molecular sensing, the ring resonators will most likelybe immersed in a
aqueous environment like serum, while for telecom applications a wider range of
cladding materials can be chosen according to the requirements (thermal, optical,
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Figure 2.11: Experimentally determined total round trip losses of ring resonators
with air cladding. Fractions of propagation losses in straight sections (from [4]),
excess bend losses (from [4]) and losses in the coupling sections are indicated.
The dimensions of the ring resonator test devices are indicated in Fig. 2.9.

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

0 500 1000 1500 2000 2500 3000

A
bs

or
pt

io
n 

[c
m

-1
]

Wavelength [nm]

Figure 2.12: Water absorption spectrum across the visible and near-IR range [19].
Telecom wavelengths 800, 1310 and 1550 nm are indicated.

electrical...). If excess bend losses and couple section losses are assumed to remain
constant when immersing the resonator in water, the propagation losses due to the
water absorption increases from 2.7± 0.06 dB/cm to 52± 20 dB/cm. Despite the
large error on the water propagation loss, it will give an idea on the limitation a wa-
ter cladding imposes on the Q-factor. This increase of losses is mainly attributed
to the water absorption. As we can see in Fig. 2.12, the water absorption at 1550
nm is as large as 10.9/cm [19]. For this reason it might be advisable to work at
1310 nm, the other commonly used telecom wavelength for which a broad range
of commercially available read-out equipment exists.

A directional coupler with 2µm straight section couples on average 2.0× more
power to the ring when the coupler is immersed in water (Fig. 2.10). This is in
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good agreement with the values obtained in the directional coupler study in section
2.1.2, where we saw that a coupler with SiO2 couples about 2.2×more light to the
ring resonator than a coupler with an air cladding would. Therefractive index of
water at 1550 nm (1.311, [9]) is situated in between the refractive index of air (1)
and SiO2 (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 with highaccuracy. A good
quality biosensor has a high measurement resolution, whichscales linearly with
the Q-factor, under the assumption that read-out equipmentis capable of scanning
the spectrum with high enough spectral resolution (detailsin section 2.3.3).
From equation (2.20) and (2.19) the Q-factor and finesse can be rewritten as a
function of the physical parameters of the ring resonator:

All-pass ring resonator: Q-factor= πngL
√
ra

λres(1 − ra) (2.22)

Finesse= π
√
ra

1 − ra
(2.23)

Add-drop ring resonator: Q-factor= πngL
√
r1r2a

λres(1 − r1r2a) (2.24)

Finesse= π
√
r1r2a

1 − r1r2a
(2.25)

(2.26)

For use as a sensor, a resonator does not only need to have a high Q-factor, the
on-off resonance extinction needs to be large enough as well. In section 2.3.3 we
find that the extinction has a low impact on the measurement resolution as long
as it exceeds 15 dB. Below 15 dB however the extinction deteriorates the sensor
performance. For this reason ring resonators for sensing need to be designed for
close-to critical coupling operation. This limits the freedesign parameters; the
coupling coefficients will be adapted to the losses to reach critical coupling.
The Q-factor of the measured devices is between 10,000 and 15,000 with an air
cladding and around 5,000 when the resonator is immersed in water. The finesse
is around 60 for air cladding and around 50 for water cladding.
In order to increase the Q-factor, it is crucial to reduce thelosses in the cavity.
Propagation losses are diminished by high quality SOI material and high quality
processing [4]. However high water absorption at 1.55µm increases the propa-
gation loss dramatically, which fundamentally limits the Q-factor as will be dis-
cussed below. Bend losses might be further reduced by designof adiabatic bends
that curve smoothly instead of 90○ bends. 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 largeL and small cavity loss, but these
two terms are not independent since the propagation loss increases with the cavity
length. Fig. 2.13(a) and 2.13(b) present theoretical calculations of the variation of
Q-factor and finesse as a function of cavity length for different propagation losses
and for add-drop and all-pass configurations. An initial loss factor is added on top
of the propagation losses that accounts for bend losses (four 90○ bends have 0.04
dB of loss) and losses in the coupling sections (0.035 dB in the all-pass resonator,
0.07 dB in the add-drop resonator). The resonators operate at critical coupling,r
= a in the all-pass configuration,r1=r2a in the add-drop configuration.r2 was set
to 0.99.

As the propagation losses in air equal 2.7 dB/cm, the highestQ-factor that can be
obtained under the given conditions is about1.42⋅105 with a 9.39 mm long all-pass
resonator. The highest Q-factor for an add-drop resonator would be1.36 ⋅105 if the
length is 12.75 mm. However, a larger length also leads to a lower finesse, which
is detrimental for sensing. The finesses corresponding to the maximum Q-factor
for all-pass and add-drop are 5.15 and 3.64 respectively. A finesse of 5 is said to
be the minimum needed for realistic sensing applications [21], because for lower
finesses the peak separation is too small in comparison with the peak width and
shifts can not be easily resolved. Therefore the length of the add-drop resonator
needs to be limited to 9.20 mm, and the Q-factor will be limited to1.35 ⋅ 105.

The propagation losses of a wire immersed in water are roughly estimated to be
50 dB/cm. From graphs 2.13(a) and 2.13(b) we learn that the maximal Q-factor in
an all-pass configuration is7.66 ⋅ 103 and7.36 ⋅ 103 in an add-drop configuration
for 510µm and 690µm respectively. However for these round trip lengths, the
finesse drops below one and the signal becomes useless. The lengths for which
the finesse is above 5 are 500µm and 520µm respectively. The water absorption
induces a two-orders of magnitude reduction of the Q-factor, and thus of the sensor
resolution.

2.2 Sensitivity

This section deals with the intrinsic sensitivity of a ring resonator: how much
does the resonance wavelength shift when biomolecular interaction occurs around
the waveguide. A formula for the shift is derived in section 2.2.1, as well as a
discussion on the advantage of high index contrast waveguides for biosensing. The
optical model that translates biomolecular interaction ina configuration consisting
of dimensions and refractive indices is described in section 2.2.2. The last section
(section 2.2.3) examines the sensitivity of SOI single ringresonator biosensors.
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Figure 2.13: Calculation of Q-factor and finesse as a function of cavity lengthL.
Initial losses were set equal to the losses induced by four bends (0.01 dB/bend)
and one or two coupling sections (0.035 dB/coupling section). All cavities operate
at critical coupling,a = r in the all-pass configuration,r1 = r2a in the add-drop
configuration withr2 = 0.99.
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2.2.1 Resonance wavelength shift

A shift of the resonance wavelengthλres is essentially caused by a change of the
effective index of the resonant modeneff .

∆λ = ∆neffL

m
, m=1,2,3...

wherem is the order of the resonant mode.neff is influenced by the refractive
index of the cladding, which is altered upon sensing. Because of the large index
contrast of SOI, the waveguide dispersion can not be neglected. A change ofneff

will primarily alter λres, which in turn will influenceneff due to the non-zero
slope of∂neff

∂λ
. In a first order approximation both effects can be decoupled:

∆λres =
[( ∂neff

∂nenv
)
λres,n0

env

∆nenv + (∂neff

∂λ
)
λres,n0

env

∆λres] ⋅L
m

With n0

eff at the initial resonance wavelength. After substitution informulas (2.9)
and (2.5) atλ = λres, a compact formula for the resonance wavelength shift with
first order dispersion will appear:

∆λ = ∆envneff ⋅ λres

ng

(2.27)

where∆envneff is the effective index shift caused by an environmental change,

∆envneff = (∂neff

∂nenv
)
λres,n0

env

∆nenv.

From the variational theorem of waveguides,∆envneff caused by a local change
of dielectric constant∆ǫ(x, y), can be expressed as [22–24]

∆envneff = c∫ ∆ǫEv ⋅E
∗
vdxdy

whereEv(x, y) is the normalized modal electric field vector of the waveguide
mode in the ring.
The sensor response scales with the squared amplitude of theelectric field at the
perturbation and, therefore, with the fraction of the totalmodal power contained in
the surface volume where the dielectric constant is modified. This fraction can be
increased by reducing the waveguide core dimensions to delocalize or expand the
waveguide mode, thereby increasing the interaction with the surrounding cladding
materials. In the case of surface layer sensing it is advantageous if the electric field
decays rapidly near the surface, since a relatively larger fraction of the field will be
located where the layer forms. For this reason the sensitivity for adlayers increases
as the index contrast increases. A rigorous derivation of the sensitivity ofneff of
slab waveguides for variations of the environment was performed by Tiefenthaler
et al. in [23].
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The normal component of displacementD = ǫE must be continuous across an
interface. Therefore the field amplitude above the surface is increased when using
the mode for which the dominant field component is polarized normal to the sen-
sing surface. If the waveguide height is considerably smaller than its width (top
surface area> side walls area), the sensing surface will mostly be at the top sur-
face and the TM00 mode is more sensitive to index variations. If the waveguide
height is larger than its width (top surface area< side walls area), the TE00 mode
will be most sensitive. Fig. 2.14(a) and 2.14(b) illustratethe mode profiles for a
waveguide with 480 nm width and 220 nm height. From the figureswe clearly see
that the TM00 mode is more sensitive for this configuration.
Because of fabrication restrictions, all experiments are carried out with waveguides
of 220 nm height (see chapter 1, section 1.3.3). Although it would be more bene-
ficial to use TM polarization, most experiments are carried out with TE polariza-
tion because the grating coupler design was optimized for TE9. Numbers on SOI
evanescent field sensor sensitivity are given in the next sections.

2.2.2 Optical model for biomolecular interaction

Biomolecular interaction between a receptor molecule, previously deposited on the
waveguide surface, and its complementary analyte, produces a change in refractive
index at the sensor surface that induces a variation in the optical properties of the
guided light via the evanescent field (Fig. 2.15). A biomolecular layer is optically
modeled as a uniform layer with a certain thicknesstL and a certain refractive
indexnL. The refractive index of the layer is between the index of drymolecules
and index of the solvent or buffer solution.nL relates to the molecular density in
the layerρL [g/cm3] as [25]:

ρL = ρprotein nL − nB

nprotein − nB

(2.28)

nB is the refractive index of the bulk cover medium (mostly buffer or solvent).
ρprotein is the density of dry proteins [g/cm3] (we work with values for proteins,
but the formulas hold for DNA or other molecules). We use a literature value of
ρprotein = 1.33 g/cm3 [26, 27].nprotein is 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 layer,using formula (2.28)
the mass of the layerML [g/cm2] can be calculated:

ML = tLρL (2.29)

Several groups have quantified the density of molecular layers, mostly with the use
of combined techniques. Some investigators have modeled the molecular layer as

9More information on grating couplers can be found in chapter6, section 6.3
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Figure 2.14: Electric field distribution at 1550 nm for an SOI waveguide with
dimensions of 220×480 nm2. The lower cladding is SiO2, the upper cladding is
water withnc=1.311. The waveguide is surrounded with a 10 nm thick layer with
index 1.45.

nSiO2

Core, nSi

Outer medium, nB

tL

Biomolecular layer, nLH

W

Figure 2.15: Optical model of a layer in which biomolecular interaction takes
place.
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an adlayer of fixed-height with a refractive index that varies linearly from the bulk
solution index to a saturating index for a monolayer [28–30]. Alternatively, a
fixed refractive index for the adsorbed layer can be assumed,typically n = 1.45,
and the measured output is related to an effective thickness, as we do here [31–34].
Ultimately, both approaches are approximations and a calibration with known con-
centrations of biomolecules on the surface is required [32]. Accurate information
on the conformational situation of the proteins in the layercan only be obtained
using a combination of techniques, or alternatively with a one system that can re-
solvenL and tL independently. Chapter 3 will be devoted to this study, using
dual polarization in the ring resonator biosensors we will determinenL and tL
simultaneously.

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

2.2.3 SOI ring resonator sensitivity

Surface sensitivity With the optical model described above we can simulate the
wavelength shift that occurs upon molecular interaction. We simulated the ef-
fective index changeneff using FimmWave, a vectorial mode solver, and calcu-
lated the corresponding resonance wavelength shift with formula (2.27), see Fig.
2.16(a). The simulation parameters are W = 480 nm, H = 220 nm,nSi = 3.467,
nSiO2

= 1.444. The refractive index of the water environment is 1.311 at 1.55
µm [9]. For layer thicknesses up to 40 nm the sensor response islinear. This
thickness is far beyond the thickness of molecular layers and forms no limitation.
The validity of this model was verified experimentally. Whena layer with known
parametersnL andtL surrounds the waveguides, the measured shift agrees well
with the simulations, see chapter 7, section 7.3. From graph2.16(a) the sensitivity
for thin layers is determined to be 0.290 nm/nm for the TM00 mode and 0.158
nm/nm for the TE00 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 for single mode waveguides
with varying core width and fixed core height of 220 nm, corresponding to the
height of the silicon membrane of all wafers used for the experiments. Indeed, re-
ducing the waveguide core dimensions will expand the waveguide mode, thereby
increasing the interaction with the surrounding cladding material and increasing
the sensitivity. However when the mode expands further in the aqueous envi-
ronment, propagation losses due to water absorption will increase. The resulted
decreased Q-factor might reduce the minimum detectable wavelength shift and
eventually the overall detection limit of the system. Thesetwo concepts will be
further explained in sections 2.3 and 2.4. For different waveguide dimensions, the
group index will vary as well, but only over about 2%. The effective index differ-



EVANESCENT FIELD SENSING WITHSOI MICRORING RESONATORS 2-25

0

5

10

15

20

25

0 50 100

W
av

el
en

gt
h 

sh
ift

 [n
m

]

Layer thickness [nm]

TM

TE

0 . 2 9 0 n m / n m0 . 1 5 8 n m / n m
0

2

4

6

0 5 10 15 20

(a)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

400 450 500 550 600

S
en

si
tiv

ity
 [n

m
/n

m
]

Waveguide width [nm]

TM

TE

(b)

Figure 2.16: (a)∆λ in function of layer thickness for a waveguide with dimension
480×220 nm, (b) Surface sensitivity in [nm shift/nm layer thickness] for a layer
(nlayer = 1.45) in an aqueous solution (nB = 1.311) on a waveguide as a function
of the core width of the waveguide.

ence∆envneff varies by about 50% for this parameter space and is dominant.
With more flexibility on the height of the waveguide, we find different areas in the
(width, height) plane for which either TE or TM sensitivity is maximal, depend-
ing on the amount of interaction on the sidewalls versus the top surface. This is
extensively discussed in chapter 3, where we perform an analysis of the influence
of waveguide dimensions on the sensitivity and additional numbers for sensitivity
are given. We find the maximum TE sensitivity for an optimal TEconfiguration to
surpass the maximum TM sensitivity for an optimal TM configuration.

Bulk sensitivity Fig. 2.17(a) shows the calculated sensitivity of an SOI ring
resonator for bulk refractive index changes, the refractive index of the entire upper
waveguide cladding is homogeneously altered. The waveguide dimensions are 220
× 480 nm. From the slope of the curve, we extract a 64 nm/RIU (refractive index
units) TE sensitivity and a TM sensitivity that is 3.5 times higher, 219 nm/RIU. Fig.
2.17(b) shows the simulated sensitivity for waveguides with increasing widths and
fixed height of 220 nm. Again we find the sensitivity to increase upon decreasing
waveguide core width.

2.3 Measurement resolution

For a sensor used in wavelength interrogation, the sensor resolution is the accuracy
with which a wavelength shift can be determined, in other words, the minimum
detectable wavelength shift∆λmin. Together with the sensor sensitivity discussed
in the next section (2.2) it determines the overall detection limit (section 2.4).
∆λmin depends on the shape of the resonance spectrum, the noise, the fitting
procedure and the measurement resolution. The measurementresolution will be
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Figure 2.17: (a) ∆λ as a function of bulk refractive indexnB for waveguide di-
mensions 480×220 nm, (b) Bulk sensitivity in [nm/RIU] as a function of the core
width of the waveguide. Height = 220 nm.

referred to as ‘wavelength step’, so as not to confuse it with‘resolution’ in the
sense we use it here. We focus on the impact of resonator parameters (section
2.3.3) and instrumentation factors (section 2.3.2).
Intensity interrogation, tracking of the intensity at fixedwavelength, is another
option to measure resonant cavity sensors. Because the dynamical range is limited
and the method is less flexible it will not be discussed.

2.3.1 Simulation method

To determine the minimum wavelength shift∆λmin that can be resolved by the
system, Monte Carlo simulations are performed. During simulation, theoretical
transmission spectra are constructed first, for certain chosen values of FWHM and
extinction ratio, with following formulas:

Tn = Rmin +Fsin2(φ
2
)

1 +Fsin2(φ
2
) (2.30)

Tp = Rmin +Fsin2(φ
2
)

1 +Fsin2(φ
2
) (2.31)

Td = Tmax

1 +Fsin2(φ
2
) (2.32)

F = ( 2λ2

πLeffFWHM
)2 (2.33)

φ = 2πLeff

λ
(2.34)

In a second step randomly generated Gaussian intensity noise was superimposed
onto the spectra. Subsequently the noisy signals are discretized with a wavelength
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Figure 2.18: Transmission spectra of a resonator sensor.

step randomly chosen around the start of the measurement window. The wave-
length step corresponds, for example, with the wavelength step of a tunable laser.
Finally the data points are fitted to a Lorentz curve with a least-squares fitting
method to extract the measured resonant wavelength. Spectra as in Fig. 2.18 are
obtained. The minimum detectable wavelength shift∆λmin is then calculated as
the variance of the fitting error over a large number N of MonteCarlo experiments:

∆λmin =
√∑ (λfitted resonance− λtheoretical resonance)2

N
(2.35)

whereN is the number of iterations. We setN = 1000 for all simulations below.
A similar method was used by Hu et al. [35] and by Claes et al. [36].
A different approach that only requires measured data to determine∆λmin, is to
start from the assumption that the actual resonance wavelength is normally dis-
tributed with its mean equal to the fitted wavelength and its standard deviation
equal to half of the 68.28% confidence interval of the fitted wavelength. Half of
the 68.28% confidence interval can then serve as a measure forthe minimum re-
solvable wavelength shift. We will later show that these twomethods are in very
good agreement.

2.3.2 Resolution versus instrumentation

In this section we discuss how the measurement resolution isinfluenced by the
measurement setup, more in particular by the wavelength step and the noise levels.

Noise Noise sources can have two different types: intensity noise, which affects
the transmitted optical signal intensity, and wavelength noise, which leads to a
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spectral shift of the resonance wavelength (see Fig. 2.18) [37]. The former cate-
gory includes photodetector noise, light source intensityfluctuation, and possible
coupling variations, whereas the latter is due mainly to light source wavelength
shift (i.e., source wavelength repeatability) and resonant wavelength change of the
optical resonator, often due to temperature fluctuations. Hu et al. [35] demonstrate
that intensity noise and wavelength noise are orthogonal interms of their impact
on the sensor wavelength resolution∆λmin and can be considered separately in
sensor performance evaluation.

In chapter 6, we introduce the different measurement setupswe use to determine
the resonance wavelength shift of SOI ring resonator biosensors. Section 6.5 is
devoted to the characterization of the intensity noise of the various detection sys-
tems. There, intensity noise is defined as the variance of thenormalized intensity,

noise =σ2

Inorm
=
⟨∆I2⟩
I2 . Different instantiations of Gaussian noise with standard

deviationσInorm
were added to the signal for the Monte-Carlo simulations. The

absolute value of the constructed signal was further used, because negative inten-
sities are non-physical. In Fig.2.19,∆λmin is shown versus the square root of the
intensity noise (referred to as amplitude noise) and realistic noise values of our
equipment are indicated. We find a linear correspondence between measurement
resolution and this amplitude noiseσInorm

. These simulations are performed for
resonances with FWHM of 100 pm, 5 pm wavelength step and 15 dB extinction
ratio.

Similarly, 1000 instantiations of Gaussian distributed wavelength noise were added
for simulations of the impact of wavelength noise on∆λmin. In Fig.2.20 we find
a linear correlation between spectral noise and measurement resolution.
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Figure 2.20: Simulated resonator sensor resolution∆λmin versus wavelength
noise shows a linear relation. These simulations are performed for resonances
with FWHM of 100 pm (Q-factor of1.5 ⋅ 104), 5 pm wavelength step and 15 dB
extinction ratio.

We also simulated the impact of the wavelength noise and intensity noise for res-
onant cavities with different Q-factors (see Fig. 2.21). The wavelength step was
adapted to the resonance width so that always 20 data points per FWHM were
recorded. Both curves show opposite behavior with respect to the resonance line
width. This can be understood intuitively as follows: wavelength noise translates
into intensity noise with increased amplitude for sharp (high-Q) peaks because of
the large curve slope. High-Q resonators are thus more susceptible to wavelength
noise interference. Only for Q-factors over105 wavelength noise needs to be con-
sidered. Within the Q-factor range of SOI microring resonators, intensity noise
decreases the sensor resolution about 5 times more than wavelength noise does.
Therefore, for simulations in the following sections, onlyintensity noise will be
considered.
We mentioned the use of confidence intervals for determination of ∆λmin with
one single measurement. In Fig. 2.22 this method is comparedto the Monte Carlo
method and both methods are found to be in good agreement.∆λmin was plotted
as a function of intensity noiseσ2

Inorm
.

Wavelength step Fig. 2.23(a) shows the dependence of the measurement res-
olution∆λmin on the wavelength step. The other ring resonator parametersare
chosen as follows: extinction ratio = 15 dB, intensity noise= σ2

Inorm
= 0.5 ⋅ 10−4.

Initially we find ∆λmin to increase with the square root of the wavelength step.
For very small wavelength steps the slope of the curve decreases, so the influence
of the step diminishes. In fig.2.23(b), we plot the same information, but this time
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Figure 2.23: Simulation of measurement resolution∆λmin as a function of wave-
length step for different resonance line widths (variable Q-factors). Other simula-
tion parameters: extinction ratio = 15 dB, intensity noise =σ2

Inorm
= 0.5 ⋅ 10−4.

as a function of the number of data points per FWHM, and this for different Q-
factors. With a low Q-factor of 350, 100 data points per FWHM are enough to get
the best possible resolution. With a Q-factor of 1500, 1000 points are needed. This
means that high quality cavities demand read out equipment with a very high spec-
tral resolution if one wants to get the most information out of it. Notice however
that due to the overall impact of the Q-factor on∆λmin, the measurement reso-
lution remains better for cavities with high Q-factors, even when a lower number
of data points per resonance is recorded. No wavelength noise was included, the
results for the highest Q-factor might change slightly whenincluding wavelength
noise.

In reality, the wavelength step is determined by the qualityof the available optical
equipment (resolution of the tunable laser source or optical spectrum analyzer),
and it might be compromised by the required scan speed as imposed by the appli-
cation. For example when an array of ring resonators is scanned simultaneously
(see chapter 6 for details), we set the tunable laser wavelength step to 5 pm. This
way one spectral scan of 10 nm, comprising 4 resonances, is performed within less
than one minute. For kinetic monitoring of extremely fast molecular binding rates,
one data point per minute might not be sufficient. A larger wavelength step might
be needed, at the cost of a reduced measurement resolution. Our ring resonators
have a Q-factor of about 5,000 when immersed in water. This means we record
about 60 data points per FWHM with 5pm step size. From the curve for Q = 5,000
on Fig. 2.23(a) we can determine that 5 pm step size is not enough to extract the
minimum resolution. Even the lowest simulated wavelength step of 0.1 pm is not
sufficient for an optimal measurement resolution, but below0.1 pm step simulation
times are unrealistically long.
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Figure 2.24: Simulation of∆λmin as a function of resonance extinction ratio.
With extinction ratios above 15 dB, the measurement resolution is independent
of the extinction ratio. Other parameters: FWHM = 100 pm, intensity noise =
σ2

Inorm
= 0.5 ⋅ 10−4, wavelength step = FWHM/20.

2.3.3 Resolution versus resonance shape

The shape of the resonance spectrum is defined by two parameters: full width at
half maximum (FWHM) and the extinction ratio. The Q-factor is related to the
FWHM via Q-factor= λres

FWHM . The relation between FWHM, extinction ratio and
the physical parameters of the resonator was previously discussed in section 2.1.3.
The Q-factor of SOI ring resonators immersed in water is typically around 5,000
and for an SOI ring resonator with an air cladding the Q-factor is between 10,000
and 15,000 (although these last values can be improved by increasing the length of
the resonator). For all simulations the intensity noise is set toσ2

Inorm
= 0.5 ⋅ 10−4

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 = 100 pm). Above 15 dB
extinction ratio the measurement resolution∆λmin becomes nearly independent
of the extinction ratio. Below 15 dB,∆λmin increases rapidly with decreasing
extinction ratio. It is important to design the coupling section of the ring resonator
such that coupling and round trip losses match well and thus ahigh extinction ratio
is obtained.
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Figure 2.25: Simulation of∆λmin as a function of Q-factor.∆λmin varies lin-
early with the Q-factor when a fixed number of data points per resonance line
width is recorded.∆λmin varies with the square root of the Q-factor when a fixed
wavelength step is used regardless of the resonance line width. Other simulation
parameters: extinction ratio = 15 dB, intensity noise =σ2

Inorm
= 0.5 ⋅ 10−4.

Resonance width In Fig. 2.25 we observe a linear dependence of the measure-
ment resolution∆λmin on the Q-factor: the smaller the resonance width, the better
least-squares fit to a Lorentzian. In the first curve, we assume that always 20 data
points are recorded per FWHM, so higher Q-resonance are measured with higher
spectral resolution equipment. The measurement resolution scales linearly with
the inverse of the Q-factor in this case. When a larger numberof data points per
FWHM would be recorded, the curve for∆λmin shifts to lower values but the
slope of the curve remains around 1. The second line in Fig. 2.25 depicts the
situation in which equipment with a fixed spectral resolution of 1 pm is used (this
corresponds to the resolution of the measurement equipmentused for this work).
∆λmin scales inversely with the square root of the Q-factor for this case. In other
words, when cavities with higher Q-factors are developed itis beneficial to invest
in higher resolution measurement equipment as well.
Finally, in Fig 2.26 we plot the influence of intensity noise on ∆λmin at different
Q-factors, just like in Fig. 2.21, but this time for different noise levels. It can be
seen that the higher the Q-factor, the more robust the sensorbecomes with respect
to intensity noise.

2.3.4 Add-drop or all-pass resonator?

What configuration offers the best detection resolution fora given set of physical
parameters (round trip transmissiona and coupling coefficientr) of a ring res-
onator? Is the minimum detectable wavelength shift∆λmin smaller for the signal
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Figure 2.26: Influence of noise on∆λmin for different Q-factors. Other simula-
tion parameters: wavelength step = FWHM/20, extinction ratio = 15 dB.
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Figure 2.27: Spectra of all-pass and add-drop resonator with the same physical
parameters,a = r1 = r2 = 0.99.

on the pass or drop port of an add-drop filter, or on the output of an all-pass filter?
In either configuration the ring resonator is characterizedby the round trip ampli-
tude transmissiona and the amplitude self coupling coefficientsr1 andr2 (r2 = 1 in
an all-pass configuration). Instead of constructing the signals from the resonance
shape characteristics FWHM and extinction ratio, the signals are constructed di-
rectly with formulas (2.2), (2.3) and (2.4). See Fig. 2.27 for an example of the
generated spectra witha = r1 = r2 = 0.99.
In the same manner as described earlier, 1000 different instantiations of Gaus-
sian intensity noise were added to the the signals. Then, a discretization with a
given wavelength step is performed and a Lorentzian was fitted to all spectra. The
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Figure 2.28: Simulation of measurement resolution∆λmin and Q-factor as a
function of the physical parametersa andr of the resonator in all-pass configura-
tion and symmetrical add-drop configuration.

measurement resolution was defined with formula (2.35). Thewavelength step
is set so that 20 data points per FWHM are recorded. The noise is constant at
σ2

Inorm
= 10−4.

In Fig. 2.28(a) we see the measurement resolution∆λmin as a function ofa and
r for an all-pass, pass and drop signal. The add-drop resonator was assumed sym-
metrical (r1 = r2 = r). As expected, an all-pass filter has the best detection resolu-
tion for every combination ofa andr. This is because an all-pass resonator always
displays a higher Q-factor as compared to an add-drop resonator. The Q-factor of
all configurations is shown in Fig. 2.28(b). The ratio of all-pass resolution to pass
resolution ranges from almost 1 for high quality cavities to2 for low quality cav-
ities, see Fig. 2.29(a). When the ring resonator is immersedin water,a andr are
roughly around 0.98 for the test devices in the previous sections (depending on the
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Figure 2.29: Simulation of measurement resolution∆λmin as a function of the
physical parametersa and r of the resonator in all-pass configuration and sym-
metrical add-drop configuration.

round trip length), so only a 1.2× improvement can be expected when substituting
the add-drop resonators with an all-pass resonator.

A closer look at∆λmin at the pass and drop port of an add-drop resonator is pre-
sented in Fig. 2.29(b). Interestingly, the signal on the drop port of a symmetrical
add-drop resonator always has a worse detection resolutionthan the signal on the
pass port of the same resonator despite the fact that their resonance signals have
the same Q-factor. As the self coupling coefficientr increases (higher Q-factors),
the relative benefit of using the pass signal increases as well (up to 3.5× for the
simulated values). This is explained by the influence of the ‘contrast’ of the peak
or dip rather than by the influence of the extinction ratio. The ‘contrast’ is defined
by the surface area within the peak or dip, which relates to the maximum value
minus the minimum value (while the extinction ratio equals the maximum value
divided by the minimum value). The fitting algorithm performs better in the pres-
ence of larger contrasts. Using the extinction ratio to measure the influence of the
resonance shape is valuable when comparing signals that areall measured at the
‘pass’ port (or that are all measured on the ‘drop’ port), like we did earlier. When
comparing resonance shapes with different orientation towards a bias level (like
drop versus pass signal), the influence of the surface area within the peak or dip is
important.

This also holds when the add-drop resonator is asymmetrical. In Fig. 2.30 the ratio
of ∆λmin at the drop and the pass port of an asymmetrical resonator is shown. The
round trip transmissiona was set to 0.99.
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Figure 2.30: Ratio of drop and pass signal resolution of an asymmetrical add-drop
resonator. Round trip transmissiona = 0.99. The signal on the pass port always
has a better measurement resolution than the signal on the drop port.

2.3.5 Conclusion

The simulation results show that it is possible to obtain a measurement resolution
∆λmin much smaller than both the light source line width and the resonant peak
FWHM by using the peak fitting algorithm.

∆λmin decreases linearly with the Q-factor if the wavelength stepis adapted to
smaller line widths. For extinction ratios above 15 dB, the extinction ratio does
not influence∆λmin anymore.

Both spectral and amplitude noise have a linear impact on themeasurement res-
olution. High-Q cavities are more tolerant to intensity noise and less tolerant to
spectral noise.∆λmin was determined for the different measurement setups we
used in this work.

For a ring resonator with given physical parametersa andr, it is generally better
to apply it in an all-pass configuration. Moreover when measuring on the pass port
of an add-drop resonator a better measurement resolution isobtained than when
measuring the drop signal.

With the spectral characteristics obtained in the previoussection, we can now de-
termine the measurement resolution of our devices. The simulation parameters are
listed in the first part of table 2.2. These values are also used in table 2.2 in the
next section. Two situations are listed: characteristics of the average SOI ring res-
onator we used for our biological experiments and an optimalSOI ring resonator
with realistic improvements that were suggested throughout this chapter. This is
also discussed in the next section. The measurement resolution was found to be
between 0.062 and 0.672 pm.
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2.4 Detection limit

With the sensor resolution∆λmin and the sensor sensitivity considered in the
previous sections, the detection limit (DL) is defined as [37]:

DL = ∆λmin

sensitivity
(2.36)

For bulk refractometric sensing, the DL reports the smallest bulk RI change that
can be measured. For biomolecular sensing, the DL can correspond to either the
thinnest layer the sensor can accurately detect, the smallest amount of molecules,
the lowest concentration [ng/ml] or the smallest surface coverage [pg/mm2]. The
bulk index DL and the thinnest layer DL are intrinsic properties of the optical
sensor and the setup and can be accurately simulated. Molecular coverage and
concentration DL however, are strongly dependent on the surface chemistry and
the fluidic sample delivery. The density of the receptor molecules and the trans-
port time of the molecules to the sensor surface influence theresonance shift upon
molecular binding. Chapter 4 and 5 elaborate on surface chemistry and fluidics
of the SOI ring resonator biosensor platform. As a measure for the sensitivity for
molecular concentration, we use the measured resonance shift for avidin-biotin in-
teraction with receptor anchoring through a PEG10 coating, shown in chapter 7 Fig.
7.4. 2µg/ml avidin concentration causes the resonance wavelengthto shift over
350 pm, the sensitivity was thus found to be approximately 175 pm/µg/ml. As-
suming a linear sensor response to molecular concentrations is an approximation.
This is further explained in chapter 7, section 7.4.2 and thecurves are compared
to sensor responses in literature.
Table 2.2 gives an overview of the detection limit of the SOI ring resonator biosen-
sor platform. Two situations are listed: characteristics of the average SOI ring
resonator we used for our biological experiments and an optimal SOI ring res-
onator with realistic improvements that were suggested throughout this chapter.
Characteristic parameters for both configurations are listed first, followed by the
measurement resolution∆λmin and the sensitivity for bulk RI changes and for
layers at the surface with fixed refractive indexnL and varying thicknesstL. The
intensity noise level was set to the noise measured with the setup with a collimator
and an infra-red (IR) camera (details in chapter 6, section 6.5) because this setup
was used for the main part of the experiments. For the optimized configuration we
used the lowest noise level, measured with glued fibers. The Q-factor was set to the
optimal Q-factor as calculated in Fig. 2.13(a), but even in an optimal configuration
the Q-factor is low because of the high water absorption. Themain improvement
in detection limit comes from the reduced intensity noise.
In the last part of the table we list the DL for six commonly used criteria: RI,
layer thickness, surface coverage, total detectable mass,number of molecules and

10Details on surface functionalization with a poly(ethyleneglycol) layer are given in chapter 4.
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molecular concentration. The DL for bulk RI changes and for layer thickness is
directly extracted from simulated sensitivity11 and measurement resolution. The
values for surface coverage and total detectable mass are extracted from the min-
imum detectable thickness with the optical model (fixed index) described above,
with nL = 1.45,ρL = ρprotein = 1.3 g/cm3.
The surface area of a ring resonator with 5µm radius, 2µm straight section and
waveguide dimensions 450×220 nm measures 31.5µm2. The high index con-
trast of SOI results in micron-sized ring resonator biosensors, while the resonance
wavelength shift (sensitivity) does not scale with the sizeof the cavity. Because
of this, the minimum detectable mass is extremely low (in theorder of 100 ag).
This is in contrast to interferometer biosensors. As explained in section 2.5 of this
chapter, the sensitivity of an interferometer typically scales with the length of its
sensing surface.
The threshold number of molecules was calculated from the total detectable mass,
with the molecular weight of avidin (66 kDa)12. The minimum detectable concen-
tration was extrapolated from measurement data of Fig. 7.4 as explained above.
This value was not measured for TM polarized light, therefore one DL value is
missing.
In general, the optimal configuration is 1.5 orders of magnitude better than the
configuration we used for most of our experiments. Thanks to the combination of
high measurement resolution and extremely small sensor surface area theoretically
about 100 avidin molecules should be detectable.

2.5 Other sensor configurations

Essentially integrated optical biosensors consist of two concepts: the ’sensing el-
ement’, an optical mode that experiences a phase or amplitude change, and the
’transducer’, here a ring resonator that translates the phase change in a resonance
wavelength shift. Both concepts exist in many variations.
The waveguide can be replaced by a slot waveguide that guidesmodes through a
low index slot. Because a vast fraction of the quasi-TE mode will be concentrated
in the slot, it will have more interaction with analyte molecules binding in the slot
region which will improve the sensitivity of the sensor. However slot waveguides
have a few drawbacks: slot waveguide fabrication technology is less mature, fill-
ing of the slot with liquids is not trivial and additional propagation losses cause
decreasing of the Q-factor and the measurement resolution.In the course of the
master thesis of Jeroen Van Lysebettens and the PhD thesis ofTom Claes, we in-

11Validation of the simulations with experiments is described in chapter 7, section 7.2 and 7.3
121 Da is the atomic mass unit corresponding to one twelfth of the mass of an isolated atom of

carbon-12 (12C) at rest and in its ground state. With Avogadro’s number, the mass of one avidin
molecule is calculated to be1.095956532 ⋅ 10−19g.
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Average SOI
ring resonator

SOI ring resonator
with realistic im-
provements

Polarization TE TM
FWHM [pm] 300 200
Q-factor 5.2⋅ 103 7.5⋅ 103

Extinction [dB] 15 20
Noise (σ2

Inorm
) 3.4⋅ 10−4 3 ⋅ 10−5

Wavelength step [pm] 5 1
∆λmin [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 [µm2] 31.5 445
Minimum RI change [RIU] 8.91⋅ 10−6 2.77⋅ 10−7

Minimum layer thickness [pm] 3.78 0.21
Surface coverage [pg/mm2] 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 average SOI
ring resonator used for our biological experiments and an optimal SOI ring res-
onator with realistic improvements that were suggested throughout this chapter.
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vestigated slot waveguide based biosensors. Results are published in [36] and [38]
and will not be discussed here. Various groups investigatedthe use of integrated
periodical structures such as a grating or a photonic crystal [39–42]. Surface Plas-
mon Resonance modes (SPR) are also widely investigated for their sensitivity to
environmental changes. At INTEC, Peter Debackere examinedguided SPR modes
for biosensing, this work is published in [43–45].
The transducer element can consist of a single ring resonator like the one applied
for this work, of an interferometer in multiple appearances, or of more complex
filters. In principle they all share the same advantage: the read-out is completely
decoupled from the sensing element and transducer. This work deals with one of
the most basic transducer principles, but the knowledge andinfrastructure can now
relatively easy be transferred to various other filter typesin the search for the most
sensitive and accurate sensing mechanism. We will list a fewother transducers
that were proposed in literature and that can consist of basic SOI waveguides.

Mach-Zehnder interferometer

The operation principle of an integrated Mach-Zehnder interferometer (MZI) is
illustrated in Fig. 2.31(a). Coherent, single frequency, single polarization light
from a laser enters the single-mode input waveguide and is split equally at a Y-
junction. One branch has a window over the top of it allowing the evanescent field
of that branch to interact with the sample while the reference arm is protected from
the sample with a thick cladding layer. The two branches recombine at the output,
resulting in interference, and a photodetector measures the output intensity. A
change in the RI at the surface of the sensor arm results in an optical phase change
on the sensing arm and a subsequent change in the light intensity measured at the
photodetector, as described by:

I(∆neff)∝ cos(∆neffk0L)
where∆neff , k0, andL are the RI change, the amplitude of the wave vector, and
the length of the sensing region, respectively. In contrastto resonator biosensors,
increasing the length of the sensing window increases the sensing signal. Note that
because of the cosine-dependent intensity function, the signal change is not easily
resolvable near the maximum and minimum of the cosine function.
Various groups demonstrated bulk RI sensing and basic molecular sensing with
Si3N4 or SiON waveguides on a silicon substrate [46, 47]. Densmoreet al. specif-
ically worked on SOI MZI biosensors [22, 48]. They measured aphase response
of 460(2π)/RIU.
Other interferometers such as the Young interferometer [49] and Hartman inter-
ferometer [50] are not considered here, because although the sensing element is
integrated, the recombination of the signal occurs outsideof the optical chip or
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with additional optical elements. The possibilities of parallel read-out and minia-
turization are not similar to fully integrated SOI biosensors.

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). Because of their different FSRs, the
major peak of the spectral response from the output port shifts digitally when the
effective refractive index of ring #2 changes. The shift of the major peak is equal
to multiple FSRs of ring #1. In addition the combined resonance of ring resonators
in the so-called Vernier configuration have an enhanced Q-factor as compared to
single-ring resonators. This might enhance the measurement resolution. Dai et al.
reported enhanced sensitivity of over two orders of magnitude as 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 characteristics of both rings plus
the ring-ring distributed coupling. When the two rings resonate at the same fre-
quency (which can be realized by fine tuning the FSR of the individual rings), the
resonance depths are much enhanced as compared with the single ring resonator.
The reduced measurement resolution results in a better detection limit [52].

Ring-coupled Mach-Zehnder interferometers

A ring-coupled MZI is shown in Fig. 2.31(d). This device exhibits sharp Fano
resonances, and the steep slope of the resonance can be used for sensing. Fan
et al. show that when properly optimized, a ring-coupled MZIallows at most a
30.5% enhancement in sensitivity over a conventional ring resonator (used in in-
tensity interrogation), as well as a 25% decrease in the power circulating in the
ring. However the introduction of an MZI adds another sourceof thermal insta-
bility to the sensor, which aggravates the inherent thermalinstability of the ring
itself [53].

Nested-ring Mach-Zehnder interferometers

Fig. 2.31(e) pictures an MZI-coupled microring, which includes a microring and
a feedback line. The feedback line is one of the arms of the MZIcoupler and the
other arm is formed by part of the microring. By optimizing the length difference
between the two arms of the MZI coupler, an MZI-coupled microring with a high
Q-factor and high extinction ratio is obtained. Dai et al. demonstrate refractive
index sensing with10−6 detection limit [54]. Because the coupling ratio of the MZI
coupler is wavelength-dependent, one can greatly depress the dips at the resonant
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Figure 2.31: Other sensing configurations that can be composed of simple SOI
waveguides and implemented in the same platform as described in this work (more
details on the platform are found in chapter 6).

wavelengths except the considered one by correctly choosing the interference order
of the MZI coupler. This way there is only one resonant wavelength with a high
extinction ratio in a very large wavelengths span and the dynamic measurement
range is expanded to0 ≤∆n < 0.48.

2.6 Conclusion

Throughout this chapter a single ring resonator was studied. All aspects with re-
spect to its biosensor performance were discussed. The physical limitations of SOI
ring resonators were discussed as well as methods to optimize Q-factor and finesse.
We determined losses and coupling of SOI waveguides and directional couplers.
We found a large discrepancy between the performance of ringresonators with an
air cladding versus a water cladding. The water cladding causes absorption of IR
light, which intrinsically lowers the Q-factor about 1.5 times.
The sensitivity of an SOI ring resonator biosensor depends on the fraction of light
in the sensing material and on the group index of the resonantmode. The sensitiv-
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ity was simulated for various waveguide dimensions. We discussed a commonly
used optical model for biomolecular interaction.
The measurement resolution∆λmin or the minimum detectable wavelength shift,
can be much smaller than the light source line width and the resonance peak
FWHM by using a peak fitting algorithm and suppressing wavelength and intensity
noise. We simulated the impact of resonance shape and measurement equipment
on ∆λmin and found∆λmin to improve linearly with square root of intensity
noise and with Q-factor, provided that wavelength step is adapted to the FWHM
of the resonance.
Finally, the detection limit of the device can be determinedwith the ratio of∆λmin

and sensitivity. The detection limit for bulk index sensing, layer detection, surface
coverage, absolute mass and molecular concentration are listed for our current
devices as well as for devices with an optimal performance. The optimal perfor-
mance is restricted by the limitations on resonance shape that can be obtained with
SOI and the available equipment. We find the current system being capable of
detecting a surface coverage of 5.02 pg/mm2, a concentration of 3.8 ng/ml and
molecular mass of 158 ag. The optimal device performs more than 10 times better
and can detect a threshold of 100 avidin molecules.
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3
Dual polarization ring resonator sensor

In this chapter we introduce a novel technique to extract additional data on bio-
molecular interactions from ring resonator biosensors. The technique is described
in section 3.1 and we discuss the added value it can offer for biosensing applica-
tions. Section 3.2 clarifies the working principle. Design and implementation of
the device are considered in sections 3.3 and 8.3.2 respectively.

3.1 Introduction

Up until now we have discussed the detection of biomolecularinteraction by track-
ing the wavelength shift of one resonant ring resonator mode. The optical model1

which links the output of the sensor to the molecular interaction consists of a layer
with thicknesstL and refractive indexnL. Most biosensing techniques cannot dis-
tinguish between both parameters, and the output is linked to either one of them
or to another calibration parameter such as the molecular concentration. However,
access to bothtL andnL would yield information on the density as well as on the
thickness of the layer via formula (3.1):

ρL = ρprotein nL − nB

nprotein − nB

(3.1)

whereρprotein is the density of dry proteins [g/cm3], generally accepted to be
ρprotein = 1.33 g/cm3 [1, 2]. This formula was discussed in chapter 2, section 2.2.

1The optical model for biomolecular interaction is described in chapter 2, section 2.2.2.
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In all biological experiments we performed, we measured only one parameter: the
resonance wavelength shift of the TE00 resonating mode when biomolecular inter-
action occurs. For some waveguide dimensions however, the TM00 mode is also
guided. When TE00 and TM00 are simultaneously excited in a ring resonator, they
will propagate orthogonally with a different effective index and a different group
velocity. Hence they will resonate at different resonance wavelengths. The sen-
sitivity of their effective indicesneff,TE andneff,TM to environmental changes
will differ depending on the field distribution (chapter 2, section 2.2). For all of
these reasons, the resonance wavelength of TE00 and TM00 will shift a different
amount when biomolecular interaction takes place at the resonator surface. Mea-
surement of both wavelength shifts will allow us to disentangle nL and tL and
hence obtain conformational information on the biomolecular layer.
A commercial implementation based on a similar principle was done by Farfield
Scientific Ltd., Manchester, UK, called the Analight®Bio200 Dual Polarization
Interferometer. This is an interferometer-based sensor constructed from two opti-
cal waveguides stacked one on top of each other and an array photodiode. When
polarized light (TM) is introduced to the end of the stack, single mode excita-
tions in sensing and reference waveguides are formed and propagate through the
structure. At the output, they form the well-known pattern of Youngs interfer-
ence fringes on an array photodiode. On exposing the sensingwaveguide to a
biomolecule that attaches to it, the phase will change in thesensing waveguide
while the effective index of the reference waveguide does not change. Monitoring
the relative phase position of the fringe pattern will reveal the TM output. Subse-
quently. a second polarization of light (TE) is introduced into the waveguide stack.
As explained, this responds differently to biomolecule adsorption or removal, and
provides a second independent measurement. For each polarization there are an
infinite number of refractive index/film thickness combinations that will produce
the observed effect. However, when both polarizations are taken together a unique
solution is resolved.
Conformational information of the molecules is of major importance in genomics2

and proteomics3. The folding and misfolding of proteins, for example, are increas-
ingly topics of study in their connection with the onset of degenerative diseases
such as Alzheimers disease [3]. In genomics, finding information on DNA probe
orientation, probe mobility and surface coverage and assessing the impact they
have on hybridization efficiency are of critical importancein the development of
immobilization methods [4]. Lillis et al. used the Analightto show that it was pos-
sible to elucidate probe orientation and measure probe coverage at different stages
of each immobilization process and concluded on the direct impact that probe mo-

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

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

3.2 Measurement principle

The TE00 and TM00 modes are measured simultaneously and two wavelength
shifts∆λTE and∆λTM are monitored:

∆λTE = ∆envneff,TE ⋅ λres

ng,TE

(3.2)

∆λTM = ∆envneff,TM ⋅ λres

ng,TM

(3.3)

After measurement of∆λTE and∆λTM , the experimental results will be mapped
to simulations. All possible wavelength shifts are simulated for the(tL, nL) pa-
rameter space, see Fig. 3.1(a). The results in the graph are shifts obtained for
a ring resonator with waveguide dimensions 220×450 nm. Measured values of
∆λTE and∆λTM form two horizontal planes that intersect with the simulated
surfaces. The intersection line of the measured and simulated TE-planes and the
measured and simulated TM-planes can now be mapped onto a(tL, nL) space,
see Fig. 3.1(b). The intersection of both curves reveals theindex and thickness of
the layer unambiguously.

A good simulation model is crucial for accurate results. Before starting thorough
examination of this sensor principle, we verified the validity of the layer simula-
tions with experiments. For that we coated the SOI sensors with SiO2 layers with
known refractive index and thickness. The wavelength shiftthat resulted from
the coating was compared with the wavelength shift simulated with FimmWave, a
vectorial mode solver. The simulation resonance shift was calculated with formula
(3.2). We found good correspondence between measurement and simulations. A
graph of the results and technical details are given in the experimental 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 for two figures: low detection
limit and good(tL, nL) accuracy.

A low detection limit imposes on the sensor to have a good measurement resolution
∆λmin and large wavelength shifts∆λTE and∆λTM . The formula for detection
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limit was discussed in detail in the previous chapter:

DL = ∆λmin

sensitivity
(3.4)

A wavelength shift can only be resolved within the measurement resolution∆λmin.
This translates into an uncertainty on the location of the horizontal ‘measured’ TE-
and TM-planes (horizontal planes on Fig. 3.1(a)). This uncertainty is transfered in
a spread on the intersection lines and hence in an area of possible (tL,nL) values,
see Fig. 3.2. Depending on the slope of the simulated TE- and TM-planes and on
the angle between the intersection lines, this area is increased or reduced. Apart
from a low detection limit, the (tL,nL) uncertainty area is an additional measure
for the quality of the sensor and has to be minimized. Both figures depend on
measurement resolution∆λmin and sensitivity.

3.3.2 Waveguide design

The measurement resolution∆λmin is determined by resonance shape and instru-
mentation factors and was discussed extensively in chapter2, section 2.3. The
resonance shape of the TE and TM resonances will depend on losses and coupling
of the two resonating modes. For now we will assume∆λmin to be equal to 1 pm
for the TE00 and TM00 modes.
The design parameters are limited to widthW and heightH of the waveguide. In
the search for a high quality dual polarization sensor, we donot limit ourselves to
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the SOI layer stack dimensions determined by the manufacturer of the wafers all
our chips are processed with. Instead we will consider all (W ,H) combinations.
How to fabricate waveguides with a wide range of (W ,H) values is discussed in
the section ‘Implementation’ (section 8.3.2).

Single mode wires

The primary requisite is single mode guiding of the TE00 and the TM00 mode.
Only for a limited range ofW andH values, TE00 and TM00 will be guided while
TE01, TM01 and higher order modes will be in cut-off. Modes with effective in-
dices abovenSiO2

will not be radiated into the buffer layer and will be guided.
Simulation of the effective index of the modes across the(W,H) parameter space
provides us with the correct(W,H) values. Note that all simulations are per-
formed for a configuration with a water cladding (nwater = 1.311 [6]).

Low detection limit

The detection limit is determined by the measurement resolution ∆λmin and the
sensitivity. As already mentioned,∆λmin is set to 1 pm for all simulations. The
sensitivity however, will largely depend on the waveguide dimensions because of
the strong dimensional influence on the mode distribution. This was previously
explained in chapter 2, section 2.2. Designing a high quality dual polarization
biosensor imposes that we search forW andH that provide optimal sensitivity for
the TE00 mode as well as for the TM00 mode. For all single mode (W ,H) values
we simulated the TE and TM wavelength shift induced by a layerof thicknesstL
= 4 nm and refractive indexnL = 1.45 and calculated the sensitivity [nm/nm/RIU]
for both modes as:

Sensitivity= shift
thickness⋅ layer index

=
λres(neff,layer−neff,0)

ng

tL(nL − nwater) (3.5)

(3.6)

When considering small layers the shift is linear with refractive index and layer
thickness (Fig. 3.1(a)). Simulated results for the sensitivity of both modes are
presented in Fig. 3.3(a) and 3.3(b).
The sensitivity trends as a function ofW andH can be understood with the rea-
soning in chapter 2, section 2.2. With a larger fraction of the field in the layer, the
effective index is more sensitive to layer variations. For TM polarized light, the
effective index is more sensitive to changes on the top waveguide surface. Hence
waveguides with a relatively large top surface area as compared to the sidewall
surface area (H < W ) are more sensitive. A maximal TM sensitivity of 2.252
nm/nm/RIU was found forW = 420 nm andH = 210 nm.
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The reverse reasoning holds for TE polarized light; whenW < H the influence
of the field discontinuity at the side walls dominates and waveguides with a large
side wall surface area are more sensitive. A maximal TE sensitivity of 4.126 nm/n-
m/RIU was found forW = 220 nm andH = 430 nm4.
This reveals that, although the TM sensitivity is larger forour photonic wires (with
fixed height of 220 nm), the maximal sensitivity of the TE00 mode can be about
twice as large as the maximal obtainable sensitivity of the TM00 mode when hav-
ing full flexibility on the waveguide dimensions.
For a wire with dimensionsW = 240 nm andH = 280 nm, the product of TE and
TM sensitivity was found to be optimal. TE and TM sensitivityare respectively
3.295 and 2.117 nm/nm/RIU. As expected this optimum occurs for a nearly square
wire configuration. With this sensor configuration the minimum detectable mass
equals 91 and 142 ag for the TE and TM mode respectively and minimum de-
tectable surface coverage equals 2.9 and 4.5 pg/mm2 respectively. These numbers
are calculated with∆λmin = 1 pm, layer index = 1.45,ρprotein = 1.33 g/cm3 and
surface area = 31.5µm2. The detection limit is slightly worse than the detection
limit of the Analight®(0.1 pg/mm2)5 [7].

Good tL and nL accuracy

We calculate thetL andnL accuracy as described above by investigating the spread
of the intersection lines for a change in wavelength of 1 pm, and translating this
to a spread on the intersection points (tL, nL), as shown in Fig. 3.2. For a certain
waveguide configuration, the accuracy of bothtL andnL also depends on the
actualtL andnL values. The slopes of the TE and TM wavelength shift surfaces
differs at all positions, and the angle formed by the intersection lines varies as well.
A full investigation of all accuracy values for all waveguide configurations would
require immense amount of simulations with considerable simulation time. Instead
we calculated the accuracy for three configurations determined in the previous
paragraph: maximal TE sensitivity, maximal TM sensitivityand optimal TE and
TM sensitivity (TE×TM maximal).
The results are listed in table 3.1. We found the range of accuracies over thenL

andtL parameter space to be worse for the first two configurations. With optimal
TE and TM sensitivity, the layer thickness and index can be determined with the
highest accuracy. For this configuration we plotted the thickness accuracy and the
index accuracy over thetL andnL space in Fig. 3.4(a) and 3.4(b).
The layer thicknesses of layers with a low refractive index are resolved with the
largest error. A low layer index is generally caused by low molecular density or
large water content. For example, a layer with index 1.37 andthickness 5 nm

4Note that fabrication of wires with these dimensions is not trivial and requires dedicated processes.
5However as their sensor surface is much larger, they need an overall bigger amount of molecules

to reach the surface coverage detection limit.
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W [nm] H [nm] Error range on
tL [nm]

Error range on
nL [RIU]

Maximal TE
sensitivity

220 430 7.07 ⋅ 10−7 −
5.10 ⋅ 100

5.40 ⋅ 10−8 −
2.34 ⋅ 10−1

Maximal TM
sensitivity

420 210 1.50 ⋅ 10−2 −
1.54 ⋅ 101

2.96 ⋅ 10−6 −
2.08 ⋅ 10−1

Maximal
TE×TM sensi-
tivity

240 280 2.46 ⋅ 10−2 −
2.65 ⋅ 10−1

4.12 ⋅ 10−8 −
1.55 ⋅ 10−3

Table 3.1: Error range on layer thicknesstL and layer indexnL for three con-
figurations: maximal TE sensitivity (4.126 nm/nm/RIU), maximal TM sensitivity
(2.252 nm/nm/RIU) and optimal sensitivity for TE and TM polarization (TE, TM
sensitivity = 3.295 , 2.117 nm/nm/RIU).

will be determined as 1.37±0.00019 RIU, 5±0.13 nm or a thickness error of 5.2%.
While a layer with index 1.6 and thickness 5 nm will be determined as 1.6±0.00010
RIU, 5±0.019 nm or an thickness error of 0.76%. This is comparable with the
resolution of the Analight®” (0.01 nm) [7].
As for the error on index determination, a thicker layer can be determined with
greater accuracy as compared to a thinner layer. A layer withthickness 2 nm and
index 1.45 will be measured as 2±0.048 nm and 1.45±0.00045 RIU, an index error
of 0.062%. On the other hand, a layer with thickness 10 nm and index 1.45 will
be measured as 10±0.042 nm and 1.45±0.000053 RIU, thus with an index error of
0.0073%.
For this configuration, the uncertainty on the layer indexnL is always lower than
0.11% while the uncertainty on the layer thicknesstL can rise up to 26%. These
large errors on determinations of the thickness only occur for layers with very low
index (thus very low molecular density). As soon as the indexsurpasses 1.40, the
maximal error on layer thicknesstL is 4%.

3.4 Implementation: SOI ring resonator with polar-
ization duplexer

In the search for the best waveguide dimensions for dual polarization biosensing,
we investigated all possible dimensional(W,H) combinations. A wide variety of
techniques exists for SOI layer stack fabrication, with membranes of monocrys-
talline, polycrystalline or amorphous silicon. All results presented in this PhD
thesis are obtained with processed wafers from SOITEC with astandard mem-
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Figure 3.4: Thickness and waveguide accuracy for a ring resonator with wire
dimensionsW = 240 nm andH = 280 nm. These dimensions correspond with the
values for optimal sensitivity for both the TE00 and TM00 mode.
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Figure 3.5: Dual polarization grating coupler. TE00 and TM00 modes are coupled
in opposite directions.

brane height of 220 nm. An introduction to the fabrication process we apply is
given in chapter 1, section 1.3.3. At Intec, Selvaraja et al.presented results on
amorphous silicon deposited by a PECVD process using CMOS manufacturing
tools [8]. Propagation loss measurements show a loss of 3.46dB/cm for photonic
wires (480×220 nm). This process could be attractive for our application because
it allows for more flexibility on the heightH of the silicon membrane.
To couple TE and TM polarized light simultaneously to a ring resonator we will
make use of both waveguides that originate from a 1D grating coupler. This is in
contrast with the Analight®commercial tool where TE and TM polarization are
alternated and thus real-time measurements performed withhalf the frequency.
A cross section of the dual polarization grating coupler is pictured in Fig. 3.5.
This structure is used to spatially separate two polarizations in the same wave-
length band. Due to reciprocity, the same device can recombine both polariza-
tions. Analogously, this so-called ‘duplexer’ has been used to spatially separate
two wavelength bands with the same polarization for telecomapplications in the
1300 nm and 1550 nm wavelength band. The same working principle of a grat-
ing coupler as explained in chapter 6, section 6.3 applies here. We performed an
optimization procedure similar to the description by G. Roelkens in [9]. By op-
timizing the grating coupler period and tilt angle of the optical fiber, the grating
will have an optimal efficiency for TE polarized light in the forward direction, and
for TM polarized light in the backward direction. The coupling was simulated
with Camfr (vectorial mode solver) and Omnisim (FDTD simulation software),
resulting in TE coupling efficiency of 47% and TM coupling efficiency of 27%. A
similar structure for polarization splitting at 1300 nm wavelength was reported by
D. Vermeulen in [10].
The implementation of the dual polarization ring resonatorfor real-time moni-
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Figure 3.6: Implementation of dual polarization ring resonator biosensor.

toring of conformational changes of biolayers is shown in Fig. 3.6. The drop
signal is monitored instead of the pass signal to avoid largereflections between
the duplexers. Experimental characterization of the ring resonators is ongoing. A
good knowledge of propagation properties of SOI wires for TMand TE modes is
needed for design of the resonator and the directional couplers. TE mode propa-
gation has been studied extensively (see e.g. the previous chapter), however our
knowledge on TM mode propagation in wires so far was insufficient to obtain good
resonances in a ring resonator. Based on simulations we madeestimations on the
dimensions for the first design but no resonance peaks could be observed for the
TM00 mode. Recent progress on TM propagation in SOI wires has beenpublished
by Vermeulen et al. in [11].

3.5 Conclusion

We presented a novel method that allows to extract more information on biomolec-
ular interaction with a single ring resonator. Interrogation of the wavelength shift
of two orthonally resonating modes provides us with the thickness as well as with
the refractive index of a layer at the sensor surface. This can be translated in in-
formation on the molecular density and thus on the conformation of the molecules
which is crucial in many genomics and proteomics applications.
We searched for a sensor configuration that offers a low detection limit and a good
accuracy on the thickness and the refractive index determination of the adlayers.
This configuration was found to consist of waveguides with width W = 240 nm
and heightH = 280 nm. With a minimum detectable wavelength shift of 1 pm, the
minimum detectable surface coverage equals 2.9 and 4.5 pg/mm2 for the TE00 and
TM00 mode respectively. The error on resolving thickness and index of the layer
depends on the actual thickness and index values, but is always lower than 0.11%
on the index and 4% on the thickness (when the layer index> 1.40).
We described a possible implementation of this dual polarization ring resonator.
Using a grating duplexer that spatially separates both polarizations, the two wave-
length shifts can be monitored simultaneously. This devicehas the same integra-
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tion possibilities concerning read-out and fluidics as further detailed in the next
chapters. It is a robust biosensor that can be integrated in alab-on-a-chip and that
provides the user with real-time conformational information on the molecules.
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4
(Bio)Chemistry for engineers

An affinity-based biosensor consists of two parts: the transducer that converts a
binding event into a read-out signal and a biological receptor layer that is respon-
sible for the affinity-based interactions. This is schematically pictured in figure
4.1. The properties of a biosensor critically depend on the quality of the biological
receptor layer, especially for detection in complex samples. The interfacial layer
has to allow for immobilization of receptor molecules and atthe same time effec-
tively block non-specific interactions with the macromolecular components of the
analyzed sample. In addition it must be stable, must not affect the transducer sen-
sitivity and must not hinder transport of the chemical or biological compounds to
the transducer surface. Since refractive index sensors directly respond to a change
in layer thickness or density, very homogeneous and thin interfacial layers are re-
quired.
Throughout the course of this PhD, we closely collaborated with different chem-
istry research groups for the surface functionalization ofSOI photonic chips. Our
main collaborators were Dr. Jordi Girones Molera, Dr. Stepan Popelka and Dr.
Irene Bartolozzi from thePolymer Material Research Groupat Ghent University
with Prof. Em. Etienne Schacht. They are responsible for allsurface modifications
for the detection of protein interaction.
This chapter starts with a general introduction to affinity-based biomolecular in-
teraction at a transducer surface. The sections that followwill specifically focus
on surface modification of silicon surfaces. We describe thechemistry applied to
couple protein receptor molecules to the surface, with a focus on reduction of non-
specific adsorption, which is a crucial aspect of affinity-based biosensors. This
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Figure 4.1: Schematic view of an affinity-based biosensor.

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

4.1 Biomolecular interactions at surfaces

4.1.1 General model

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

1. Associationof analyte with ligand during sample injection.

2. Equilibrium or steady state during sample injection, where the rate of ana-
lyte binding is balanced by the dissociation from the complex.

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

The association and dissociation phases provide information on thekineticsof
the analyte-ligand interaction (the rates of complex formation and dissociation).
The equilibrium phase provides information on theaffinity of the analyte-ligand
interaction (the strength of binding). The reaction can be described as a simple
bimolecular complex formation

A +B
kaÐ⇀↽Ð
kd

AB
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Force Energy (kJ/mol)
Hydrophobic interaction Up to 15
Electrostatic interaction Up to 12.5
Hydrogen bonding Up to 4
Van der Waals forces Up to 0.4

Table 4.1: Molecular forces contributing to biomolecular interaction processes.

where A is the analyte and B is the surface-bound ligand.ka andkd, sometimes
denoted askon andkoff , are the association and dissociation rate constants.
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buffer sample buffer

association

dissociation

equilibrium

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

The basic forces that determine the interaction of biomolecules at the molecular
level are listed in Table 4.1. The electrostatic (ionic) andthe hydrophobic interac-
tion account for approximately85% of the interactions and are therefore the most
relevant [1].
In general, a real-time biosensor provides information on three aspects of biomol-
ecules and their interactions: the concentration (how manyanalyte molecules are
present in a complex sample), the affinity (how strong the interaction is) and the
kinetics (how fast an interaction is).

Association phase Assuming pseudo-first order interaction kinetics, the rateof
complex formation during sample injection is given by

d[AB]
dt

= ka[A][B] − kd[AB]
Under the assumption of a linear responseR of the direct biosensor, a good ap-
proximation for SOI ring resonator biosensors and most other biosensors, the rate
of complex formation can be expressed as:

dR(t)
dt

= kaCRmax − (kaC + kd)R(t)
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R is the biosensor signal at timet, it corresponds to [AB].C is the concentration of
analyte, corresponding to [A].Rmax is the response when the maximum binding
capacity of the sensor is reached. [B], the concentration ofavailable ligand binding
sites, therefore corresponds toRmax −R(t).
According to this model, a plot ofdR/dt againstR or a plot ofln(dR/dt) against
t will be a straight line with slope−(kaC +kd). Plotting the slope values obtained
at different analyte concentrations will give the valueska andkd.

Dissociation phase In theorykd can be obtained as described above, in practice
howeverln(dR/dt) againstt is frequently dominated byka (kaC >> kd) and
the intercept is unreliable. The values ofkd can be preferably calculated from the
dissociation phase:

dR

dt
= −kdR

Equilibrium phase At equilibrium, association and dissociation rates are equal,
so

ka[A][B] = kd[AB]
which can be rearranged to

KD = kd

ka
= [A][B][AB] the equilibrium dissociation constant (4.1)

KA = ka

kd
= [AB][A][B] the equilibrium association constant (4.2)

The equilibrium constants define the balance between complex and free compo-
nents at equilibrium, while the rate constants define how fast the interaction occurs.
Two interactions may have the same equilibrium constant andwidely different
rate constants, or conversely may have the same rate constant in one direction and
widely different equilibrium constants.

Heterogeneous interaction A simple model as described above will not apply
when heterogeneous reactions are involved, e.g. independent interactions with
multiple analytes and/or ligands, multiple analyte species competing for binding
to a homogeneous ligand, homogeneous analyte species binding competitively to
ligands immobilized on the surface and in the solution... Rigorous 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 binding reactions is limited,
because the reactant in the solution must first be transported to the surface in order
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to bind to its immobilized partner. In our biosensor setup, the analyte is passed
over the sensor surface using a small flow cell or microfluidicchannels.

The velocity profile of a fluid flowing over a stationary surface approaches zero at
the contact with the surface. A so-called stagnant layer of afew micrometers is
formed. High flow rates induce small stagnant layers; however, a stagnant layer of
less than2µm is hard to achieve. The analyte is more or less efficiently transported
to a distance of a few micrometers from the sensor surface, but this is still relatively
far away from the evanescent field. From there, transport is solely effected by
diffusion, as depicted schematically in Fig. 4.3. The diffusion rate through this
layer depends largely on the diffusion constant of the analyte molecules, which
varies from3 × 10−6 to 6 × 10−6 cm2s−1 for low weight substances to below10−7

cm2s−1 for macromolecules with molecular weights of several hundred kDa. This
corresponds to an average diffusion time through the unstirred layer from less than
1 s for small molecules up to several seconds for macromolecules. The effective
concentration[A] of the still unbound analyte in the evanescent field will then
typically be lower than the concentration in the bulk solution [A0]. In order to
accurately determine rate constants in such systems, the data needs to be analyzed
with a model that includes mass transport of analyte to the surface:

A0

ktrÐÐ⇀↽ÐÐ
ktr

A +B
kaÐ⇀↽Ð
kd

AB

wherektr is the rate constant for mass transport to and from the surface. Several
methods with more complicated models are reported in literature [4, 5].

For kinetic analyses, diffusion limitation should be avoided, such that[A0] ≈ [A].
A way to circumvent diffusion-related problems is to decrease the density of the
immobilized ligand and/or increase the analyte concentration. However, it remains
difficult to analyze the kinetics of binding pairs with high association and low dis-
sociation constants. For concentration determination though, a mass transport lim-
ited binding is desired, since the slope of the initial stageof the binding curve is
then proportional to the analyte concentration. A low flow rate and 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 a change in refractive in-
dex of the environment, both due to binding events near the surface and a bulk
index effect when switching from buffer to analyte solution. The bulk contribution
can easily be subtracted, as shown in Fig. 4.4. With an array of biosensors, bulk
refractive index contributions can be monitored with an uncoated sensor and can
be subtracted from the signal during post-processing.
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Figure 4.3: The evanescent field and the unstirred diffusion layer of an SOI micro-
ring biosensor. Analyte molecules are transported first mostly by convection and
then solely by diffusion.

Figure 4.4: Schematic response of a biosensor, illustrating the bulk refractive in-
dex contribution.
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4.1.4 Molecular interactions studied with label-free biosensors

Some application fields of label-free biosensors are listedin chapter 1. Here we
discuss immunoassays, because that is the application we studied with the SOI
ring resonator biosensor platform.
An immunoassay is a technique based on the binding between anantigen and its
homologous antibody in order to identify and quantify the specific antigen or anti-
body1 in a sample. It is used to diagnose infectious diseases, (auto)immune disor-
ders2 or cancers [6]. In classical immunoassays, the detection ofthe concentration
of an analyte relies on signals generated by various labels attached to antigens or
antibodies (see for example ELISAs in chapter 1, section 1.1). Figure 4.5 shows
some typical configurations of label-free immunoassays. Indirect assays (a) and
(b) the signal increase resulting from antigen/antibody binding directly correlates
with the amount of antigen or antibody in the sample. Competition (c) or sandwich
(d) assays are typically used to detect low molecular weightantigens that do not
generate sufficient signal. To enhance the signal, the antigen in the sample solu-
tion is mixed with an antigen conjugate or with a secondary antibody. Only highly
specific capture antibodies should be used, in order to avoida mixture of affinities
of each component in the sandwich [1]. The experiments with the SOI microring
biosensor platform described in chapter 7 are conducted with a direct assay of type
(b), we detect antibodies in serum by immobilizing the complementary proteins on
the surface.

4.2 Surface characterization techniques

Satisfactory characterization of the interfacial layers with thicknesses of just a few
nanometers can only be obtained by combining several techniques, each providing
specific information. This section covers a brief description of the chemical sur-
face characterization techniques employed for development of the surface chem-
istry of the SOI ring resonator biosensor platform. The listdoes not cover all
possible methods, only the techniques that provided us withinformation for the
next sections are detailed. Except for fluorescence microscopy, all techniques im-
ply the use of flat surfaces. We have tried many of the functionalization steps both
on flat surfaces of an SOI layer stack and on flat silicon surfaces of bulk silicon
wafers. We found good correspondence of the results and concluded that cheap

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

2Autoimmune disorder: an autoimmune disorder is a conditionthat occurs when the immune sys-
tem mistakenly attacks and destroys healthy body tissue. Well known examples are allergies, Type I
diabetes, rheumatoid arthritis, multiple sclerosis (MS)...
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Figure 4.5: (left) Antibody/antigen. (right) Immunoassay formats used for label-
free biosensors. (a) Direct assay: the antibody is immobilized on the sensor sur-
face, interaction with the antigen yields a detectable refractive index shift. (b)
Direct assay: the antigen is immobilized on the sensor surface, interaction with
the antibody yields a detectable refractive index shift. (c) Competition assay for
measuring small molecules, the conjugated antigen is largeenough for a measur-
able shift. (d) Sandwich assay with secondary antibody.
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Figure 4.6: Contact angleθ between solid surface and a droplet.γsl is the
solid/liquid free energy,γsv is the solid surface free energy,γlv is the liquid surface
free energy.

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

Contact angle The contact angle is the angle between, in our case, a solid sur-
face and the tangent line to the upper surface of a droplet on that surface. It is
a measure for the surface free energies between liquid and solid surrounded by
vapor. The free energies are indicated in Fig. 4.6 and are related via Young’s
equation:γsv = γsl + γlvcosθ. From measuring the contact angle of a surface in
contact with a water drop, we determine the hydrophobicity or hydrophilicity of
the surface. Bare silicon surfaces were examined by static and dynamic contact an-
gle using the drop shape analysis apparatus OCA 20 from Dataphysics. For static
contact angle, a 2µl DI water droplet was placed on the surface of the sample and
imaged using a video camera. At least three measurements persample were per-
formed; results from two to five samples were averaged. For dynamic contact angle
measurements, 5µl DI water was added to a 2µl drop at 0.5 ml/min. Dynamic
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measurements monitor the contact angle and thus the reformation, reorientation
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 X-ray photons collide with
it. The energy of the photoelectrons leaving the sample forms a spectrum with a
series of photoelectron peaks that are specific for atomic binding energy. Hence
XPS serves to analyze the elemental composition of a material in 1-10 nm under
the surface.

The silicon samples were analyzed by XPS using a Fissions S-probe apparatus
provided with a fine focus AlK source with a quartz monochromator.

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

The thicknesses of the different coatings on silicon substrates were determined
by means of an M-2000FI Spectroscopic Ellipsometer (J.A. Woollam) 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 multilayered substrates
consisted of the software built-in optical functions of silicon, native silicon oxide
and thermal silicon oxide [7]. Optical constants of siliconoxide were also used for
silane layers. The index of refraction of a PEG layer (section 4.3.2) was modeled
by a Cauchy dispersion functionAn +Bn/λ2 [8]. The extinction coefficient was
taken to be zero since this polymer is a dielectric with negligible absorption in the
UV/vis range used for the measurements. The Cauchy parametersAn = 1.5 and
Bn = 0.0059µm2 were obtained from a simultaneous fit of thickness,An andBn

to ellipsometric data acquired from an auxiliary PEO layer (ca. 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 used approach, to confirm the
actual presence of functional groups on the waveguides we attached fluorophores
to the structured samples and observed their distribution over the surface with con-
focal fluorescence microscopy. Fluorescence tests were performed with a confocal
Carl Zeiss LSM 510 microscope equipped with an argon laser module (Carl Zeiss
Inc., Thornwood, NY) using a10× 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 on assemblies of silane re-
agents that can bear a wide range of functional groups (-COOH, -NH2...). We
make use of the -OH groups of silicon’s native oxide for coupling silanes to the
SOI waveguides. The covalent nature of the assembly processresults in superior
stability, which allows extensive handling and further modification steps without
deterioration of the silane layer. In the next section we describe a one-step method
that couples the proteins directly to the functional groupsof a silane layer.
While anchoring proteins to silicon oxide surfaces with silanes is a convenient and
reproducible method, silanes typically do not have sufficient resistance to non-
specific interaction. Non-specific interaction is what happens when molecules
other than the biomolecule to detect attach or adsorb to the surface and cause a
large background signal. This can cause ‘false positive’ signals which is perni-
cious for the biosensor’s reliability.
Non-specific interaction or protein-fouling has been attributed to various causes
[9]. One of the most accepted reasons for protein-fouling tosurfaces is the ten-
dency for hydrophobic materials to absorb proteins in orderto decrease their sur-
face energy. Indeed, a high hydrophobicity can be associated with a large free
surface energy. Thus, strategies for minimizing the fouling of materials focus on
improving the hydrophilicity of their surfaces. A common strategy of achieving
this goal involves coating the surface with a layer of polymers.
We developed a two-step method: an ultra thin layer of a hydrophilic polymer,
poly(ethylene glycol) (PEG), is attached to the silane layer prior to coupling the
proteins. In section 4.3.2, an overview of the coupling procedures is given together
with important steps we took towards optimization of the surface coatings.
We will start this section with two concepts that will be usedthroughout the rest of
the chapter: avidin-biotin is a molecular couple for biosensor tests and NHS-EDC
chemistry is a chemistry protocol that forms covalent binding between a receptor
protein and the coated sensor surface.

The avidin-biotin complex

In the search for novel label-free biosensors avidin-biotin is regarded as the gold
standard for proof-of-principle tests. The extraordinaryaffinity of avidin for biotin
(Ka = 1015M−1) is the strongest known non-covalent interaction of a protein and
ligand. For that reason we also used avidin-biotin as a modelcouple for bind-
ing and concentration measurements.Biotin is a 244 dalton3. vitamin found in
tiny amounts in all living cells. Since it is a relatively small molecule, it can be
conjugated to many proteins without significantly alteringtheir biological activity

31 dalton (Da) is the atomic mass unit corresponding to one twelfth of 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 of many assay procedures.
Avidin is a glycoprotein found in the egg white and tissues of birds,reptiles and
amphibians. It contains four identical subunits to each of which one biotin protein
can bind. Avidin has a mass of approximately 68 kDa. In our experiments, bi-
otin is immobilized on the surface and avidin is the analyte in the sample solution.
Bovine Serum Albumin (BSA), a protein with similar molecular weight to avidin
that is abundantly present in body fluids, is used as a model protein for non-specific
interaction.

Binding through NHS-EDC chemistry

Covalent binding of biomolecules to other molecules is an essential component
of biosensor development. Despite the complexity of protein structure, defined
by the composition and sequence of 20 different amino acids,only a small num-
ber of protein functional groups comprise selectable targets for practical coupling
methods. Most proteins bind through a primary amine (-NH2). Because of their
positive charge at physiologic conditions, primary aminesare usually outward-
facing; thus, they are usually accessible for conjugation without denaturing the
protein structure. A number of chemical reactive groups have been characterized
and used to target the main protein functional groups. For our experiments, we
used NHS/EDC4 to couple proteins to the functional groups sticking out of the
biosensor surface. Fig. 4.7 illustrates this for the activation of carboxilic acids
from a surface to bind to amines from a protein. Stable surfaces or stable ligands
are activated with -NHS to be much more reactive towards the amines of respec-
tively the ligand or the surface. In the next sections we use NHS/EDC chemistry
in two ways. When receptor molecules are available with an -NHS group attached
to them (like biotin-NHS), we couple these so-called ‘activated’ receptors to the
surface using EDC. When the receptor molecules are not available with an -NHS
group (like most proteins), we ‘activate’ the surface first with an -NHS group and
couple the receptor molecule after that, using EDC or variants of EDC with similar
functionality.

4.3.1 One-step modification: reaction with aminosilane

The formation of amine-terminated self-assembled layers on silicon oxide allows
immobilization of a variety of biologically important molecules. Also in this work,
the first method we used to anchor biomolecules to the SOI surface, was covalent
binding of the protein (biotin) to an aminosilane (APTES) layer that was self-
assembled on the surface. The procedure is schematically pictured in Fig. 4.8.
Prior to the self-assembly, the surface needs to be cleaned to maximize the number

4NHS: N-hydroxysuccinimide, EDC: 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochlo-
ride.
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Figure 4.7: NHS activation of a carboxilic acid surface.

OH OH OH

NH2Si

CH3O

CH3O

CH3O

in toluene

O

O

O

Si Si

NH2 NH2

HN NH

S

O

N
H

O

54

O

O
N

O

O

Biotin LC=spacer NHS

 in DMF, PBS pH 7.5

NH2 NH

HN
NH

S

O

silicon oxide Si-APTES Si-APTES-

biotin

APTES
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of silanol groups at the surface. We perform a piranha cleaning step to achieve
this. The cleaned and oxidized silicon surfaces were silanized by dip-coating at
room temperature in1% dry toluene. After that, the aminosilanized surfaces (Si-
APTES) were immersed in 2 ml phosphate buffer solution (PBS)with 100µl of
E,Z link-NHS-LC-Biotin in DMF (1 mg/ml). Samples were immersed for 3 hours
to allow the deposition of a layer of biotin receptors, covalently bound through
NHS-EDC chemistry to the Si-APTES surface.

Surface characterization

Contact angle measurements show an increasing hydrophobicity when the surface
is coated using increasing APTES concentrations (Table 4.2). This indicates that
increasing the APTES concentration results in a formation of multilayers. After
silanization, the thickness increased from 2.8nm to 9.5nm.Since APTES mono-
layers are around 1 nm thick, this again confirms the formation of multilayers.
The surface chemical composition was determined by XPS after each reaction
step (Table 4.3). After the aminosilanization step with0.2% APTES solution, the
carbon content increased from13.7%, coming from residual contamination af-
ter the cleaning step, to46.2%. 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 modification,
the surface nitrogen content was about2.2%. Similar results were obtained with
APTES concentrations of1 and2%. By increasing the concentration, a thicker
surface silane layer is obtained, that shields the bulk silicon signal, which progres-
sively decreases to19.9 and17.8% respectively. On the contrary, when the APTES
concentration increases to1 or 2%, the nitrogen content increases to3.2 and3.9%
respectively. Control of concentration and deposition times minimizes the layer
thickness (although never optimal), and renders the results reproducible.

Contact angle[○]
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 aminosilane surfaces.

% Si % O % C % N
Si substrate 27.7 10.4 54.0 -
Silicon oxide (after cleaning) 37.7 37.8 13.7 -
Si-APTES 0.2% 25.2 26.4 46.2 2.2
Si-APTES 1% 19.9 2.9 53.8 3.2
Si-APTES 2% 17.8 25.7 52.5 3.9

Table 4.3: XPS data of silicon aminosilane surfaces.

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

Straightforward surface coatings of silicon are based on assemblies of silane rea-
gents, like the one-step method described above. They can carry a wide range of
functional groups for receptor molecule immobilization but they typically do not
have sufficient resistance to non-specific interactions. SOI ring resonator biosensor
measurements that confirm the high non-specific interactionsignal of aminosilanes
are presented in chapter 7, section 7.4.1.
The ability of PEG layers to reduce non-specific interactions in various detection
systems is well documented [10, 11]. The PEG layer can be introduced in a sin-
gle step, by using PEG bearing alkoxysilane end-groups [12,13], or in two steps,
as we did. The most frequently used two-step procedure involves the coupling
of a diamino-PEG (H2N-PEG-NH2) to a silane layer bearing epoxide groups (Si-
GPTS) [14, 15]. However, possible attachment to the surfacethrough both -NH2
groups would decrease the concentration of free functionalgroups intended for
immobilization of receptor molecules, as illustrated in Fig. 4.9. Therefore, instead
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Figure 4.9: Using a heterobifunctional PEG instead of a homobifunctional PEG
avoids attachment to the surface through both -NH2 groups.

of homobifunctional PEGs, we examined two heterobifunctional PEGs with func-
tional end-groups of very different reactivity towards theepoxides of the silane
layer.α-sulfanyl-ω-carboxy PEG (HS-PEG-COOH) and monoprotected diamino-
PEG (H2N-PEG-NH-Boc) allowed the introduction of respectively reactive car-
boxy (-COOH) and amino (-NH2) groups on the surface of the SOI waveguides.
All chemical reactions of the two-step procedure are schematically depicted in Fig.
4.10.

Step one: GPTS layer

The first step of the procedure involves the application of a self-assembled silane
layer bearing epoxide groups, 3-glycidyloxypropyltrimethoxysilane (GPTS). No-
tice the contrast with the silane layer bearing amino groupsof the one-step pro-
cedure of the previous section. However, with different coupling chemistry and
extra intermediate steps, both silanes could be used for both purposes. After oxy-
gen plasma cleaning and activation, the substrates were immediately immersed in
freshly prepared solutions of GPTS in toluene (1% w/w) and incubated overnight
at room temperature (Fig. 4.10, step one). Unbound materialwas removed by
successive sonication in pure toluene and acetone and the substrates were cured in
a vacuum oven for 1 hour at 100○C.

Distillation of the GPTS solution prior to binding turned out to be key to obtain
thin and homogeneous GPTS layers. It eliminates water traces and separates the
oligomers present in the stored bottle. Fig. 4.11 shows the difference in homo-
geneity between a coating with and without overnight distillation of the GPTS. We
clearly see the formation of agglomerates on the substrate on the left, while the
surface on the right was covered with a homogeneous GPTS layer. Homogene-
ity of the surface chemistry is extremely important for nanostructured biosensors.
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Figure 4.10: Chemical reactions applied for the coating of cleaned silicon wave-
guides in a two-step procedure: GPTS deposition followed byPEG grafting. Thick-
nesses are not to scale.
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50 micron 20 micron

Figure 4.11: Reflected-light darkfield image of a silicon substrate coated with an
epoxide silane (GPTS) before and after optimization of the homogeneity. Left:
1vol% non-distilled GPTS in dry toluene, 5h, ellipsometricthickness is 15nm.
Right: 1vol% distilled GPTS in dry toluene, 8h, ellipsometric thickness is 1.3nm.

Unlike for many other biosensor implementations, where theresponse corresponds
to an average of the biomolecular interaction over a large spot, a nanostructured
biosensor only responds to biomolecular interaction over avery small surface area
(e.g. ring surface area 30µm2). For that reason nanostructured biosensors can
have very low detection limits, but the quality of the surface chemistry needs to be
very high.

Step two: Grafting a PEG layer to GPTS

HS-PEG-COOH and H2N-PEG-NH-Boc layers were deposited from 3 mg/ml so-
lutions in acetone. 100µl of the PEG solutions was deposited on the surface of
each substrate in 20µl portions to allow solvent evaporation. The specimens were
subsequently placed in a vacuum oven at90○C for 40 hours in order to enable the
end groups to anchor to the epoxy-silane layer. Unbound PEG was removed 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 using the two-step procedure
above, we can proceed to attach the ligands, in this case biotin. The carboxy
groups from substrates treated with HS-PEG-COOH were activated by immersing
the substrates for 30 minutes in a NHS/EDC solution (0.1M/0.4M). Notice that
in contrast to biotinylation of the APTES layer or the H2N-PEG-NH-Boc layer
of the next paragraph, for a HS-PEG-COOH layer the surface was ‘activated’.
After rinsing with DI water, the activated samples were immersed for 2 hours in 2
ml PBS to which 100µl of EZ-Link 5-(biotinamido) pentylamine (2 mg/ml) was
added.
Deprotection of the Boc groups in substrates coated with H2N-PEG-NH-Boc was
accomplished by immersing the substrates in trifluoroacetic acid (TFA) for 10 min-
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utes. After rinsing with DI water and PBS, chips were immersed in 2 ml PBS,
followed by the addition of 100µl of EZ-Link biotin-LC-NHS in DMF (2 mg/ml).
The reaction proceeded for 2 hours at room temperature. After biotin coupling, all
samples were rinsed with PBS and sonicated successively in PBS and DI water.

Surface characterization of the two-step procedure

The deposition of the GPTS layer was confirmed by ellipsometry, contact angle
and XPS on model Si/SiO2 substrates (see Table 4.4 and 4.5). Reproducible thick-
nesses of 1.3± 0.3 nm are obtained. After GPTS treatment, the characteristic
presence of 2 peaks at 284.7eV and 286.4eV, corresponding toC-C/C-H and C-O
bonds respectively, was observed on the high-resolution XPS spectra of carbon
(C1s) (Table 4.6). Si/SiO2 wafers with smooth monolayers presented a static con-
tact angle of 53○ ± 2○, in good agreement with values reported in literature [16].
By characterization of the surface coating obtained after applying HS-PEG-COOH
onto GPTS-treated substrates, the layers were found to be reproducible. The thick-
ness of the PEG layer increased rapidly during the first hoursand reached 2.3
± 0.2 nm after 30 hours, in line with literature values for similarly deposited
PEG layers [14, 17]. Considering that the density of HS-PEG-COOH is 1.09
g/cm3, this represents a load of 2.7 ng/nm2 equivalent to a chain density of 0.54
molecules/nm2. If the attachment to the surface occurred exclusively through the
thiol group, one can assume a 99 pmol/cm2 concentration of carboxy groups (Ta-
ble 4.5). Additional characterization of the HS-PEG-COOH layer was provided
by XPS analysis (Table 4.6). Reduction of the intensity of the Si peaks and a high
carbon to oxygen ratio is evidence for the success of the PEG coupling. The con-
tact angles of the grafted layers were reproducible in all experiments (32○ ± 1○),
lower than those of the GPTS-surface and comparable to literature values.
The thickness of H2N-PEG-NH-Boc layers was slightly higher than the thickness
of HS-PEG-COOH layers, i.e. around 2.5 nm. Since the Boc-protected amino
groups avoid the occurrence of any double coupling onto the chip surface, we can
assume an effective concentration of amino groups equal to 97 pmol/cm2 or 0.59
molecules/nm2 (Table 4.5).
The comparison of the surface concentrations of functionalgroups indicates that
the PEG brushes not only have the ability to reduce non-specific interaction but that
they also have a sufficient surface concentration of functional groups, comparable
to that present in mixed SAMs used as typical sensing layers of SPR immunosen-
sors [18, 19].
The contact angle of the H2N-PEG-NH2 substrates was 21○±1○. The low hystere-
sis observed in the dynamic contact angle (4○) is an indication of low roughness of
the layer [14].
To verify the presence of reactive primary amino groups on the surface of the
structured chips, we analyzed them by fluorescence confocalmicroscopy. Alexa-



4-18 CHAPTER4

fluor®555 cadaverine was crosslinked to the H2N-PEG-NH2 surface with glu-
taraldehyde. The chips were partially covered with adhesive tape to set the back-
ground reference level. The fluorescence microscopy image of Fig. 4.12 shows
homogeneous coloration over the surface of the chip, thus confirming a presence
and homogeneous distribution of amino groups. To rule out the presence of ad-
sorbed dye we examined negative control samples. No fluorescence signal was
detected on samples covered with PEG but not pre-activated before applying the
fluorophores with the same reaction and cleaning conditions. The resolution of
the microscope is too low to see the 450 nm wide silicon waveguides, but we can
see the fluorescence on the large silicon areas in between theetched trenches (also
indicated on Fig. 4.12).

Contact angle[○] Thickness
[nm]

Conditions

Our data 53± 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, compared with values
reported in literature.

Layer Thickness
[nm]

Density
[mg/ml]

Surface
loading
[ng/mm2]

Chain
density
[molecules/nm2]

Contact
angle
[○]

Hysteresis
[○]

GPTS 1,4± 0,5 1.07 1.50 3.82 53± 2 16± 2
HS-PEG-COOH 2,3± 0,2 1.09 2.51 0.54 32± 1 8± 2
H2N-PEG-NH2 2,5± 0,2 1.09 2.73 0.59 21± 1 4± 1

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

% Si (2p) % O (1s) % C (1s) % N (1s)
Silicon oxide (after cleaning) 30.6 30.8 38.6 0
Si/SiO2/GPTS 26.1 28.2 45.6 0.0
Si/SiO2/GOPTS/HS-PEG-COOH 10.2 40.6 49.2 0.0
Si/SiO2/GOPTS/H2N-PEG-NH2 7.1 29.4 62.4 1.1

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

4.3.3 From biotin to other proteins

Activated surface instead of activated biotin

Tests of the SOI ring resonator biosensors modified according to the two-step
procedure of section 4.3.2, revealed high specific signals to avidin and low non-
specific signals to BSA, even in complex body fluids (for ring resonator binding
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Figure 4.12: Fluorescence microscopy picture of a structured chip coated with
H2N-PEG-NH-Boc. Alexa-fluor®555 cadaverine was applied as described in sec-
tion 4.3.2. The right side was covered with tape during the reactions to set the
background reference level. The resolution of the microscope is too low to see
the 450nm wide silicon waveguides, but we can see the fluorescence on the large
silicon areas in between the etched trenches.

curves see chapter 7, section 7.4.2). For the coupling of biotin to a surface bearing
H2N-PEG-NH2, we used commercial biotin-LC-NHS. However, this system can
not simply be applied to couple other proteins to the H2N-PEG-NH2 surface, since
chemically modified proteins bearing -NHS esters are not commercially available.
Consequently, the coupling system had to be altered.

Instead of coupling ‘activated’ proteins, we had to couple proteins to an ‘acti-
vated’ surface. As a model for the coupling of other proteinsand antibodies, we
analyzed the coupling of a non-activated biotin with terminal amino-end group
((5-biotinamido)pentylamine or further denoted as biotin-NH2). We examined
two coupling methods, depicted in Fig. 4.13. Activation viaglutaraldehyde has
been used by other groups for coupling of fluorescent labels with excellent re-
sults [20, 21]. However, the introduction of the glutaraldehyde and the inactiva-
tion5 of the aldehyde groups with ethanolamine resulted in surfaces with increased
hydrophobicity (Table 4.7). This partly canceled out the advantages the PEG layer
offers. Tests revealed a considerable increase in non-specific interaction when this
strategy was applied.

Alternatively, we attempted the activation of the surface with disuccinimidyl car-
bonate (DSC) [22, 23]. With this method, the inactivation ofthe surface structures
occurs by hydrolysis, providing hydrophilic carboxylic groups at the surface (Ta-
ble 4.7). This methodology provided almost the same surfacecharacteristics as
the method used to couple activated biotin. When tested on the SOI microring
biosensor platform, DSC activated surfaces interacted significantly less with non-
specific molecules as compared to gluteraldehyde surfaces.DSC activation was
used further for the experiments described in chapter 7, section 7.5.

5Inactivation of non-occupied reactive groups after immobilization of the receptor molecules is
always necessary in order to avoid increased non-specific interaction 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 activation with
disuccinimidyl carbonate (DSC) of silicon surfaces coatedwith H2N-PEG-NH2.
Eventually DSC activation corresponded to the lowest non-specific signal.
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Contact angle[○]
GPTS 53
H2N-PEG-NH2 21
H2N-PEG-NH2/gluteraldehyde 31
H2N-PEG-NH2/DSC 24

Table 4.7: Static contact angle measurements of silicon substrates coated with
H2N-PEG-NH2 according to the two-step procedure and further activated with
glutaraldehyde versus disuccinimidyl carbonate (DSC).

Water instead of solvents

In contrast to biotin, proteins can not be dissolved in organic solvents because it
would affect their structural integrity. Hence the coupling of proteins to the sur-
face is in competition with the reaction of water with the -NHS groups of the
surface. This means the hydrolysis deactivation reaction in Fig. 4.13 (step 2) is in
competition with the protein coupling (step 3). The coupling procedure had to be
optimized in order to minimize the hydrolysis in favor of theprotein immobiliza-
tion. Since most surface characterization techniques failin quantifying the amount
of proteins on a silicon surface, this optimization had to becharacterized with the
SOI microring biosensor platform that is described in the following chapters. See
Fig. 4.14 for the results.

The highest signal depicts avidin/biotin interaction in the most ideal circumstances:
activated biotin was immobilized in organic solvent. Activation of the surface with
DSC is needed to couple through the amine groups of proteins,bar set 2 depicts
the interaction of biotin-NH2 with avidin and non-specific proteins (BSA and other
components in serum I). The non-specific interaction was lowas expected from
the low hydrophobicity of the PEG surface. When introducingavidin to the sur-
face however, the signal remained low which is indicative ofthe low density of
biotin-NH2 receptor molecules to the surface of the biosensor. In orderto try and
improve the coupling, a MES buffered saline (pH 5.5) was usedas coupling buffer
instead of PBS (pH=7.6). A higher pH of the solution accelerates the hydrolysis of
the activated surface. At lower pH, one expects a longer reactive period for the sur-
face towards the proteins. However, almost no difference was observed in protein
receptor coverage (bar set 3). After that we turned attention to another protocol
for binding proteins. The DSC activation and the subsequentprotein coupling was
done with the conditions described in [15]. After deprotection of the amine groups
of the PEG layer, a very small volume of 50µl of the activation solution (DSC
+ DMAP + distilled TEA in distilled DMF) was placed on the SOI chip. This
chip was covered with a clean and dry silicon chip and kept in adesiccator for 4
hours. This methods reduces the possible water traces during the activation. After
rinsing with distilled DMF and distilled methanol the chipswere ready for protein
immobilization. Although not optimal yet, results improved considerably when
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Figure 4.14: Optimization of the protein immobilization to obtain a highspecific
signal. Biotin-NH2 is used as model for proteins. The serum is a 100X diluted goat
serum with RaIgG, 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 solutions encountered in the
search of high quality biological receptor layers. Coupling of proteins to the -NH2
groups of an amine silane (APTES) layer that was self-assembled on the silicon
oxide surface, is a straightforward coupling procedure fordense receptor coverage.
However, silanes perform poorly in terms of non-specific interactions with proteins
in the analyte solution. To reduce the non-specific detection background, we intro-
duced thin PEG layers in a two-step coupling procedure. We investigated two het-
erobifunctional PEG layers with different reactive groups: α-sulfanyl-ω-carboxy
PEG (HS-PEG-COOH) and monoprotected diamino-PEG (H2N-PEG-NH-Boc).
Surface characterization tests confirmed the high quality,the reproducibility and
the binding capacity of PEG layers. The thickness is in the order of a few nanome-
ters. The contact angle decreased to 21○ and 31○ respectively, while the density of
the functional groups remained high and comparable to the density of functional
groups on commonly used SAMs for SPR sensing. Avidin/biotinwas primarily
used for proof-of-principle biosensor tests. To immobilize other proteins to the
surface, the coupling procedure had to be slightly changed to ensure good receptor
coverage and to maintain the hydrophilic character of the surface. In Fig. 4.15 the
final coupling routes are schematically shown. Coupling route 1 illustrates the cou-



(BIO)CHEMISTRY FOR ENGINEERS 4-23

Figure 4.15: Employed coupling protocols for immobilization of receptor mole-
cules (biotin and proteins) on SOI microring resonators pre-coated with a func-
tional PEG layer.

pling of activated proteins (such as biotin-NHS) to the PEG surface, coupling route
2 shows the coupling of non-activated proteins (such as biotin-NH2 and most other
proteins) to a pre-activated surface. We will refer to this figure when discussing
the actual binding curves for specific and non-specific interactions monitored with
SOI ring resonator biosensors in chapter 7.
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5
Microfluidics

On top of the functionalized sensor chip, a fluidic compartment has to ensure the
delivery of the sample to the sensor surface. During the course of this work, three
systems were applied to guide fluids over the SOI chips: a flow cell, a cuvette and
microfluidic channels.
The flow cell of Fig. 5.1(a) contains an inlet and an outlet andone single broad
channel through which the sample flows and interacts with thesensor surface. It
was sealed with Parafilm1 and clamped to the holder.
The cuvette is a container that was mounted leak-free on the chip, Fig. 5.1(b). It
contains one inlet that fits a needle, and one extra small opening through which
gases can escape during filling. The openings are as small as possible to minimize
sample evaporation. The cuvette can contain a sample volumeof 6.3µl. Because
this is not a flow-through system, it does not allow for switching between liquids.
For practical applications it is necessary to include reference sensors to measure
the background signal level. This tubing-free system was found useful when only
very small sample volumes were available (e.g. when measuring DNA hybridiza-
tion).
The flow cell and cuvette performed well for single ring measurements. However
in order to address an array of ring resonators, it is important that the flow charac-
teristics are equal over the entire chip. The need for compact fluidics in which the
flow velocity is similar at all locations on the chip implies the use of channels with

1Parafilm is a product of the Pechiney Plastic Packaging Company. It consists of a flexible film
and is commonly used for sealing or protecting vessels (suchas flasks or cuvettes). It is stretchable,
moldable, waterproof, odorless, thermoplastic, semitransparent and self-adhering.
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dimensions in the order of a few tenths of microns, so-called‘microfluidics’. Fig.
5.1(c) pictures an SOI chip packaged with PDMS microfluidics.

We will give a brief introduction on various theoretical aspects of microfluidics in
section 5.1, where we also discuss microfluidics modeling techniques. Section 5.2
deals with the actual microfluidic fabrication we performed. Using channels with
micron-sized dimensions adds complexity to the packaging:in contrast to the flow
cell and the cuvette, the alignment of the channels can not beperformed manually.
Section 5.3 deals with packaging of SOI chips with microfluidics.

5.1 Basic concepts

5.1.1 Introduction

The fundamental laws of nature underlying our understanding of the operation of
liquid handling systems are all well-known. What is new in microfluidics, how-
ever, is the interplay between many different forces and thechange of the relative
importance of these forces in the micro-regime as compared to the macro-regime.
Surface effects that often can be neglected at the macro-scale become increas-
ingly dominant in microfluidics as size is diminished. For example, volume forces
like gravity and inertia that are very prominent in our dailylife become largely
unimportant in lab-on-a-chip systems. Surface related forces, like surface ten-
sion and viscosity, become dominant. Microfluidic systems hold big promises for
the large-scale automation of chemistry and biology, suggesting the possibility of
numerous experiments performed rapidly and in parallel, while consuming little
reagents. Various applications of significant scientific and practical interest have
been developed over the past ten years. The study of fluid behavior in micron-
scale devices is a vast research domain, and is documented invarious books and
publications [1–3].

From the most general point of view, fluid flows are determinedby the knowledge
of velocities U={ux, uy, uz}, pressureP , densityρ, viscosityµ, specific heatCp

and temperatureT . ux, uy, uz, P andT are related by a system of three equa-
tions: (1) a scalar equation for the mass conservation, (2) avector equation for
the conservation of momentum, and (3) a scalar equation for the conservation of
energy or the Navier-Stokes (NS) equations2. If the temperature is constant, four
unknowns are left and we have to solve equation (1) (conservation of mass) and
(2) (conservation of momentum).

2Some authors give the name Navier-Stokes to the second equation (momentum).
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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
SOI chip.

(c) SOI chip packaged with PDMS microfluidics.

Figure 5.1: Systems for fluid guiding over SOI chips.
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Figure 5.2: Typical microfluidic laminar flow with parallel flow streamlines. The
dimensions are 50x192µm for the smallest channel, and 50x400µm for the broad-
est channel.

5.1.2 Laminarity

A flow is said to be laminar when viscous forces dominate inertia. When this is
the case, turbulences cannot develop, and the fluid flow linesare, at least locally,
parallel. The Reynolds number determines the ratio betweeninertia (convective
forces) and viscous forces.

Re = UD

ν

whereU is the average fluid velocity,D is a characteristic dimension of the chan-
nel (or the obstacle), andν is the kinematic viscosity (expressed in m2/s). When
Re < Retrans the flow is said to be laminar.Retrans is the transition threshold
between laminar and turbulent flow. For flows in channels, tubes or pipes,Retrans
is of the order of 1000-2000. In microflows the velocities aremainly small. For
instance, we typically use a 5µl/min flow rate through channels with dimensions
of 50x200µm. The flow velocity is then about 0.8 mm/s. As the kinematic vis-
cosity of water isν = 10−6 m2/s, the Reynolds number is of the order of 0.008.
Thus, the character of the flow is laminar, meaning that the streamlines are locally
parallel. In Fig. 5.2 a typical microfluidics design is pictured, with flow arrows
that are parallel as expected. The dimensions are 50x192 to 50x400µm.

5.1.3 Modeling

Because of the complex geometry of the boundaries, a finite element method is
preferred to model microfluidic flows. We used commercial software COMSOL
Multiphysics for that purpose (the MEMS module). Surface tension and wall adhe-
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sive forces are very important for transport of fluids through microchannels, so the
treatment of the boundary conditions is important. The module allows a non-zero
slip velocity and includes frictional forces at the walls.
Here we briefly present thelumped parameters model, which is a simplified calcu-
lation method that gives very interesting and acceptable results in some cases. The
model is described using the geometry of Fig. 5.2 as a workingexample. The aim
is to calculate the width of the four channels to obtain equalflow velocities at the
center of the channels. The circuit can be decomposed in connecting parts (Fig.
5.3 (top)), with nodes{i = 1,N} and branches{j = 1,M} with N = 6, M = 8.
The unknowns are the average velocitiesUj and the pressure at the nodesPi. A
first set of equations is given by the mass conservation equations at each nodei of
the net. At a nodei, the equation for the mass conservation is:

∑
ji

UjiSji = 0 (5.1)

whereji is the index corresponding to all of the branches connected to nodei. Sji

andUji are the cross section and average velocities (positive or negative).
The second set of equations is given by the pressure drop relations, the Hagen-
Poiseuille law. For the branch[i − 1, i], this relation becomes:

Pi−1 −Pi = RhydrQi−1,i (5.2)

whereQi−1,i (in m3/s) is the flow rate in the channel, equal toUi−1,iSi−1,i, and
Rhydr is the so-called hydraulic resistance of the channel. This equation only holds
for a pressure driven, steady-state flow of an incompressible fluid, i.e. a Poiseuille
flow. The hydraulic resistance is due to viscous dissipationof mechanical energy
into heat by internal friction in the fluid. It can be calculated for different channel
shapes.Rhydr of a rectangular channel with short edgeh, long edgew and length
L equals:

Rhydr = 12ηL

1 − 0.63(h/w) 1

h3w

whereη is the dynamic viscosity of the liquid,ηwater = 1 m⋅Pa⋅s. More on the
derivation of hydraulic resistances can be found in [3].
Solving the equations provides us with the 3 unknown widths of the channels (we
set the inlet channel width equal to the width of the fourth channel to 400µm).
Setting a certain inlet flow rate (50µl/min) and atmospheric pressure at the outlet,
we also obtain the unknown average velocities in the four channels. The height of
the channels was taken to be 50µm, the horizontal lengths 1.2 mm and the vertical
lengths 4 mm. The widths obtained by solving these equationscan serve as starting
values for the COMSOL model. After running the simulation, the velocities are
plotted and we adapted the widths slightly to increase the velocity uniformity.
Channel widths of 192, 233, 308 and 400µm were found to give nearly equal flow
velocities inside the channels (Fig. 5.3 (bottom)).
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Figure 5.3: Top: Lumped parameter model for the channel network of Fig. 5.2,
Bottom: Velocity profile in the channels.

5.1.4 Lab-on-a-chip

The integration of biosensors and microfluidics for point-of-care applications is
still in its infancy. Microfluidic mixers, valves and pumps have to be taken to the
biosensor platform to provide extra functionality for the particle delivery, or for
sample pre-processing. One example of a microfluidic deviceis shown in Fig. 5.4.
This device is used to build and maintain a concentration gradient, in this case
across separate channels but the gradient would also be maintained in one output
channel. The device was fabricated in PDMS with soft-lithography during this
PhD work in collaboration with ONC laboratory at Boston University. Channel
dimensions are 45x45µm. In the application stage, this structure can be integrated
with microring resonators to monitor biological behavior in solutions with differ-
ent concentrations. Despite the importance of gradients inbiology, there are only
a few techniques capable of generating and maintaining themeasily in solution.
Using a microfluidic approach it is possible to generate spatially and temporally
constant gradients extending over hundreds of micrometersand to maintain their
shapes over long periods of time [4]. Interesting biological studies that are made
possible by this type of devices can be found in [5–7].
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Figure 5.4: Microfluidic device for generating and maintaining a concentration
gradient. The device was fabricated in PDMS with soft-lithography in collabora-
tion with ONC laboratory at Boston University. Channel dimensions are 45x45
µm. The device was tested with DI water containing fluorophores. One inlet was
filled with pure DI water, the other inlet was filled with DI water with a high flu-
orophore concentration. After passing through the channelnetwork, 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 a certain number of mole-
cules on a sensor with a certain geometry in [8]. We apply the same model to the
ring resonator biosensor. The model assumes irreversible adsorption, a reasonable
approximation for strongly binding molecules such as biotin-avidin or DNA. The
maximum number of molecules attached to a sensor as a function of time is then
defined as

N(t) = ∫ t

0
∮
A
jdσdτ (5.3)

where j is the flux right above the sensor normal to the sensor surface (molecules
s−1 m−2),σ is the unit area, A is the sensor area andt is time. In first approximation
we consider the flux to a ring, discarding molecular attachment to the side walls.
Because of to the zero flow velocity at the fluidic channel walls, the molecular flux
to the ring surface will be determined by molecular diffusion, as was illustrated in
chapter 4, Fig. 4.3.
The solution for the steady state flux to a circular area is similar to that in the
‘Weber’s disk’ problem in electrostatics,

j(r) = 2DNAc0

π
√
a2 − r2

whereNA is Avogadro’s number,c0 is the initial concentration (kept constant by
the flow and the assumption of zero depletion) anda the outer ring radius.D
is the diffusion constant. For molecules of several kDa molecular weight such
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as immunoglobulins D is approximately 250µm2s−1. Integrating this flux with
equation (5.3) yields the steady-state accumulation of

N(t) = 4DNAc0
√
2aw −w2t (5.4)

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

The ring resonator sensor requires a threshold of about 500 molecules of a few kDa
molar weight to reach the detection limit (chapter 2, section 2.4). With formula
(5.4) we calculate the accumulation time to capture 500 molecules to the surface
of a ring resonator biosensor with radius 5µm and waveguide width 500 nm for
increasing molecular concentrations, Fig. 5.5(a). Withinthe detectable concen-
tration range of an SOI ring resonator biosensor (>15 pM), the time to reach the
detection limit threshold is in the order of seconds and forms thus no limitations
for the operation speed. From Fig. 5.5(b) we can conclude that for radii above 3
µm, where bend losses are acceptable, the accumulation time remains below 1 s
for 15 pM concentration.

From these graphs we conclude that in order to improve the sensor’s performance,
we should first focus on the detection limit, through improvements in transducer,
read-out system and intermediate chemistry. Only when the detection limit can
be decreased to the order of fM, more sophisticated molecular delivery systems
are needed. For an initial concentration of 1 fM, a ring radius of 5µm, and D
of 250µm2s−1, the time to accumulate 500 biomolecules approximates 60 min-
utes. This is not acceptable for most applications. Severalmethods to enhance
the total flux to the sensor are proposed in literature. For instance, analyte mol-
ecules can be actively directed toward the sensor via electrostatic fields, this has
been demonstrated for nucleic acids and proteins [9]. Similarly, target molecules
can be attached to magnetic particles that are then directedtoward the sensor via
magnetic field gradients [10]. Another option could be large-scale integration of
many identical sensors into a closely packed array. In all calculations the flow
above the sensor was not taken into account. This is justifiedin chapter 4, section
4.1.2. For all practical applications studied in this manuscript, transport of the an-
alyte to the surface is for the last few micrometers above thesurface dominated
by diffusion. An option to circumvent this, is to introduce convection to direct the
analyte to the sensor rather than streaming it past. Simply decreasing the channel
height would increase the effectiveness of fluid flow if the same volumetric flow
rate could be maintained. However, the pressure required tomaintain the volumet-
ric flow rate increases as 1/h3 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 kDa molar
weight) on a ring resonator surface with width 500 nm. Diffusion constant D=250
µm2s−1. Accumulation on the waveguide sidewalls was not taken intoaccount.

5.2 Fabrication

Polymers are mostly used as substrate materials for microfluidic devices in recent
years. There is a huge amount of different materials available with a broad range of
chemical, mechanical, electrical and optical properties and there exist a multitude
of different methods to manufacture microstructures in polymers. This allows on
the one hand the selection of the optimal material for almostany given application
but on the other hand this diversity often makes the correct choice of a material
very difficult [11, 12].

In terms of physical parameters and thus technological pathways to fabrication,
polymers can be divided into three main classes. The main parameter which has
to be considered in this classification is the so-called glass transition temperature
(Tg). This parameter has its origin in the molecular behavior ofthe polymer ma-
terial. If a polymer gets heated to a certain temperature, the energy of motion of
parts of the polymer chain becomes large enough to overcome intramolecular fric-
tion. At this point in the temperature curve, larger segments of the polymer chain
can suddenly start to move quite freely, leading to a significant softening of the
material. BelowTg, a polymer behaves very much like a rigid, solid amorphous
glass; beyondTg, the material becomes flexible and soft. A second important
parameter for technical use is the so-called heat distortion temperature (HDT). It
describes the maximum temperature for structural use of thematerial; beyond the
HDT, the polymer cannot be exposed to any mechanical stress anymore. The third
temperature relevant for polymers is the decomposition temperature (Td), at which
the polymer decomposes and the polymer chains are broken, changing the basic
nature of the polymer.

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

1. Thermosets (duroplastic materials): in these materials, which can be liquid
or solid at room temperature, the molecular polymer chains start to cross-
link (cure) if the polymer is heated up or is exposed to sufficiently high doses
of light or other radiation, thereby generating a rather hard and inflexible
three-dimensional molecular network. If the curing process has taken place
once, the polymer remains stiff even if reheated. Thermosets can therefore
not be reshaped once cured.Tg typically is rather high and close to the
decomposition temperatureTd. Typical examples of thermoset polymers
in microfabrication are the resist materials for lithography, for microfluidic
applications especially the photoresist SU-8.

2. Thermoplastic materials: these materials show a distinct softening atTg

which makes them processable around this temperature. A rather large tem-
perature difference betweenTg andTd allows for a large process window.
In thermoplastic materials, no curing takes place at elevated temperatures so
the molded parts can be reshaped many times by reheating. Typical exam-
ples are poly(methyl methacrylate) (PMMA) and polycarbonate (PC).

3. Elastomers: in elastomers, the molecular chains are longer than in the other
cases and typically do not show a chemical interaction but are physically
entangled. If an external force is acting on the polymer, thepolymer chains
disentangle and allow the polymer to stretch elastically, returning to its origi-
nal shape immediately if the external force is withdrawn. Owing to their low
cost and easy handling, elastomeric materials, namely poly(dimethylsiloxane)
(PDMS), have become a primary material for the low-volume manufactur-
ing of microfluidic devices.

A compilation of physical and chemical properties of some polymers we tested for
our microfluidic application is shown in Table 5.1 [11].
Many different fabrication methods are used to fabricate polymer microfluidics.
The most commonly applied methods are photodefinable technologies, such as
photolithography and laser photoablation, or replicationmethods, such as imprint-
ing and hot embossing, injection molding for thermoplasts or casting for elas-
tomers. We applied two fabrication technologies with two types of polymers, de-
scribed in the next paragraphs: laser photoablation and casting for, respectively,
poly-(methylmethacrylate) (PMMA) and poly-(dimethylsiloxane) (PDMS).

5.2.1 Excimer laser photoablation of PMMA

Photoablation was introduced in the literature as a prototyping technique for poly-
mer microfluidic channels in 1997 by Roberts et al. [13]. In the photoablation pro-
cess, a high-intensity laser beam is focused onto the material, so that the absorption
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Name Trade
name (ex-
amples)

Density
(g cm−3)

Tg (○C) Heat distor-
tion temper-
ature(○C)

Water
absorption
(%)

Thermal
expansion
coeff.
(10−6/K)

Resistant
against

Not re-
sistant
against

PMMA Perspex,
Plexiglas

1.19 110 90 2 80 Acids,
bases
(medium
conc.), oil,
petrol

Alcohols,
acetone,
benzole,
UV radia-
tion, most
solvents

PC Makrolon,
Calibre,
Lexan,
Trirex

1.19−1.24 148 125 0.30 70 Alcohols,
acids

Hydrocarbons,
ketones,
KOH,
most
solvents

PI Kapton 1.42 360−410 410 2.9−4 20 Acids,
bases,
solvents

PDMS Sylgard 1.03 120 200 0.1 960 Weak
acids and
bases

Strong
acids,
hydrocar-
bons

SU-8 NanoChem 1.19 210 52 Acids,
bases,
most
solvents

PE (LD/HD)a Rexlon,
Bapolene,
Dowlex

0.91/0.967 110/140 80/100 <0.015 170/200 Acids,
bases,
alcohols,
oil

Hydrocarbons

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 aligned to a SOI
structured chip. The PMMA channels are fabricated with laser photoablation.
Dimensions of the channels are 320x65µm.

of light induces bond-breakage in the polymer backbone [14]. The structure ge-
ometry can be realized either by using a mask and exposing thesubstrate through
the mask or by moving either the laser beam or the substrate inx and y direction
to generate the desired pattern. We used an excimer laser that emits at 193 (ArF)
or 248 nm (KrF). High-power infrared Nd:YAG and CO2 lasers are also used for
laser ablation, but as shorter wavelengths correspond to a better optical resolution
of the beam delivery system, excimer lasers are better suited for patterning with
micron and even submicron accuracy. The UV excitation of organic molecules
consists of certain electronic transitions in the covalentbonds. The different types
of transitions are discussed in [14]. Excited electrons will relax to the ground
state with different relaxation mechanisms: fluorescence,phosphorescence, inter-
nal conversion, intersystem crossing, photochemical reaction and external conver-
sion. During ablation, polymer relaxation will be dominated by the decay process
with the shortest lifetime: photochemical reaction (photodissociation) and internal
conversion (heat generation).

We fabricated PMMA microchannels (Fig. 5.6) with the ‘OptecMicromaster’.
This tool is equipped with optics that enable projection of amask pattern with a
chosen magnification on the material to be structured. It is coupled to a Lumonics
PM848 laser that produces a power density up to 15 J/cm2 at 248 nm. Using an
attenuator, the energy density can be tuned. Optimization of all working parame-
ters such as ablation rate (inµm/puls), pulse repetition rate and energy density was
performed by Kris Naessens at INTEC [14].

Typical values for the ablation depth per laser shot are of the order of 1µm. There-
fore, for deeper structures, several shots have to be fired for each location. This
leads to a characteristic surface roughness of laser-ablated microchannels. The
ablated material (so-called debris) has to be removed from the device by suitable
means. We sonicated the structures for 10 minutes in isopropyl alcohol for that
purpose.
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5.2.2 Casting of PDMS

Although it offers a high degree of flexibility, laser ablation is a slow serial tech-
nique. Therefore we turned our attention to other fabrication methods, such as
casting. Casting is by far the most widely published polymerfabrication process,
also often referred to as soft lithography3 [15]. Elastomer casting is a dominant
fabrication method in the academic world because of its verylow initial equip-
ment cost, mainly the replication master. The dominant costfactor however, is the
process time, which does not produce a significant economy ofscale. Therefore
casting is seen as a prototyping or low- to medium-volume production technology.
For large-volume manufacturing in an industrial environment, injection molding,
despite its high initial costs, is the dominating process thanks to the short cycle
time.
The fabrication procedure is illustrated in Fig. 5.7. A detailed sequence of the
processing parameters, together with some tips and tricks can be found in appendix
A. A thin layer of photoresist is spin-coated onto a silicon wafer. We fabricated
features of 50µm thickness with SU-8 50. The photoresist is exposed to UV light
through a photomask with the inverse channel design, and an SU-8 developing
reagent is used to dissolve the unexposed regions. The resulting SU-8 structures
serve as a master mold for replication of PDMS microfluidics.
Before creating the PDMS microfluidics, the surface of the silicon/SU-8 master
is treated with an anti-adhesive layer of fluorinated silanes. Fluorinated mole-
cules have low surface energy, which prevents irreversiblebonding of PDMS to
the silicon/SU-8 master. A drop of fluorinated silane (trideca - fluoro - (1,1,2,2)
- tetrahydrooctyltrichlorosilane, C8H4Cl3F13Si) is placed on the wafer. It is de-
posited on the SU-8/silicon structures during overnight evaporation in a dessicator.
Although anti-adhesion treatment in solvent presumably results in slightly lower
surface energy [16], we prefer to use a dry method, as the solvent (pentane) de-
stroyed the SU-8 features.
After that, we prepared a liquid PDMS prepolymer in a mixtureof 1:10 base poly-
mer:curing agent. To prevent the formation of air bubbles during mixing and cast-
ing, we thoroughly degas the mixture in a simple low vacuum system. The mixture
is then poured over the master and cured at 65○ for 1.5 h. The curing itself is an
organometallic cross-linking reaction, where three-dimensional bonds are formed.
The resulting elastomer is optically transparent (down to about 300 nm), electri-
cally insulating and chemically inert. It is compatible with biological studies be-
cause it is impermeable to water, nontoxic to cells, and permeable to gases. After
curing, the PDMS sheet is peeled away from the master. Small holes are punched
into the PDMS using a flat needle to produce inlets and outlets. Many PDMS
replicas can be made from a single master. The replication accuracy is extremely

3Sometimes the term soft-lithography is used to refer to all replication methods that make use of an
elastomer mold (e.g. PDMS), previously casted in master mold.
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Figure 5.7: Fabrication steps for casting of PDMS microchannels.
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Figure 5.8: PDMS deformation, aspect ratios (h/l) are limited to 0.2-2 in order to
obtain defect-free features.

high; the replication of structures below 10-nm feature size with root mean squared
surface roughness of 0.26 nm has been reported [17]. Howeveraspect ratios are
limited to 0.2-2 range in order to obtain defect-free features. When the aspect ra-
tio (h/l) is too high or too low, the elastomeric character ofPDMS will cause the
microstructures in PDMS to deform or distort and generate defects in the pattern,
as illustrated in Fig. 5.8 [18].

5.3 Integration with SOI chips

Because the SOI microring biosensor platform is developed to be scalable for high
throughput detection of hundreds of different molecules atonce, different receptor
molecules are spotted on the chip before the microfluidic channels are mounted.
This is in contrast with the approach that couples receptor molecules to the sur-
face after bonding the channels, which requires a more complex channel network
with multiple in- and outlets, especially for large sensor arrays. Our approach of
spotting before bonding asks for a low temperature bonding process during which
contact of an adhesive glue with the receptor molecules on the SOI chip has to
be prevented. A commonly used technique where both substrates are exposed to
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a short oxygen plasma treatment and bonded at higher temperature for permanent
sealing can therefore not be used. Still, we optimized this method as well (see
next paragraph), because it is a powerful method that results in very strong bonds.
It was used for all applications that did not involve biomolecules: sensing bulk
refractive index changes, preliminary optical trapping experiments... In order not
to damage the fragile receptor biomolecules, we used a stamp-and-stick method to
transfer the channels on the SOI chip for biomolecular sensing experiments [19].
We will describe both of these techniques in more detail, butfirst we briefly discuss
the surface properties of PDMS which are crucial for understanding bonding.
PDMS consists of repeating -OSi(CH3)2− units; the CH3 groups make its surface
hydrophobic. The surface can be made hydrophilic, thus withhigh surface energy,
by exposure to an oxygen plasma which oxidizes the surface tosilanol (Si-OH)
[20]. This will enhance the bonding capacities of PDMS with different materials.
The plasma-oxidized surface remains hydrophilic if it stays in contact with water.
In air, rearrangements occur within 30 min, which bring hydrophobic 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 oxygen plasma treatment,
interact with those on another surface, when two such layersare brought into con-
formal contact. For both PDMS and SiO2, these reactions yield Si-O-Si bonds
after loss of a water molecule. These covalent bonds form thebasis of a tight
irreversible seal between both materials.
Prior to the oxygen plasma treatment, the PDMS and the SOI chip were cleaned.
PDMS was sonicated in IPA and DI water, the SOI chips were immersed in a
piranha solution (H2S04:H2O2 in 7:3 ratio) for 5 minutes. We used the Oxford
Reactive Ion Etching (RIE) or Oxford Plasmalab InductivelyCoupled Plasma Re-
active Ion Etching (ICP-RIE) equipment for the plasma treatment, depending on
their availability. Both tools gave similar results. Afterplasma treatment of both
materials, the channels were aligned to the SOI sensors using a flip-chip bonder
from ‘Microtech’ and bonded at 135○C for 45 min. All process parameters can be
consulted in appendix A. Pictures of PDMS channels sealed with direct 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 technique for transfer of
PDMS (or PMMA) to an SOI chip covered with biomolecules. Thisprinciple has
first been described by Satyanarayana et al. [21], we adaptedthis technique for our
purpose. The procedure is illustrated in Fig. 5.10. A 7µm thick SU-8 layer is first
spun on a flat silicon substrate. The PDMS is given a short O2-plasma treatment
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Figure 5.9: PDMS channels are aligned to SOI photonic chips and sealed with
direct oxygen plasma bonding.

Si wafer

2. Spincoat thin layer SU-81. O2 plasma treatment of PDMS

Si wafer

3. Stamp PDMS in SU-8 layer

4. Align to SOI sensor chip

SOI sensor chip SOI sensor chip

5. Bring in contact and cure with 

UV light

PDMS

PDMS

PDMS

PDMS

Figure 5.10: Stamp-and-stick method for bonding of PDMS microchannels to a
structured SOI chip without exposure to aggressive surfacetreatment or high tem-
peratures.

to enhance adhesion to the glue. After that the microfluidicschip is pressed in
the SU-8 glue layer, after which a thin layer of glue surrounds the channels. A too
thick glue layer will clog the channels, a layer that is too thin will not be transferred
to the polymer. The channels are aligned to the SOI sensor array with a flip-chip
bonder. Both devices are brought into contact and the SU-8 isUV-cured for 2.5
minutes. Fig. 5.11 shows pictures of the transfered PDMS microfluidics to an SOI
chip. As can be observed from the pictures, the sealing mightbe a little irregular
at the edges due to spreading of the glue. By making sure the edges are not too
close to the sensors, this did not alter the biosensor’s working capacity.

5.4 Conclusion

The sample delivery part of the SOI biosensor platform can take three forms: a
flow cell, a cuvette or microfluidic channels. The former two are clamped on the
chip and are reusable, the microfluidics are bonded to the SOIand are disposable
with the rest of the chip. For the current concentration detection limit (≈10pM),
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Figure 5.11: Pictures of PDMS microfluidics bonded to SOI chips with the stamp-
and-stick procedure using and adhesive layer. Channel dimensions range from
50x50µm to 200x50µm.

the time to accumulate a threshold number of molecules for sensing is not a lim-
iting factor. Only when the detection limit decreases to fM concentration range,
more sophisticated sample delivery methods need to be developed. Using finite
element methods and lumped element methods the behavior of fluids on a micron
scale can be predicted. We fabricated microfluidic channelswith two fabrication
methods: excimer laser photoablation and replication molding. After fabrication,
the polymer microfluidics need to be bonded to the SOI chips. In order not to
damage the fragile biomolecules on the sensor, no high temperatures or surface
activation methods can be applied during the bonding step. This leaves us to ad-
hesive bonding with an intermediate glue. To avoid contact between biomolecules
and the glue, we use a stamp-and-stick bonding process.
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6
Optical read-out

As explained in the introductory chapter, there are basically four parts contributing
to a successful detection: the sensing element or transducer, the coupling chem-
istry, fluid delivery and read-out system. They were schematically pictured in
chapter 1, Fig. 1.5.
This chapter describes the optical read-out in detail. The stability of the signal in
time is very important for a low detection limit. Section 6.1discusses how to mini-
mize the influence of environmental parameters on the resonance wavelength of an
SOI ring resonator. Light sources and detection mechanismswill be discussed in
section 6.2. Part of the read-out system is integrated on-chip, see grating couplers
section 6.3. Part of it consists of free-space optics, see section 6.4. A separate
section is devoted to comparison of the different setups in terms of their intensity
noise, section 6.5.

6.1 Signal stability and temperature dependence

The read-out system includes the sensor holder and the entire environment. The
stability of the signal over time is very important for a low detection limit. Drift or
shift of the signal when no biomolecular interaction takes place at the sensor sur-
face is to be avoided. The resonance wavelength is susceptible to all factors that
influence the effective refractive index of the optical modeneff , amongst them di-
mensional and refractive index changes of the core and cladding material. Stress,
temperature and non-linear optical effects are the main contributors to unwanted
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effective refractive index changes. Non-linear optical effects are avoided by keep-
ing the intensity levels in the ring resonators low enough. Apart from potential
conformational changes, strain induces changes in the electron density and in the
average band gap in silicon [1], causing a change in the material’s refractive index.
However in the SOI biosensor platform, the chips are not subject to strain or stress.
The main cause of unpredicted shifts are temperature fluctuations. On top of that,
the temperature may be varied intentionally to induce certain biological effects
(e.g. (de)hybridization of DNA). The temperature dependence of the refractive
index of silicon is quite high, the thermo-optic coefficientdn/dT equals1.79 ×
10−4/K at 1530 nm. This is an order of magnitude higher than the temperature
dependence of the refractive index of SiO2 (1.2×10−5/K). Thermal expansion has
a negligible influence on the wavelength shift, although stress induced refractive
index variations due to different expansion of silicon and SiO2 might contribute
slightly [2].
In contrast to silicon and SiO2, water has a negative thermo-optic coefficient (≈
−1 × 10−4) [3], hence the red shift induced by material temperature dependence
of silicon is partly neutralized. Dumon et al. reported a temperature induced
wavelength shift of 83.4 pm/K for a ring resonator in air with460 nm waveguide
width [2]. We measured a wavelength shift of 66.7 pm/K for a ring resonator with
the same dimensions in a water environment. Decreasing the waveguide width
would increase the fraction of light in the negative thermo-optic coefficient ma-
terial, further decreasing the influence of the temperatureon the resonance wave-
length. However, higher losses due to the water absorption would decrease the
resonator’s Q-factor.
The minimum detectable wavelength shift∆λmin of an SOI ring resonator is lower
than 1 pm (chapter 2, section 2.4). A temperature change of 0.01○C can already
cause this shift. For that reason temperature stabilization is very important. We
place the chip with the fluidics on a temperature-stabilizedchuck. On top of that,
when multiple rings are placed in an array, one of them can be used to compensate
for temperature drift, provided that the temperature over the entire chip is equal.

6.2 Sources and detectors

The read-out system serves to provide light to the sensing element and process the
light after passing through the sensing element. To measurea resonance wave-
length shift, the spectrum of a ring resonator must be monitored. This can be
done either by stepping the wavelength of a monochromatic source, in particular a
tunable laser source or by excitation with a broadband source, in particular a (su-
perluminescent) Light Emitting Diode (LED) and spectral analysis of the output
with an optical spectrum analyzer (OSA) or spectrometer. AnOSA typically has
a higher resolution and a higher sensitivity as compared to aspectrometer. The
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highest resolution OSA we have available is an Agilent 86140B spectrum ana-
lyzer with 60 pm resolution. This is insufficient to scan the resonance spectrum
of a ring resonator with a FWHM of 150 pm. Hence a tunable laseris preferred.
High spectral resolution comes at the cost of measurement time. Using the fastest
tunable laser we had available, Santec TSL-510A, a range of 7nm can be scanned
with 5 pm resolution in about one minute. In chapter 8 we describe a method to
circumvent the use of an expensive tunable laser by designing a more elaborate
photonic circuit.

6.3 Grating couplers

Coupling light in and out of a photonic integrated circuit isan important issue: sim-
ple butt-coupling between fiber and waveguide results in unacceptable losses be-
cause of the mismatch between the fiber mode (dimension single-mode fiber core
∅ ≈ 10µm) and the waveguide mode (dimensions≈ 450×220 nm). A lensed fiber
that focuses the incoming beam on the waveguide core reducesthese losses, but
the alignment tolerance is too low for practical applications. The coupling problem
has been tackled with different mechanisms. We will only discuss the use of inte-
grated grating couplers. An overview of other approaches can be found in [4, 5].
Grating couplers are a substantial part of the biosensor platform, especially when
multiple resonators are addressed at the same time. One- andtwo-dimensional
grating couplers, with variations in particular designs have been demonstrated in
numerous publications, amongst them [6–8]. We briefly overview the working
principle of a one-dimensional grating coupler.
Waveguide gratings are structures having a periodic modulation of the refractive
index, see illustration Fig. 6.1. According to the Bragg-condition, schematically
shown in Fig. 6.1, this one-dimensional periodic structurewill allow power ex-
change between particular modes of the structure. For each grating aK-vector
along the direction of periodicity can be defined with magnitude:

K = 2π

Λ

in which Λ is the period of the grating. The fundamental waveguide modewith
propagation constantβ couples to other modes withkx vectors given by the Bragg
condition:

kx = β +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 with alarge second order
reflection back into the waveguide. To avoid this, the gratings are designed for
slightly off-vertical coupling. In order to optimize the coupling efficiency, the
overlap between the field profiles of an optical fiber and the upwards diffracted
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Figure 6.1: (Left) Coupling to integrated waveguides with near-vertical grating
couplers from [4], (Right) Bragg condition for one-dimensional periodic struc-
tures.

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

The SOI shallow etched gratings have maximal coupling efficiency of 31% at 1.55
µm wavelength for10○ off-vertical coupling angle, with a 1 dB bandwidth of 40
nm [11]. Two mechanisms to enhance the coupling efficiency ofintegrated SOI
grating couplers have been demonstrated by Van Laere [12] and Roelkens [13], us-
ing a gold bottom mirror or a silicon overlay layer respectively. Lateral conversion
of the spot-size from the grating toward a single-mode photonic wire is performed
by an adiabatic taper of≈ 300µm length. The rather small bandwidth of the grat-
ing couplers forms no limitation for ring resonator sensors, as the sensing window
is limited by the FSR of the resonators. As we will see below when discussing
different setups, the power efficiency of the grating couplers is not a limiting fac-
tor either. We benefit from high alignment tolerances when using compact grating
couplers (± 2 µm for 1 dB excess loss).

The 1D grating couplers are very polarization selective, because of the large wave-
guide birefringence in high index contrast material systems. The effective index is
substantially different for TE and TM polarization and as a consequence a 1D grat-
ing coupler can only be designed for one polarization. The orthogonal polarization
will be coupled at a completely different angle. For all measurements discussed in
chapter 7, the grating couplers were optimized for TE polarization. Polarization
wheels controlled the polarization at the output facet of the fiber. This polariza-
tion dependence was used in chapter 3 to launch TE and TM lightin two 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 fibers, aligned to the grating
couplers to transfer the input and output optical signal, Fig. 6.2(a). From the il-
lustration it is clear that only one waveguide can be addressed at the time. Hence,
only limited multiplexing is achievable. The output fiber can guide the signal of a
bus waveguide that couples light to multiple ring resonators, and a spectrum like
Fig. 6.2(b) is obtained. Provided that each ring resonator has a free spectral range
(FSR) of 15 nm, and their resonances are separated about 1.5 nm to avoid spectral
overlap and allow shifting upon molecular detection, a maximum of about 10 ring
resonators can be monitored simultaneously. Post-processing involves separation
of the individual signals from the common pass port signal, fitting a Lorentzian to
each resonance spectrum, storing the resonance wavelengthand tracing the reso-
nance wavelength of all signals over time.
When measuring an array of ring resonator sensors simultaneously, light coming
from multiple output gratings has to be detected in parallel. One possible mech-
anism is to align an array of fibers. However, the outer diameter of the cladding
of a single mode fiber is 125µm, so the gratings need to be separated at least this
much. This is a space consuming and fragile solution. If elaborate packaging is
applied, several fibers can be packaged with the chip. However this way the fibers
become part of the disposable which increases its cost unacceptably.

6.4.2 Infra-red camera setup with fiber illumination

Another option to measure many output signals simultaneously, is to monitor the
light of the grating couplers by imaging them with an infra-red (IR) camera. A
XenICs XEVA camera was mounted on a microscope. An illustration of this setup
is shown in Fig. 6.3(a). The InGaAs camera operates from 0.9 to 1.7µm, has
320×256 pixels with 30µm pixel pitch and captures at a frame rate of 60 Hz. The
exposure time can be set from 1µs to 400 s. To image the output gratings of 15×20
µm on about 5×5 pixels, we set the magnification to 15X. Notice that we only use
a small fraction of the available pixels, using a linear pixel array could reduce the
system cost while maintaining similar performance.
Light is coupled into the photonics integrated circuit witha single mode fiber. In
our design 3-dB MMI splitters were used as power splitters. They are about 10µm
long, and have an excess loss of -0.2 dB. This is significantlybetter than an SOI
Y-splitter. Although Y-splitters are more compact and havea large operation band
width, because of the sharp feature in the middle, they typically cause large losses.
The current generation of SOI Y-splitters has an excess lossof -1.5 dB [14]. Fig.
6.3(b) shows the spectra of a 4×4 ring 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 two single-mode
fibers.
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(a) Infra-red camera setup with fiber illumination.
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(b) 4×4 ring resonators are measured simultaneously with a single-mode fiber and
an IR camera. Dashed lines: pass spectra, full lines: drop spectra.

Figure 6.3: Camera-based measurement setup: one incoupling grating isad-
dressed with a single-mode fiber and light is captured from the outcoupling grat-
ings with an IR camera.

A tunable laser scans the spectrum. The input power and the camera integra-
tion time was chosen so that the intensity of the resonance peaks corresponds to
the pixel saturation level to obtain a maximum signal-to-noise ratio. A software
framework was programmed around the camera, Fig. 6.4 shows ascreen shot of
the user interface. It stores the maximum pixel intensity ofa window around each
grating coupler. The spectrum is plotted on screen (bottom left) and the resonance
spectrum of each device is stored in a separate file. By tracking only the intensity
of one pixel (the maximum intensity pixel), noise due to mechanical instability is
partially filtered out. A Matlab post-processing script fitsa Lorentzian to the spec-
trum of each ring resonator per time step, so the resonance wavelength of all rings
over time can be monitored.



6-8 CHAPTER6

Figure 6.4: Screen shot of the dedicated software for measuring the spectrum of
multiple devices in parallel using an IR camera and a tunablelaser.

6.4.3 Infra-red camera setup with flood illumination

In Fig. 6.5(a) we illustrate another way to couple light intothe photonic integrated
circuit. Multiple grating couplers can be addressed at oncewith a collimated laser
beam. This scheme offers the highest degree of multiplexing, since multiple input
bus waveguides can be addressed, and multiple output gratings can be monitored
in parallel. The spectrum of a ring resonator array of 5×4 is shown in Fig. 6.5(b).

For the experiments in chapter 7 we used a collimator that converts the fiber mode
in a parallel free space beam of 2 mm diameter. This collimator could transfer light
to over 100 grating couplers. If each grating coupler is tapered to a bus waveguide
that serves as an input for 10 ring resonators, an array of 1000 biosensors can be
monitored in parallel. On top of that, there is more flexibility in the design width
of the grating couplers, since it does not have to fit to the width of a single-mode
fiber core in this case. Exciting 100 waveguides with one single-mode fiber instead
of with a collimated beam as discussed here would require 7 1×2-splitters. This is
still feasible with respect to space and power budget, but itdoes not scale as easily
as the flood illumination technique towards even larger arrays.

An important advantage of using flood illumination versus anoptical fiber is the
alignment tolerance. While the alignment of a single-mode fiber to a grating cou-
pler has a tolerance of 2µm for 1 dB excess loss, the alignment of a wide parallel
free space is in the order of hundreds of microns and scales with the width of the
collimated beam. The overall system becomes highly tolerant to mechanical insta-
bility. For commercial applications this is a very important feature for which many
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(a) Infra-red camera setup with flood illumination.
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(b) 5×4 ring resonators are measured simultaneously with flood illumination and
an IR camera. Dashed lines: pass spectra, full lines: drop spectra.

Figure 6.5: Camera-based measurement setup: incoupling gratings are addressed
with flood illumination and light is captured from the outcoupling gratings with an
IR camera.

existing technologies fail.

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

Despite these advantages, flood illumination comes with a drawback: the reso-
nance spectrum is distorted by a periodic modulation with 450 pm period. In
worst case, the resonance dips disappear in the oscillations and the spectrum be-
comes useless (e.g. Fig. 6.6). This problem was studied by M.Verbist during
her master thesis work [15]. Two possible sources of this effect have been exam-
ined. The distortion might be caused by imaging imperfections. When the image
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Figure 6.6: In worst case periodic oscillations can completely deteriorate the ring
resonator spectrum.

Figure 6.7: Possible sources of the spectral distortion observed in Fig. 6.5(b).
(Left) Out-of-focus imaging of multiple output grating couplers, (Right) Reflection
on the bottom of the silicon substrate.

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

A second source of the oscillations might be interference oflight traveling with
different optical path lengths. For example, aside from thelight that couples di-
rectly to the grating, a second possibility is for light to couple via the backside of
the grating, Fig. 6.7 (right). When these waves recombine, they cause interference
patterns.

To confirm that the interference spectrum actually originates from a beam that is
coupled through the backside of the grating coupler, we calculate the distanced
where a beam should enter the chip in order to arrive at the back of the grating cou-
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pler after reflection on the bottom of the substrate. From thewave vector diagram
of Fig. 6.1 can be determined that the coupling efficiency from a wave coming
from the back of the grating to a horizontal waveguide is maximal, when light is
incident with an angleαox that satisfies (withαair = 10○):

nairsin(αair) = noxsin(αox) (6.1)

⇒ αox = 6.91○ (6.2)

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

nsisin(αsi) = noxsin(αox) (6.3)

⇒ αsi = 2.86○ (6.4)

The most important contribution to this beam comes from the reflection of a beam
incident to the bottom surface under the same angleαsi. The distanced between
the grating coupler and the location of incidence is thus:

d = 2(hoxtan(αox) + hsitan(αsi)) (6.5)

⇒ d = 73µm (6.6)

Interference of this beam with the beam coupled through the top of the grating
coupler, will cause a sinusoidal modulation of the intensity. For the calculation of
the period, we assume equal and unit intensity of both interference modes. In re-
ality the difference in intensities will mainly depend on the grating coupler design
and on the wavelength. However the interference period willnot depend on the
mode intensities. Under these assumptions, the interference intensity equals:

I = 2(1 + cos(∆Φ)) (6.7)

where∆Φ is the phase delay between both waves. The phase delay equalsthe
acquired phase difference along propagation through the substrate plus a phase
shift π upon reflection at the bottom substrate. For the following calculations, the
propagation through the oxide is neglected1. The optical path length difference
between the directly coupled mode and the backside coupled mode∆L is:

∆L = 2nsi

hsi

cos(αsi) (6.8)

The phase delay between the interfering beams then becomes:

∆Φ = 2π

λ
∆L − π = 4π

λ
nsi

hsi

cos(αsi) − π (6.9)

1Including the propagation through the thin oxide layer onlychanges the period with a few picome-
ters.
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Plugging this into equation (6.7), we see that the intensityvaries periodically as a
function ofν = 1

λ
, with period∆ν = 1

∆L
. The period∆ν can be converted to a

period∆λ with the identity∆λ
λ
= ∆ν

ν
.

∆λ = λ2
∆ν (6.10)

⇒∆λ = λ2cos(αsi)
2nsihsi

(6.11)

At a central wavelength of 1550 nm, the period of the oscillation is 477 pm (with
nSi=3.47,hSi=725µm, αSi=2.86○). This corresponds well with the experimen-
tally measured period of 450 pm.
A possible solution to avoid coupling through the backside of the grating coupler
while still using flood illumination, is covering the area behind the grating couplers
with an absorbing or reflecting coating. In [15] the chip was coated with a BCB
polymer spacer and covered with a Au coating. A window aroundthe grating
couplers was lithographically defined and opened. In this way, no interference
could occur and the spectrum was not distorted. Another solution resides in the
use of a cylindrical lens and focus the laser beam to a line-shaped spot. With a
high-NA lens (NA 0.55), line spots with 15µm line width can be obtained. This
is sufficiently smaller thand (73 µm) and will help to avoid the oscillations in
the spectra. The problem could also be tackled at the level ofthe grating design.
Gratings with greater directionality, that couple significantly more efficiently in
the upwards direction, can be fabricated with use of a bottommirror or a silicon
overlay layer [4, 5].

6.5 Noise

Apart from wavelength resolution, alignment tolerance anddegree of multiplexing,
noise is an important characteristic of the measurement equipment. The detection
limit is defined by the ratio of measurement resolution and sensitivity (chapter
2, section 2.4). If infinitely small resonance width were available and absolutely
zero system noise were present, the sensor performance could be characterized by
the sensitivity alone. However, the resonance resolution and system noise detract
from the accuracy with which the true resonance wavelength can be located. The
relations between accuracy, spectral resolution, system noise and resonance shape
(extinction and Q-factor) are worked out in chapter 2, section 2.3. In this section
we discuss the noise of the different read-out methods that were introduced above.
There are two classes of noise that contribute to errors in determining the positions
of the resonant mode: intensity variations and spectral variations [16]. Intensity
noise refers to the cumulative noise added to the spectral transmission character-
istic. Noise sources include thermal and shot noise in the photodetector, laser rel-
ative intensity noise, quantization errors and possible fiber-to-chip coupling vari-
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ation. In addition to intensity noise, there are spectral noise factors that also con-
tribute to variation in the spectral location of the resonant mode and thus to the
measurement resolution. First there is the thermal variation of the system. This
was discussed in section 6.1 of this chapter. The spectral resolution is also limited
by the wavelength accuracy of the laser or the optical detection mechanism. In our
setup, the laser is tuned over a small spectral range while a photodetector or IR
camera measures the amplitude at the output of the system. The limitation in this
case is due to the linewidth of the laser, which is less than 1 MHz. At 1550 nm, 1
MHz is equivalent to about 8 fm.
Since the Q-factor of the SOI ring resonators is relatively low (104), the influence
of noise on the detection limit is dominated by intensity noise. In the case of
high-Q sensors (107), spectral noise becomes the limiting factor and controlling
the temperature and laser induced spectral fluctuations is key to a high detection
limit.
To determine the intensity noise of the detection system, the output intensity was
measured a large number of times at constant wavelength and constant input power
[17]. The intensity noise was then determined as the variance of the normalized

intensity, noise =σ2

Inorm
=
⟨∆I2⟩
I2 . This way we bring setup noise only into ac-

count, and exclude possible noise sources in the photonic integrated circuit (for
example the interference mentioned in the previous section). The same definition
was used for the noise in the simulations of chapter 2. Results for the different
setups are in graph 6.8. A large part of the noise of the fiber-fiber setup originates
from vibrations of the fibers, which causes the coupled intensity to fluctuate. When
comparing the noise of a setup with two loose fibers to the noise level of a setup
where the mechanical stability is enhanced by gluing both fibers to the chip with a
UV curable glue,σ2

Inorm
decreases with a factor 50. For the IR camera setups, the

measurements were done for a set of input powers to obtain thenoise for the full
dynamic range of the camera. No correlation was found between the input inten-
sity level andσ2

Inorm
, but the standard deviation was used to indicate the error bar.

σ2

Inorm
of the camera setup is dominated firstly by mechanical stability (the noise

decreases when gluing the fiber or using flood illumination),and then by quan-
tization errors because of the limited number of bits (12) used for analog/digital
conversion.

6.6 Conclusion

Measuring the spectrum of a ring resonator biosensor can be performed with a
number of read-out systems. They differ in light source (monochromatic or broad-
band), detection (spectrum analyzer, photodetector or CCDcamera) or light guid-
ing (fiber or free-space). The read-out system of an integrated optical biosen-
sor is fundamentally different from the read-out system of commercial free-space



6-14 CHAPTER6

0 . 0 E + 0 05 . 0 E - 0 41 . 0 E - 0 31 . 5 E - 0 32 . 0 E - 0 32 . 5 E - 0 33 . 0 E - 0 3

glued fiber -
fiber

flood 
illumination -

camera

glued fiber - IR 
camera

fiber - fiber fiber - IR 
camera

va
ria

nc
e 

of
 n

or
m

al
iz

ed
 in

te
ns

ity

Figure 6.8: Comparison of the variance on the normalized intensity for different
read-out systems.

biosensors like Biacore SPR. The read-out is completely decoupled from the detec-
tion, offering a much higher degree of multiplexing and a much higher alignment
tolerance. The latter is important for portable applications and largely reduces the
cost of the overall system. In Table 6.1 the setups we investigated are listed and
compared in terms of important performance parameters. Flood illumination and
detection with an IR camera offers a good trade-off between high degree of multi-
plexing and low noise. However precautions need to be taken to avoid oscillations
originating from interference between the modes coupled directly and through the
backside of the grating couplers.
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Wavelength res-
olution [pm]

Noise Alignment tol-
erance

Mutliplexing
( # rings)

Cost of the
disposable

Fiber-fiber (SANTEC tunable laser-
photodetector)

1 high low (2µm) 10 low

Fiber-fiber glued (SANTEC tunable
laser-photodetector)

1 very low 10 high

Fiber-fiber (SLED-OSA Agilent) 60 low (2µm) 10 low
Fiber-fiber glued (SLED-OSA Agilent) 60 10 high
Fiber-IR camera 1 very high low (2µm) 100−1000 low
Glued fiber - IR camera 1 medium 100−1000 high
Flood illumination-IR camera 1 low high (>100µ m) >1000 low

Table 6.1: Overview of the performance parameters of different read-out setups.
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7
Biosensor measurement results

7.1 Introduction

The previous chapters were devoted to the technical detailsof the SOI ring res-
onator biosensor platform development. This chapter will show the most impor-
tant measurement results that we obtained. All measurements have been performed
with the focus on characterization of the platform, including photonic chip, chem-
istry, fluidics and read-out system. The platform is developed to be applicable for
a broad range of applications with a focus on protein detection. However, in the
course of this work we did not investigate a specific diagnostic or biotechnologi-
cal problem. Instead we used standard molecules such as avidin, biotin, IgGs and
DNA to characterize the platform.

First we will present the sensor’s ability to monitor refractive index variations of
the entire environment, i.e. bulk refractive index (RI) changes (see section 7.2).
In a next step we measured the thickness of thin layers with well known prop-
erties at the ring resonator surface, see section 7.3. The high affinity molecular
couple avidin-biotin has been used to perform specific and non-specific binding
tests. Although avidin-biotin will not be the ultimate biological system studied
with these biosensor chips, it is a useful model affinity couple to demonstrate the
feasibility and reproducibility of the detection. It also allowed us to characterize
the sensitivity of the system and to show the efficiency of thesurface chemistry
coatings to reduce non-specific interactions, see section 7.4. The measurement
results are structured similarly to the section structure of the chemistry chapter
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(chapter 4). Ultimately we tested the system for multiplexed protein detection:
different proteins were spotted on different chip locations and various antibodies
could be detected simultaneously, see section 7.5.
In the theoretical chapter (chapter 2) we calculated the minimum detectable wave-
length shift∆λmin of the system. With the measurement results presented here,
we can determine the sensor’s sensitivity towards bulk RI changes or biomolecular
layer changes. The ratio of∆λmin and sensitivity provides us with the sensor’s
detection limit. The detection limits reported in this chapter are calculated for a
minimum detectable wavelength shift of 0.67 pm, which was calculated in chapter
2, section 2.3.5. A list of calculated detection limits can be found in table 2.2 of
the same chapter.

7.2 Bulk RI sensing

Although the sensitivity for bulk RI changes is not a direct measure for the sensor’s
sensitivity for biomolecular detection, it is important toinvestigate this parameter.
Biomolecules appear in solutions with different refractive indices, hence some-
times causing a bulk RI contribution to the measurements. Most likely this signal
is of no interest for the user, so in order to be able to compensate for it, it is advis-
able to predict its contribution.
Liquids with varying refractive indices (water with different sodium chloride con-
centrations) are flowed across the ring resonator in order tocharacterize the bulk
refractive index sensitivity. No surface chemistry was carried out, so the refractive
index is homogeneously changed above the ring resonator. Suet al. experimen-
tally determined the refractive index of solutions at 1550nm [1]. The refractive
index of an aqueous solution of NaCl varies asn = 0.17151C+1.3105, with C the
concentration in mass %. Fig. 7.1 shows a linear shift of 69 nm/RIU of the res-
onance wavelength with increasing salt concentration. Theshifts are determined
after Lorentzian fitting. All measurements are done three times to prove repeata-
bility. The linear fit is depicted with mean wavelength shiftvalues and weighted
standard deviation error bars. The variations are very small, proving a very high
stability. The sensitivity corresponds well to the simulated sensitivity values in
chapter 2, section 2.2. If a shift of 0.67 pm is detectable, this results in an RI
detection limit of 9.7⋅ 10−6 RIU.

7.3 Layer thickness sensing

To study molecular interaction near the sensor surface, a simple model of a layer
surrounding the waveguides at three sides with constant refractive index and in-
creasing thickness is commonly used (chapter 2, section 2.2.2) [2]. The resonance
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Figure 7.1: Resonance wavelength shift versus bulk refractive index change show-
ing a sensitivity of 69nm/RIU or a detection limit of10

−5 RIU.

wavelength shift is

∆λ = ∆neffλ0

ng

(7.1)

taking first-order dispersion into account.neff is the effective index change of the
resonating mode,λ0 the initial resonance wavelength andng the group index. We
simulated the effective index changeneff , using vectorial mode solver software
Fimmwave, and calculated the corresponding resonance wavelength shift with for-
mula (1). To verify this formula and simulations, we deposited thin layers of SiO2
on ring resonator sensors and measured the wavelength shift. The simulation pa-
rameters of the deposited layers, thickness and refractiveindex, were determined
with a M-2000FI Spectroscopic Ellipsometer (J.A. Woollam)on flat surfaces fab-
ricated at the same time. Sidewall layer thickness was determined by focused ion
beam (FIB) cross-sectional examination of the waveguides.The expected wave-
length shift induced by these layers with known parameters was simulated, and
showed good correspondence with the measured wavelength shift, see Fig. 7.2.
Four rings with different radii were measured for each data point. Average and
standard deviation, although very small, are indicated. Asexpected, the shift does
not vary with the ring radius. Sensing with TM polarized light would be 1.5 times
more sensitive for thin layers, but the grating coupler design for these experiments
was optimized for TE polarization, so we only performed TE experiments.
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Figure 7.2: Comparison between theoretical and experimental responseof the
resonance wavelength shift to the thickness of an SiO2 overlayer.

7.4 Avidin-biotin characterization

7.4.1 One-step modification

The title ’One-step modification’ refers to the chemistry described in the section
with the same name, section 4.3.1 in chapter 4. A layer of APTES is anchored
to the silicon waveguides, to which biotin molecules are linked with NHS/EDC
chemistry. We flowed different concentrations of avidin in Phosphate Buffer So-
lution (PBS) across the sensor surface and plotted the wavelength shift after about
45 minutes in Fig. 7.3 (left). Each data point shows the difference in resonance
wavelength of the cavity immersed in PBS, before and after being in contact with
the avidin solution. Redundant avidin molecules are rinsedthoroughly with PBS,
so no bulk refractive index changes are involved. All measurements are performed
with at least 3 different samples, and error bars are indicated. For avidin concen-
trations above 10µg/ml the surface is fully covered, so the resonance wavelength
shift saturates. This is another proof that we detect a surface modification and
not a bulk liquid modification, like in Fig. 7.1. Smaller avidin concentrations
cause smaller wavelength shifts which allows quantification of the avidin concen-
tration. Starting from the lowest measured concentration,we assume a linear shift
for smaller concentrations. With this assumption, the concentration corresponding
to a minimal detectable shift of 0.67 pm, is a detection limitof 5.1 ng/ml1.
Assemblies of silane reagents are straightforward siliconsurface coatings that can
carry a wide range of functional groups for receptor molecule immobilization, but
they typically do not have sufficient resistance to non-specific interactions. SOI

1Note the value of 3.8 ng/ml from table 2.2 corresponds to the PEG chemistry and not the APTES
chemistry
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Figure 7.3: Left: Resonance wavelength shift corresponding to different avidin
concentrations for quantitative molecular detection. Biotin was anchored to the
surface through an APTES layer with the chemistry describedin section 4.3.1,
Right: Non-specific binding tests to show a lower response for biotin-BSA inter-
actions compared to biotin-avidin interactions, however the response is still much
too high for practical applications.

ring resonator biosensor measurements that confirm the highnon-specific signal
of APTES are presented in Fig. 7.3 (right). Bovine Serum Albumin (BSA), a
protein with similar molecular weight to avidin but with lowaffinity to biotin, has
been used as a model for non-specific interactions. Identically biotin-coated chips
are brought into contact with avidin solutions and BSA solutions. The response
to BSA concentrations is clearly lower, but not sufficientlylow to be usable in
practical applications with serum that typically containsBSA concentrations of at
least 20 times higher than in this experiment. With a silane coating, one can not
distinguish between a specific signal of 1µg/ml avidin and a non-specific signal
of 20µg/ml BSA.

7.4.2 Two-step modification

The low robustness against non-specific interactions of silane coatings can be im-
proved by attaching an ultra thin layer of a hydrophilic polymer like poly(ethylene
glycol) (PEG). In chapter 4, section 4.3.2 we describe how tocoat the sensors with
monoprotected diamino-PEG (H2N-PEG-NH2) orα-sulfanyl-ω-carboxyPEG (HS-
PEGCOOH) in a two-step modification procedure. Chemical characterization ex-
periments confirming the reduced hydrophobicity and the homogeneity of the sur-
face coatings are also presented in chapter 4. In this section sensing results of an
SOI ring resonator with a PEG coating are presented.

Concentration measurements

After deprotection of the Boc groups, chips coated with (H2N-PEG-NH2-Boc)
were biotinylated and placed in the optical setup. PBS (10mMNaHPO4, 150mM
NaCl, pH 7.4) was used as running buffer. The signal of the chips immersed in
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PBS was taken as a reference level. Fig. 7.4 shows the real time response signal of
the chips to a range of avidin concentrations: 2, 10, 87.5 and175µg/ml and two
response signals of the chips to BSA at 1 mg/ml concentration. Every curve cor-
responds to a different experiment on a different chip. For high concentrations, a
fast wavelength shift is initially recorded due to the sudden concentration gradient.
Ideally, under mass-transport limiting conditions present in these interactions, the
initial slope is linearly proportional to the concentration of the analyte in solution.
In our experiment however, due to gradual mixing of the fluidsin the tubings (it
takes several minutes before the initial concentration level is reached), the slope of
the curve does not directly correspond with the concentration or the kinetics of the
interaction. The kink in the 2µg/ml signal is due to a flow problem: when an air
bubble gets trapped, a short increased flow rate is needed to push it through.
Sensor calibration can be done either by monitoring the shift at a certain time, af-
ter a certain transported volume, or by calculating the slope of the S-curve. How-
ever for the last method, a valve needs to be installed that allows instant switch-
ing between liquids without gradual mixing. The initial-slope-based quantization
method was used by other groups and was found to have a high precision [3].
This is mainly because more data points are taken into account to calculate the
slope over a given time range as opposed to determining one data point after a
certain time. We calculate the detection limit from a one-point calibration with the
saturation level in time of the 2µg/ml curve, under the assumption that smaller
concentrations cause linear shifts. 2µg/ml avidin concentration causes the reso-
nance wavelength to shift over 350 pm, the sensitivity was thus found to be ap-
proximately 175 pm/µg/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 PBSat the end of the
experiment. This is in agreement with the specific binding ofavidin, rather than its
adsorption, due to the low dissociation constant of avidin-biotin 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 immobilization was performed inside
the microchannels instead of on the bench top before sealingthe channels. Fig.
7.5 is a graph of the real time sensor response to successive chemical steps. Bi-
otin was immobilized via the free amino groups of the H2N-PEG-NH2 layer using
biotin-NHS. After rinsing the surface with buffer, a solution of BSA (1 mg/ml) was
applied to block the surface and evaluate the non-specific interaction. Afterwards,
a solution of 55µg/ml avidin in PBS was run through the system. An immediate
signal shift occurs. It is a little lower than the shift of Fig. 7.4, because the bi-
otinylation did not proceed long enough. In order to save time, we performed the
receptor coupling in solution outside of the optical setup for all the experiments
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Figure 7.4: Specific versus non-specific binding tests: interaction of six biotiny-
lated H2N-PEG-NH2 coated chips. Wavelength shift obtained due to the interac-
tion with avidin (2, 10, 87,5 and 175µg/ml) and with BSA (1mg/ml). For BSA
interaction two signals on two separate chips are shown. Thekink in the 2µg/ml
signal was due to a flow problem: when an air bubbles gets trapped, a 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 comparedto a high
response to 2µg/ml avidin. This confirms the ability of the PEG coating to reduce
non-specific interactions. Further investigation of non-specific interactions with a
silane coating versus a PEG coating was performed in Fig 7.6.It shows a com-
parison of the signal provided by chips with and without the PEG coating. Curve
A is the interaction of 10µg/ml avidin with a biotinylated PEG coated chip. The
response signal to avidin arises 210 times above the noise level. Curve C shows
the interaction of 17µg/ml BSA with an epoxy-silane (GPTS) covered chip. It is
clear that even for a BSA concentration this small, in absence of the PEG coating
a rather high output is measured. This refers to the high non-specific interaction
of silane coatings. Curve B shows the signal obtained by interaction of increasing
BSA concentrations on a PEG coated chip. For a BSA concentration of 17µg/ml
no distinguishable signal was measured. For 50µg/ml BSA, the signal exceeded
only 2.5 times the noise level. 1 mg/ml BSA concentration raised the output re-
sponse to only about 15 times above the noise level, taken into account the back
shift after rinsing with PBS (such high molecular concentrations cause a bulk re-
fractive index change). From these low levels of non-specific signal it is concluded
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Figure 7.5: Real time sensor response of biotin receptor binding and avidin inter-
action.

that the PEG coating truly reduces the background. This is crucial towards appli-
cations with serum that contains high levels of random proteins, and only very
small amounts of the analyte to detect.

7.5 Protein detection and multiplexing

To immobilize protein receptor molecules on the PEG-coatedsilicon sensor, the
original coupling procedure for N-hydroxysuccinimidyl ester of biotin (biotin-
NHS) had to be modified since proteins do not carry groups thatreact directly
with the amino groups of the PEG coating. This was discussed in chapter 4, sec-
tion 4.3.3. Fig. 4.15 in chapter 4 shows two different coupling routes: one route for
coupling activated proteins (like biotin-NHS), and the second route for coupling
non-activated proteins (like biotin-NH2 as well as most proteins). The second
route is the one we used for the final multiplexing experiments.
We will first introduce the SOI biosensor platform for the multiplexing experi-
ments in section 7.5.1. The different chemistry steps for optimization of the cou-
pling routes were characterized with the SOI ring resonatorbiosensor platform
and results are discussed in section 7.5.2. Section 7.5.3 shows two results of mul-
tiplexed label-free biosensing of proteins.

7.5.1 SOI biosensor platform for multiplexed protein detection

Fig. 7.7 illustrates the biosensor platform for multiplexed protein detection. The
SOI photonic integrated circuit consists of an array of 3×4 microring resonators.
Four rings are connected to one common input waveguide, eachof them having a
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Figure 7.6: Comparison of chips with and without H2N-PEG-NH2 coating: (A)
specific interaction on a H2N-PEG-NH2 coated surface, (B) non-specific interac-
tion on a H2N-PEG-NH2 coated surface with increasing BSA concentrations, (C)
non-specific interaction on a non H2N-PEG-NH2 coated surface.

dedicated drop signal port. Three of these four ring series are placed independently
next to each other. The resonators in series differ by 30 nm incircumference to
avoid spectral overlap of resonances.

The SOI chips are modified according to the coupling procedures described in
chapter 4. A drop of receptor proteins was spotted to each column of rings prior
to microfluidics packaging. All proteins were spotted at 1 mg/ml concentration in
PBS (pH 7.4) containing 10% glycerine to prevent spot evaporation and normalize
spot size [4]. The minimum spot size of the BioDot spot tool is300µm in diameter,
but one column of racetrack resonators occupied about a 1 mm diameter, so that is
the spot size we aimed for. Samples were incubated in the fridge at 4○C overnight.
Afterwards, they were rinsed thoroughly with MilliQ water and PBS.

In a next step, the samples are packaged with microfluidics according to the stamp-
and-stick procedure described in chapter 5, section 5.3.2.The chip with fluidics
is subsequently placed on a temperature stabilizing chuck and the sample liquids
were pumped with a Harvard syringe pump at 5µl/min flow rate.

The three input waveguides are simultaneously addressed through vertical grating
couplers with a 2 mm wide collimated beam coming from a tunable laser source.
The output gratings are imaged with an IR camera. This read-out system was
detailed in chapter 6, section 6.4. This way we can record theresponse of 12 ring
resonators to different molecules in the serum in parallel.
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Figure 7.7: Illustration of the biosensor platform (not to scale).
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Figure 7.8: Experiment that proves the increased non-specific interaction when re-
ceptor proteins are coupled to the PEG layer through gluteraldehyde. The signal of
three sensors coated with different proteins (Hu-IgG, HSA and one uncoated sen-
sor) does not show sufficient specificity upon interaction with diluted goat serum.

7.5.2 Chemistry optimization steps

In a first attempt to couple proteins other than biotin, activation of the PEG surface
was carried out by gluteraldehyde (chapter 4, Fig. 4.13 left). However as con-
firmed by contact angle measurements, after inactivation ofthe aldehyde groups
with ethanolamine the hydrophobicity increased. This partly canceled out the ad-
vantages of the hydrophilic PEG surface. In Fig. 7.8 the increased non-specific
interaction after coupling through gluteraldehyde is demonstrated. Three sensors
with different receptor proteins are measured in parallel.One sensor was coated
with Hu-IgG (Human Immunoglobuline), another sensor was coated with HSA
(Human Serum Albumin) and yet another sensor was not coated.Different fluids
are consecutively flowed across all sensors. The signal is stabilized in PBS. Then
48µg/ml of anti-Hu-IgG in 100X diluted goat serum was introduced. This serum
contains about 550µg/ml proteins that might interact non-specifically with the
sensor. The sensor that was coated with Hu-IgG features a higher response than
the sensor coated with HSA and the uncoated sensor. However the non-specific
signal is high if compared to the low non-specific signals in the previous para-
graphs. When a solution of 31µg/ml anti-HSA in 100X diluted goat serum is
pushed through the channels, not only the sensor coated withHSA responds, but
all three sensors have a positive signal. This is caused by the non-specific interac-
tion of the proteins in the goat serum with the aldehyde surface. Further investiga-
tion with fluorescence microscopy and contact angle measurements confirmed the
poor resistance of gluteraldehyde to non-specific interactions.
Fig. 7.9 gives an overview of several experiments we performed for optimization
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Figure 7.9: Immobilization of receptor proteins through DSC. Curve 1 depicts
the interaction for the ideal situation where an activated protein (biotin-NHS) is
coupled directly to the surface (coupling route 1). When coupling a non-activated
protein (biotin-NH2) through DSC,the competition with hydrolysis decreases the
receptor density, both in low and high pH buffer (curve 2 and 3). No biotin-avidin
interaction can take place.

of protein coupling. Curve 1 depicts the interaction of avidin with biotin when
biotin-NHS is used as receptor molecule. This is the ideal situation that was used in
all previous sections to optimize the coating towards low non-specific interactions
(coupling route 1). As a model for other proteins, biotin with a primary amino
group (biotin-NH2) was used. Instead of using aldehydes for coupling proteins
to the surface, we investigated the use of DSC (disuccinimidyl carbonate). DSC
transforms the amino end-groups of the PEG coating to N-hydroxysuccinimidyl.
With this method, the inactivation of the surface structures occurs by hydroly-
sis, providing hydrophilic carboxylic groups at the surface (chapter 4, Fig. 4.13
(right)). From curve 2 we conclude that, indeed, the non-specific interaction is
low, but the specific signal is low too. The receptor couplingthrough DSC was
not effective because of the competing interaction of waterand receptor molecules
with the N-hydroxysuccinimidyl (chapter 4, section 4.3.3). In order to improve the
coupling, a MES buffered saline (pH 5.5) was used as couplingbuffer instead of
PBS. The lower pH of the solution decelerates the hydrolysis, which might extend
the reaction period of the proteins with the surface. This procedure was verified in
curve 3. Unfortunately, the receptor density remained verylow when using a lower
pH buffer resulting in a low avidin-biotin interaction and alow output signal.

Next, instead of changing the pH of the solution, we played around with the so-
lution volume. The water content during receptor immobilization was minimized
by using very low volumes and placing a second chip on top of the sensor chip
(chapter 4, Fig. 4.15 coupling route 2). The efficiency of thesecond route was
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Figure 7.10: Biotin-NHS versus biotin-NH2 as model receptor molecules. The
full line depicts biotin-avidin interaction when couplingbiotin-NHS with coupling
route 1, the dashed line depicts biotin-avidin interactionwhen coupling biotin-NH2
with coupling route 2.

verified and compared to that of the first route in Fig. 7.10. The full line shows
the response to avidin of a sensor with biotin-NHS receptor molecules (Fig. 4.15,
coupling route 1), the dashed line corresponds to the response to avidin of a sensor
with biotin-NH2 receptor molecules (Fig. 4.15, coupling route 2). After stabiliz-
ing the signal in PBS-diluted goat serum (1.9-mg/ml total protein concentration),
a sample of the same serum fortified with 1.5 mg/ml of BSA was run through
the system showing almost no response. One hour later, a sample fortified with
50µg/ml of avidin was analyzed. Within a few minutes a sharp wavelength shift
was detected, which corroborates the high selectivity and sensitivity of the sys-
tem. The avidin binding test revealed that the second route is less efficient and less
repeatable (dashed line), probably due to partial hydrolysis of surface NHS-ester
groups during the coupling step. Although not optimal yet, this result indicates the
viability of the applied methodology.

7.5.3 Multiplexing

Fig. 7.12 shows the result of a proof-of-principle multiplexed sensing experiment.
Three different proteins are spotted on the resonators: Hu-IgG, HSA and BSA. The
fourth column of resonators was left for reference. First, PBS was pumped over
the sensors to determine the reference wavelength. After that, two diluted body
fluids are successively pumped through the channels; goat serum with 128µg/ml
polyclonal anti-Hu-IgG (1.9 mg/ml total protein concentration) and goat serum
with 82.6µg/ml polyclonal anti-HSA (1.5-mg/ml total protein concentration). All
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dilutions are made with PBS + 0.1% Tween. Notice the high concentration of
non-specific proteins versus the low concentration of the specific antibodies in
the serum. When the first serum is introduced, a sharp signal rise was measured
for the three resonators covered with Hu-IgG. The other nineresonators barely
responded, proving the absence of anti-HSA and anti-BSA in the first serum. Upon
introduction of the second serum, the signals of the resonators covered with HSA
rise sharply, while the other signals remain constant. Thisindicates the presence of
anti-HSA in the second serum and the absence of anti-Hu-IgG and anti-BSA. The
non-specific background signal is extremely low. No difference in background
signal was detected between the reference sensors and the sensors covered with
BSA. The variation between equally covered sensor signals is mainly due to a
slight difference in receptor coverage, as it cannot be explained by geometrical
or temperature variations. Indeed, intra-chip variationsin waveguide width are
very small (< 1 nm) and account for less than 3 pm variation in response between
different sensors. The signal differences are also too big to be attributed to intra-
chip temperature variations. A difference of 0.05 nm shift would originate from a
temperature variation of about 1○C over less than a millimeter on chip. A small
part of the wavelength shift is due to the difference in refractive index of the diluted
serums versus PBS. This difference is estimated2.6 × 10−4 for the serum with 1.5
mg/ml protein concentration [2], which corresponds to a shift of 15 pm.
The reference signals, both from the BSA sensors and the receptor molecule-free
sensors, can be subtracted from the positive signals. This way the non-specific
interaction signal and the bulk refractive index signal areeliminated and we obtain
the net shift due to specific binding.
In a second experiment, all four sensor columns were coveredwith receptor mol-
ecules: Hu-IgG, HSA, BSA and biotin-NH2. The exact same solutions as in the
previous experiment of anti-Hu-IgG and anti-HSA in goat serum were successively
pumped through the system. Again the sensors coated with Hu-IgG and HSA re-
sponded to their complementary molecules. At the end of the sample running
sequence, a solution of goat serum containing 102µg/ml of avidin and 0.4 mg/ml
other proteins was added. The biotin-NH2 coated sensors responded. From the
rather low signals in this experiment, we can conclude that the receptor coverage
was not optimal. With sensor surface areas as small as 20µm2 the requirements
in terms of homogeneity are very strict. Further investigation of the coupling pa-
rameters is needed to improve receptor density and repeatability.

7.6 Conclusion

In this chapter we listed the most important measurement results obtained with the
SOI ring resonator biosensor platform. We characterized its response to bulk re-
fractive index changes. A minimum index change of10−5 is detectable. However



BIOSENSOR MEASUREMENT RESULTS 7-15

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 20 40 60 80 100 120

W
av

el
en

gt
h 

sh
ift

 [n
m

]

Time [min]

PBS Serum with 128� g/ml anti-HuIgG Serum with 82.6� g/ml anti-HSA

HuIgG - α HuIgG

HSA - α HSA

BSA

no receptor

Figure 7.11: Experiment with three different receptor molecules spotted on the
SOI chip: Hu-IgG, HSA, and BSA. PBS was introduced first to establish the ref-
erence. After that, two serums were successively pumped over the sensors. The
first serum contained 128µg/ml anti-Hu-IgG and 1.9 mg/ml other proteins, and
the second serum contained 82.6µg/ml anti-HSA and 1.5 mg/ml other proteins.
The resonators spotted with the complementary proteins responded sharply, while
the response of the other resonators remained low.
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Figure 7.12: Experiment with four different receptor molecules spottedon the SOI
chip: Hu-IgG, HSA, BSA and biotin-NH2. PBS was introduced first to establish
the reference. After that, three serums were successively pumped over the sensors.
The first serum contained 128µg/ml anti-Hu-IgG and 1.9 mg/ml other proteins,
the second serum contained 82.6µg/ml anti-HSA and 1.5 mg/ml other proteins
and the third serum contained 102µg/ml avidin and 0.4 mg/ml other proteins. The
resonators spotted with the complementary proteins responded sharply, while the
response of the other resonators remained low.
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this does not directly correspond to the sensor’s performance for biomolecular de-
tection. To verify the validity of our understanding of the wavelength shift caused
by surface layers with increasing thickness, we compared simulations to measure-
ments of the wavelength shift upon deposition of SiO2 layers with known parame-
ters. We found a good correlation. The main measurement results that have lead to
optimization of the surface chemistry are also presented. At first, characterization
was performed with the high affinity couple biotin-avidin. We found the system
being capable of detecting a few ng/ml avidin concentration. After validation of
the coupling chemistry, preventing non-specific interactions of random proteins in
the solutions, we coupled proteins other than biotin to the surface. The measure-
ments presented here reveal that careful control of the water content during recep-
tor immobilization was necessary and further optimizationneeds to be carried out
for increased repeatability. With the final coupling procedure, multiple proteins in
solution were detected in parallel in two proof-of-principle experiments.
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8
Perspectives

Up until now we worked on the development of an integrated biosensor platform
with SOI microring resonators. The current system has been characterized theo-
retically and experimentally. For that, we integrated the chip with microfluidics
and implemented it in a read-out system. The knowledge and infrastructure we
collected can now serve to improve upon the entire platform.A few suggestions
are given in the section 8.1. In section 8.2.2 we discuss the first steps we took
towards DNA hybridization monitoring. This fits into a bigger framework where
we explore the possibilities of including SOI photonic biosensors in a point-of-
care diagnostic system with on-chip sample preparation. Inthe last section of this
chapter, a novel implementation of SOI microring resonatorbiosensors is intro-
duced. Instead of detection on-chip, we transfer the SOI microrings to the facet of
an optical fiber. This does not lead to higher multiplexing orpoint-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 withthe detection limit
of most state-of-the-art systems, but for many applications - like cancer diagnos-
tics - a lower detection limit is desired. Instead of ng/ml, detection limits in the
order of pg/ml are needed for a broad range of biomarkers. Alower detection
limit can be obtained by reducing the measurement resolution, or increasing the
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sensitivity. Reducing the measurement resolution can be achieved by increasing
the resonance Q-factor and reducing the system’s noise. Reduction of the wave-
length step is another possibility, but that comes with an increased scan time. In
chapter 2 we argue that the limitation factor for the Q-factor is the propagation
loss caused by water absorption. Changing the working wavelength to 1300 nm
can enhance the Q-factor. For noise reduction there are various routes. In a fiber
setup, balanced detection has been used by several groups asa means to increase
the signal-to-noise ratio [1]. When using an IR camera, noise reduction can be ob-
tained by reduction of background light or analog/digital conversion with a larger
number of bits. An enhanced sensitivity would be achieved when measuring with
TM polarized light. Grating coupler and ring resonator design would have to be
adapted to function optimally for TM polarization. Aside from that, other filter
configurations can be studied. In chapter 2, section 2.5, some examples that were
proposed in literature are listed. They have to be studied interms of resolution and
sensitivity.

In parallel,higher levels of integrationare required for development of point-of-
care systems. The read-out equipment, still existing of bulky tools like a tunable
laser and an IR camera, can be miniaturized and integrated with the chip, prefer-
ably at reasonable additional cost. Then, the overall signal-to-noise ratio will have
to be reevaluated and optimized. Various routes for passive/active integration are
described in chapter 1, section 1.3.3. Integration with active microfluidics is an-
other level of integration. Several laboratory functions can be included on the chip,
like cell lysis, sample amplification and dilution or samplecleaning, to end up with
a so-called lab-on-a-chip.

As an intermediate step towardscost reduction, we could integrate a broadband
light source and make use of the directionality of the outcoupling light. This way
expensive equipment with high spectral resolution can be omitted. At INTEC,
Van Acoleyen et al. study integrated dispersive elements for beam steering using
high order arrayed waveguide gratings (AWGs) and grating couplers. We could
integrate these devices on one chip with a microring biosensor. Broadband light
will be filtered by the ring resonator and send to the AWG. The directionality
of the output beam will depend on the central wavelength, which corresponds to
the resonance wavelength of the sensor and thus to the molecular concentration.
Design and fabrication requirements are not trivial to meet, but after optimization
the beam steering could run up to several degrees for wavelength shifts of less
than 1 nm. This can be measured with cheap optics. The idea is analogous to
a cheap implementation of SPR biosensors named SPREETA, commercialized by
Texas Instruments. Using a broad band source and broad beam reflecting to a CCD
camera, a cheap hand-held device was developed. This comes at the cost of worse
detection limit and low throughput [2].
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8.2 DNA hybridization

The development of nucleic acids diagnostics has become thesubject of intense
research. Current methods mainly consists of optical detection using labeled ol-
igonucleotides with dyes [3], quantum dots [4], or enhancedabsorption of light
by oligonucleotide-modified gold nanoparticles [5]. Label-free methods that offer
sensitivity, selectivity, and low cost for the detection ofDNA hybridization are un-
der investigation, especially for their implementation inpoint-of-care diagnostics.
We started investigating the ability to monitor DNA hybridization with the SOI
ring resonator platform. We successfully attached single stranded DNA (ssDNA)
probes to microring resonator surfaces. The chemistry surface functionalization is
briefly summarized in section 8.2.1 and ring resonator experiments are discussed in
section 8.2.2. Although hybridization experiments were not fully successful yet, an
important issue has been uncovered. For the surface modification we collaborated
with Dr. Sylvia Wenmackers and Dr. Veronique Vermeeren fromthe Institute for
Materials Researchat Hasselt University.
In the future, SOI ring resonators will be integrated in point-of-care systems,
amongst others during the EC funded project INTOPSENS underFP7. The project
aims for point-of-care label-free identification of pathogenic bacteria strains and
their antibiotic resistance for fast and low-cost diagnostics of sepsis. Sepsis is a
systemic inflammatory response to infection, often associated with organ or mul-
tiorgan dysfunction. A diagnostic platform is needed that can quickly identify the
presence and type of infectious micro-organisms, as well asthe type of antibiotic
resistance genes that it carries, so as to be able to proscribe the correct type of
antimicrobial treatment.

8.2.1 DNA functionalization

The covalent attachment of DNA on silicon was performed through the introduc-
tion of -COOH functionalities on the surface followed by EDC-mediated coupling
to NH2-terminated ssDNA. The modification steps are shown in Fig. 8.1. This
procedure was published by Vermeeren et al. in [6]. Instead of coupling silane
chains with -COOH end groups like described in chapter 4, forthe DNA exper-
iments we explored a different modification route. COOH-terminated lipid acids
were attached to -H groups exposed at the silicon surface.

-H termination 20 min of SPM1 and APM2 standard silicon cleaning was per-
formed first [7]. Then, the substrates are rinsed and dried with nitrogen. The chips
are immersed in buffered HF (0.6 vol% HF (40%) in DI water) for1 min to obtain

1SPM: sulfuric-peroxide mixture (4:1 H2SO4 ∶ H2O2).
2APM: ammonia-peroxide mixture (5:1:1 H2O ∶ H2O2 ∶ NH3).
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Figure 8.1: Schematics of the chemistry functionalization steps for covalent at-
tachment of ssDNA to SOI chips.

-H terminated silicon surfaces. After that, the surfaces are kept 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 fattyacid containing a car-
boxylic acid (COOH) functionality. The samples were subsequently illuminated
for 20 h with 254 nm light from a 4W lamp (>2.5 mW/cm2), under a protective
nitrogen atmosphere inside a glovebox. The samples were rinsed with hot distilled
water.

DNA functionalization To establish covalent attachment of NH2-terminated ss-
DNA to the -COOH terminated samples, they were treated with 5µmol (0.1 M) of
EDC and 30 pmol of NH2-modified ssDNA in a 25 mM MES buffer (pH 6) for 2
h at 4○C. EDC as an intermediate component to couple NH2 to COOH functional
groups was described in chapter 4, section 4.3. After incubation, the chips are
cleaned with multiple 1xPBS rinsing steps and stored at 4○C.

8.2.2 DNA preliminary results

Surface modification To optimize the chemistry procedure described above we
performed SOI microring resonator measurements after eachmodification step.
The results presented in Fig. 8.2 are obtained with simultaneous measurement of
15 ring resonators. The output was averaged and standard deviation is indicated.
Each bar corresponds to the resonance wavelength after treatment (on dry chips)
as compared to a reference measurement on the same chip before treatment. The
first bar shows to the resonance wavelength shift after surface cleaning steps, -H
termination and attachment of COOH-terminated 10-UDA linkers. After cova-
lent attachment of ssDNA with 8 and 36 base pairs, the output increases as can
be observed on the second and the third bar. Together with control by confocal
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Figure 8.2: Ring resonator measurement of different modification stepsfor cova-
lent attachment of ssDNA probes. The reference level (0 nm shift) was determined
before modification. Results are averaged over 15 simultaneously measured rings
and standard deviations are indicated.

microscopy using fluorescently labeled probes, this confirms the 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 temperature (40○C). First, in order
to determine the reference wavelength, hybridization buffer without complemen-
tary DNA was flown over the chip. We noticed that instead of signal stabiliza-
tion, there was a large blue resonance shift, see Fig. 8.3. The experiment was
performed on 15 ring resonators simultaneously and all results show the same be-
havior. When comparing a SEM picture of an SOI waveguide before and after
immersion in hybridization buffer (Fig. 8.4), we clearly see the aggressive effect
of the buffer on the waveguides. Although hybridization seemed to be successful
when we performed a control experiment with confocal microscopy using fluo-
rescently labeled DNA, the ring resonator response is dominated by a blue shift
induced by waveguide damage. Investigation of the components of commercially
available hybridization buffers provides us with a list of possible sources of this
effect. A thorough study of the influence of the separate components is ongoing in
order to find the source of damage and seek for a way to circumvent the problem.

8.3 Fiber probe sensor

8.3.1 Motivation

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

Figure 8.4: SEM pictures of an SOI waveguide before and after being immersed
in hybridization buffer.
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fluorophore is excited by the evanescent wave and the resulting fluorescence is
then conducted via the fiber to an analytical device that has been equipped with
appropriate wavelength filters. This area is the subject of arecent review [9].
Over the past years, optical fibers have been studied for label-free biosensing as
well. They include fiber bragg gratings, long-period grating biosensors, photonic
crystal fiber sensors, hollow fibers in a fabry-perot cavity,etc [10, 11]. Most appli-
cations, however, focus on bulk refractive index sensing. For biochemical detec-
tion, these sensors cannot compete with other types of optical sensors in terms of
their detection limits, even though their bulk sensitivitycan exceed 100 nm/RIU.

8.3.2 Implementation

We propose a configuration that combines the high quality of SOI ring resonator
biosensors with the portability of optical fibers. An SOI membrane with integrated
ring resonators will be transfered on the facet of a single mode optical fiber and
form a ‘fiber probe sensor’. A top view of the design is pictured in Fig. 8.5. The
chip is designed to be ‘retroreflective’: using a dedicated light coupling scheme,
light will couple into and out of the integrated circuit via the same grating cou-
pler and under the same angle. The fiber core is aligned to a grating coupler, the
cladding of the fiber carries the rest of the integrated circuit comprising a 3dB
MMI splitter/combiner and a ring resonator biosensor. A curved grating focuses
the light onto the SOI waveguide, this circumvents the need for space consuming
waveguide tapers [12]. The SOI circuit will be modified with receptor molecules.
When immersed in sample solution, the resonance wavelengthof the ring resonator
will shift when analytes bind to the receptors. This shift ismonitored by repeatedly
scanning of the spectrum with a tunable laser and detection with a photodetector.
As illustrated in Fig. 8.6, source and detector are connected to the device through
an optical circulator3.

8.3.3 Fabrication

In the course of the master thesis work of C. Lerma Arce we studied several routes
for fabrication of the device, in particular for the transfer of a structured SOI mem-
brane onto a fiber facet. One of the fabrication routes is illustrated in Fig. 8.7. By
making use of a thin spincoated SU-8 layer, the silicon membrane is suspended
while etching the silicon oxide layer underneath. After that, the optical fiber is
aligned to the grating coupler in an active way, by optimizing the reflected power.
In the final step an intermediate glue is cured with UV light. The SOI membrane
and the fiber facet form an angle of 10○, corresponding to the angle of optimal

3A circulator is a non-reciprocal multiple port device that transmits power entering at a port to the
next port.
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Figure 8.5: Top view of an optical fiber probe: a photonic integrated circuit for
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Figure 8.6: Optical fiber probe and read-out.
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Figure 8.7: One of the studied fabrication routes for transfer of a structured SOI
chip to a fiber facet.

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

8.4 Conclusion

We proposed several routes for continuation of this work. Sofar we studied a
single ring resonator biosensor on an SOI photonic chip and built a basic measure-
ment platform for multiplexed detection around it. Now, other filter configurations
and better read-out schemes can be developed to obtain lowerdetection limits.
Higher levels of integration, with microfluidics and optoelectronic components,
have to be studied as well. Ultimately the photonic chip willbe integrated in a
point-of-care diagnostic tool. For one specific application, sepsis diagnoses, we
started investigation of DNA hybridization monitoring. The last part of this chap-
ter deals with a novel implementation: an integrated SOI circuit is transferred to
the facet of a single mode optical fiber. This can lead to a robust and portable
device for in-vivo label-free biosensing.
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9
Conclusions

We studied a label-free biosensor platform based on an integrated SOI photonic
circuit, in particular a ring resonator. The photonic circuit was theoretically inves-
tigated, fabricated and experimentally tested. In collaboration with thePolymer
Material Research GroupatGhent Universitywith Prof. Em. Etienne Schacht, we
investigated silicon surface modification techniques for anchoring receptor mole-
cules to the waveguides. We packaged the photonics chip withPDMS microflu-
idics and interrogated the sensors with a camera-based parallel read-out setup.
Important features were studied theoretically for optimization of a single micro-
ring resonator. The device transduces molecular interaction at its surface into a
shift of resonance wavelength, measurable by tracking the resonance peak or dip
of its spectrum. The quantities to be studied include the measurement resolution
∆λmin, the sensitivity and the detection limit.∆λmin corresponds to the mini-
mum measurable wavelength shift. It depends on the resonance shape, determined
by Q-factor and extinction, and on equipment parameters, determined by noise and
wavelength step. The influence of these parameters on∆λmin was simulated. We
found that∆λmin is linearly dependent on the Q-factor, on wavelength noise and
on intensity noise squared (sometimes referred to as amplitude noise). It scales on
the square root of the wavelength step and is not dependent onthe peak extinc-
tion ratio for extinction ratios that surpass 15 dB. This means that improving the
Q-factor and diminishing the noise will be the most efficientway to enhance the
measurement resolution. We found the Q-factor to be limitedby the round trip
losses in the ring due to water absorption. This is inherent to the sensing mecha-
nism and might be improved by using other working wavelengths, e.g. 1300 nm,
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the other telecom wavelength. The sensitivity correspondsto the amount of shift
for a unit amount of biomolecular interaction, and is expressed in shift per adlayer,
absolute mass or concentration. The inherent device sensitivity (maximum sensi-
tivity) is determined by the fraction of light in the molecular layer. This results
in a large sensitivity for high index contrast waveguides. The sensitivity for ab-
solute molecular mass is determined by the sensor’s surfacearea: the smaller the
surface area, the fewer molecules are needed to cover the entire sensor, while the
resonance wavelength remains the same. A ring resonator with optimal design in
a low noise setup is able to detect a minimum layer thickness of less than 1 pm
and surface coverage of around 1 pg/mm2. This corresponds to a detection limit
of 100 molecules with medium weight like avidin.

The material platform of choice, silicon-on-insulator, provides a high index con-
trast, leading to dense integration of components and high sensitivity biosensors.
On top of that, it offers the advantage of reuse of extensively developed CMOS
processing technology. Fabrication of photonic chips withnanoscale reliability
and with no extra equipment development cost is a major assetfor SOI biosensors.
It allows for mass production and economics of scale.

We presented a novel method that allows to extract more information on biomo-
lecular interaction with a single ring resonator. Interrogation of the wavelength
shift of two orthonally resonating modes provides us with the thickness as well as
with the refractive index of a layer at the sensor surface. This can be translated
in real-time information on the molecular density and thus on the conformation
of the molecules which is crucial in many genomics and proteomics applications.
The error on resolving thickness and index of the layer depends on the actual thick-
ness and index values, but is always lower than 0.11% on the index and 4% on the
thickness (when the layer index> 1.40).

The inherent biosensor sensitivity can be reduced when the receptor molecule
density is not optimal. Thus, the properties of a biosensor critically depend on
the quality of the receptor layer, especially for detectionin complex samples.
The interfacial layer has to allow for immobilization of receptor molecules and
at the same time effectively block non-specific interactions with the macromo-
lecular components of the analyzed sample. In addition it must be stable, must
not affect the transducer sensitivity and must not hinder transport of the chemi-
cal or biological compounds to the transducer surface. Silanization of a silicon
oxide layer on top of the silicon waveguide is a straightforward coupling pro-
cedure for dense receptor coverage. However, silanes perform poorly in terms
of non-specific interactions with proteins in the analyte solution. To reduce the
non-specific interaction, we introduced thin PEG layers in atwo-step coupling
procedure. We investigated two heterobifunctional PEG layers with different re-
active groups:α-sulfanyl-ω-carboxy PEG (HS-PEG-COOH) and monoprotected
diamino-PEG (H2N-PEG-NH-Boc). Surface characterization tests confirmed the
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high quality, the reproducibility and the binding capacityof PEG layers. The thick-
ness is in the order of a few nanometers. The contact angle wasas low as 21○ and
31○ for both PEG coatings, while the density of the functional groups remained
high.
After chemical modification of the surface, the chip is packaged with PDMS mi-
crofluidics that serve to deliver the analytes. In order not to damage the fragile
biomolecules on the sensor, no high temperatures or surfaceactivation methods
can be applied during the packaging step. This implies the use of adhesive bond-
ing with an intermediate glue. To avoid contact between biomolecules and the
glue, we use a stamp-and-stick bonding process. For the current concentration de-
tection limit (≈10pM), the time to accumulate a threshold number of molecules for
sensing is not a limiting factor.
Measuring the spectrum of a ring resonator biosensor was performed with a num-
ber of read-out systems. They differ in light source (monochromatic or broad-
band), detection (spectrum analyzer, photodetector or CCDcamera) or light guid-
ing (fiber or free-space). The read-out system of an integrated optical biosen-
sor is fundamentally different from the read-out system of commercial free-space
biosensors like Biacore®SPR. The read-out is completely decoupled from the de-
tection, offering a much higher degree of multiplexing and amuch higher align-
ment tolerance. The latter is important for portable applications and considerably
reduces the cost of the overall system. Flood illumination and detection with an IR
camera offers a good trade-off between high degree of multiplexing and low noise.
Using the platform we described we performed a number of experiments to charac-
terize the SOI microring biosensor. Avidin/biotin was initially used as a model bio-
molecular pair. The detection limit of the system was determined to be around 3.8
ng/ml. Once the platform was found to be stable, we performedmultiplexed pro-
tein detection experiments. An array of microrings was covered homogeneously
with a PEG layer, on top of which different proteins were spotted on different ring
resonators. After packaging with PDMS microfluidics, different diluted serums
were flown over the biochip. Each analyte could be detected with high specificity.
Now that a basic biosensor platform has been installed and SOI microring biosen-
sors have been characterized, other filter configurations and better read-out schemes
can be developed to obtain lower detection limits. Higher levels of integration,
with microfluidics and optoelectronic components, have to be investigated as well.
This will ultimately lead to integration of a disposable SOIphotonics biochip in a
point-of-care diagnostic tool.





A
Microfluidics processing

A.1 Introduction

Optimization of the fabrication and bonding of PDMS microfluidics went along
with many trial and error phases. This appendix describes the final method that we
believe can be applied with high reproducibility and yield.The first section lists the
steps for fabrication of the PDMS part. It consists of 1) fabrication of the mold, and
2) casting of the PDMS. In a section step (section A.3, the surfaces are prepared
for bonding. As explained in chapter 5, section 5.3 we developed two bonding
methods: direct bonding at high temperature and adhesive bonding with a stamp-
and-stick procedure. Depending on the bonding procedure ofchoice, different
surface preparation steps are required. Section A.4 lists the actual 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 40 sec

• Prebake at 65○C for 6 min, then at 95○C for 6 min

• Exposure at 25000 mJ for 500 sec
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• Postbake ate 65○C for 6 min, then at 105○C for 6 min

• Develop with SU-8 developing reagent

2. Anti-adhesion treatment with fluorinated silanes. Placea very small drop of
fluorinated silanes (C8H4Cl3F13Si) on the side of the wafer, and let evap-
orate overnight in a desiccator. Clean with DI water and IPA.The 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 mass ratio (ex. 30g
PDMS + 3g curing agent)

2. Mix well (use kitchen mixer, clean it immediately afterwards 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 on the thickness 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

• 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, 70W, 75 mTorr
plasma pressure, 20 sccm oxygen flow rate, program O2Katrien. RIE
parameters: power 400 W, flow 500 sccm, time 0.3 min.)



M ICROFLUIDICS PROCESSING A-3

Step 3 for direct bonding procedure

• SOI chip: dry

1. 5min piranha etching (H2S04 ∶ H2O2 in 7:3 ratio)

2. Aceton, IPA, DI water cleaning

3. Dry with argon flow

4. Oxygen plasma treatment (ICP/RIE parameters: 15 sec, 70W, 75 mTorr
plasma pressure, 20 sccm oxygen flow rate, program O2Katrien. RIE
parameters: RIE parameters: power 400 W, flow 500 sccm, time 0.3
min.)

• PDMS

1. 5 min ultrasonic cleaning in DI water

2. 5 min ultrasonic cleaning in IPA

3. 30 sec drying at high temperature

4. Oxygen plasma treatment (ICP/RIE parameters: 15 sec, 70W, 75 mTorr
plasma pressure, 20 sccm oxygen flow rate, program O2Katrien. RIE
parameters: RIE parameters: power 400 W, flow 500 sccm, time 0.3
min.)

A.4 Bonding

Step 4 for stamp-and-stick procedure

1. Spincoat SU8-10 on flat, clean Si substrate (50 sec at 4000rpm)

2. Place PDMS on bottom holder of flip-chip machine, channel side up (put
glass plate underneath, to keep the machine clean).

3. Place Substrate with glue on top holder of flip-chip machine (use vacuum to
seal).

4. Gently make contact between both surfaces and release.

5. Run ’stamp-and-stick’ program (+/- 30 sec at 60○C to evaporate solvents of
glue on PDMS chip).

6. Place SOI chip on top holder of flip-chip machine.

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

8. Make contact

9. Take glass plate with the entire structure out of the flip-chip machine 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, channel side up (put
blue plastic foil under PDMS to make sure the PDMS does not stick to the
holder after bonding).

2. Place SOI chip on top holder of flip-chip machine

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

4. Make contact with 20 N force

5. Run ’PDMS’ program (45 min at 110○C top holder/135○ bottom holder)
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