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Abstract

In terms of performance, the ideal biosensor shbalk high sensitivity, low
limits of detection, and extremely short analysiset Label-free surface plasmon
resonance (SPR) biosensors naturally offer thete$toanalysis time compared to
other types of biosensors. On the other hand, ithasl of detection of SPR
biosensors are not the most impressive. The inheegsitivity of SPR biosensors
thus needs to be significantly improved to allowéo limits of detection. Several
approaches for the enhancement of optical sertgitdfi SPR biosensors in the
“traditional” attenuated total reflection (ATR) Keehmann configuration such as
the use of bimetallic SPR film, long-range surfgt@smons, and near-infrared
operating wavelength have been investigated invioik. In addition, some “non
traditional” configurations for SPR biosensors utthg grating-coupled planar
optical waveguides and arrays of sub-wavelengthucsires have been
theoretically studied. Novel graphene-based surfagetionalization strategy
with enhanced biorecognition sensitivity that canapplied to virtually any SPR
structure has also been demonstrated.

Résumeé

En termes de performance, le biocapteur idéalaliir tres grande sensibilite,
basse limite de détection et temps d’analyse quieggémement court. Les
biocapteurs sans marquage a base de résonanceasimops de surface
(biocapteurs SPR) possédent naturellement le tebapslyse le plus court parmi
différent types de biocapteurs. Leur limite de débe n’est cependant pas la plus
impressionnante. Il y a donc un besoin pour augemeocbnsidérablement la
sensibilité intrinséque des biocapteurs SPR afatteihdre de plus basses limites
de détection. Quelques approches pour exalter tesilskté optique des
biocapteurs SPR dans la configuration « traditibsrnge Krestchmann telles que
film SPR bimétallique, plasmons a longues portéetétection dans l'infrarouge
proche sont examinées dans ce travail. Des coafigmis « non traditionnelles »
comme guides optiques planaires avec couplage §saun et structures sub-
longueur d’ondes ont été aussi théoriquement eétadiBlouvelle stratégie de
fonctionnalisation de surface a base de graphénawgmente la sensibilité de
reconnaissance biomoléculaire et peut étre apmiguguasiment toute structure
SPR a été également démontrée.

il
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Preface

This work is a subset of a larger interdisciplindmsench-Belgian research
project dubbed Plasmobio whose goal is to devetopuative surface plasmon
resonance (SPR) biosensors for biomedical appicatiThis project is partially
funded by the European Regional Development Funouth the INTERREG
IVA program for its four-year duration from 2009 #913. The cross-border
scientific collaboration in the Plasmobio reseambject involves five partner
institutions: the University of Lille 1, the Univaty of Lille 2, the University of
Mons, the University of Liege, and Eurasante.

The University of Lille 1 takes part in the Plasnmwproject through three of
its associated laboratories:

- the Institute of Electronics, MicroelectronicsadaNanotechnology (IEMN).
Particularly well equipped for the design and festion of devices at the
micrometer and nanometer length scales, two indpenresearch groups from
this institute actively contribute to the projecthe Optoelectronics group
provides the required expertise in photonics wlile competence in digital
microfluidics is supplied by the BIoOMEMS group.

- the Physics of Lasers, Atoms, and Molecules Lafooy (PhLAM) where the
SPR measurement setups at the wavelengths of 76Gamin1550 nm are
developed and housed.

- the Institute of Interdisciplinary Research (IRThe Nano-Bio-Interfaces group
from this institute provides the complementary ekpe in surface chemistry.

The University of Lille 2 is involved in the Plasimo project through its
molecular interactions platform housed within thstitute of Predictive Medicine
and Therapeutic Research. This platform providesnelogical assistance in the
study of biomolecular interactions by SPR technsgteevarious research groups
of the university and the regional university madlicenter of Lille as well as
other public or private organizations.

The University of Mons participates in the Plasneolproject through its
Interfaces and Complex Fluids Laboratory (InFluKattspecializes in the study
of surfaces and interfaces as well as polymer céteyni

The University of Liege contributes to the Plasnaolproject through the
Laboratory of Optics and Holography (Hololab) thhaas well-established
expertise in holography as well as diffractive opt@nd the Space Center of Liege

© 2013 Tous droits réservés. http://doc.univ-lille1 fr
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(CSL) which is one of the test centers of the Eaeop Space Agency that
provides scientific and technical support to industnd research centers in
optical instrumentation, solar energy, microsystesns sensors.

Eurasanté is a non-profit organization whose mis$oto promote economic
development of the healthcare industry in the N@ag-de Calais region. In the
framework of the Plasmobio project, Eurasanté is cimarge of external
communication services to mass media as well ammalgplayers in the life
sciences and healthcare sector.

This work is carried out within the Optoelectrongr®up of IEMN where SPR
sensor chips are designed and fabricated. Expetanereasurements with these
SPR sensor chips are subsequently performed iaboottion with PhLAM and
IRI. The collaboration with PhLAM involves SPR sams measurements at the
wavelength of 760 nm (Prof. Bernard Pinchemel) al as 1550 nm (Dr. Jérébme
Hottin). The collaborative work with IRI concernsofensing experiments on
grapene-based SPR interfaces (Nazek Maalouli, @baR Boukherroub, and
Prof. Sabine Szunerits).

vi
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Chapter 1

Introduction

Biosensor research is a vital and rapidly progresé$ield. It is also a highly
interdisciplinary endeavor bringing together phigg and engineers to develop
the hardware parts of a sensor, chemists to mdb#ysensor surfaces and to
synthesize sensor labels or specific bioreceptarg] biologists or doctors
interested in specific biological systems or bibtemogical processes.

Major areas of biosensor applications are basieares in the life sciences [1,
2, 3], health care and medical diagnostics [4,,5/]6environmental monitoring
[8, 9, 10, 11, 12], drug screening and discove®; [l4, 15, 16, 17], food safety
and analysis [18, 19, 20, 21, 22, 23, 24], and de¢ection of hazardous
substances for military applications [25]. With Bua myriad of diverse
applications, the global market for biosensorsoredast to reach US$ 12 billion
by the year 2015 [26].

What exactly is a biosensor? A biosensor can bieettfis an analytical device
which detects the presence or activity of biomdiesuTo do so, a biosensor
needs two basic components in very close proximitiie first one is a
biorecognition element which is a layer of biomaoies that can bind or interact
with specific target molecules in the sample. Theosd component is a
transducer which is able to detect the interactietween the biorecognition
element and the target molecules. The transdueardbnverts this biorecognition
event into a measurable signal for further processiAs diagrammatically
illustrated in Figure 1.1, the transducers usetigsensors are most commonly
based on electrical (e.g., electrochemical impeearield-effect transistor),
mechanical (e.g., cantilever deflection, surfaceuatic wave, quartz-crystal
microbalance resonance), or optical (surface plasmesonance, fluorescence,
microring resonator) phenomena.

Depending on the detection principle in regard tolewular labeling,
biosensors can be divided into two classes. Thesdadbeled biosensors and
label-free biosensors. Certain molecules are o#iasier to detect when first
tagged with a molecular label. The presence ofdhel then acts as an indicator
for the presence of the molecule in question. Lsabeah be fluorophores, magnetic

© 2013 Tous droits réservés. http://doc.univ-lille1 fr
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beads, active enzymes with an easily detectablgugtpor anything else allowing
facile target conjugation and convenient detectidn. important example is
fluorescence microscopy where molecules are locatedsignals from their

fluorescent labels. The major disadvantage of dabkling method is that the
target molecules are chemically modified beforeytage investigated. Although
labeling can potentially improve the detection tenthe label might also interfere
with the function of the biomolecules and drasticathange its binding

properties. The yield of the target-label coupliegction is also highly variable.
Moreover, the labeling process is both time- andt-consuming. Label-free
biosensors on the other hand detect the originaagified molecules and can be
used for online monitoring or fast and direct detec

Figure 1.1. Diagrammatic illustration of the components of a

biosensor.
B — Biorecognition + Transducer
element
¥ ¥ ¥ ¥
Electrical | | Mechanical | | optical | | Others
Surface Plasmon Resonance (SPR) ‘ Fluorescence \ \ Others

Currently, the most prominent optical biosensoes lassed on either surface
plasmon resonance (SPR) or fluorescence. Whilerdhoence-based optical
biosensors are necessarily labeled, SPR-basednbarseare by and large label-
free. Labeled fluorescence techniques can howegecdmbined with SPR in
order to achieve very low limits of detection notmanonly obtained with label-
free SPR.

Figure 1.2 shows the limit of detection versus gsial time on logarithmic
scales for different types of biosensors wherehilhek dashed line indicates the
present state-of-the-art with longer analysis tinhemding to lower limits of
detection [27]. The solid black sloping lines irgiie 1.2 marks the biosensor

© 2013 Tous droits réservés. http://doc.univ-lille1 fr
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performance needed to detect the secretion of tumeaosis factor (TNF) protein
from a single human cell for both native and stiaedl single cell secretion.

Figure 1.2.The limit of detection versus analysis time on hianic
scales for different types of biosensor: surfacasmpion resonance
(SPR), suspended microchannel resonator (SMR), wisngNW),
lateral flow assay (LFA), microring resonator (MRRuartz crystal
microbalance (QCM), biobarcode amplification assé3BA),
immunofluorescent assay (IFA), and microcantilg€). The black
dashed line shows the present state-of-the-arur&igs taken from
reference [27].

TuM

Limit of detection
o
=
\

1M E
Native single cell secretion
F Labeled SPR -~
'| aM 1 L 1 1 J
0.01 01 1 10 100 1,000
Analysis time (min}
SPR SMR MW LFA
L AA/
MMR QCM

In terms of performance, the ideal biosensor shdwdde exceedingly low
limits of detection and simultaneously very sharalgsis time. In other words, its

© 2013 Tous droits réservés. http://dOC.UHiV-|i||e1 fr
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performance should be situated in the bottom &gftan of the graph displayed in
Figure 1.2.

It can be immediately seen from Figure 1.2 that mgnearious sorts of
biosensors, label-free SPR-based biosensors bfeshortest analysis time on the
order of seconds or less thus allowing real-timenitooing of biomolecular
interactions [28]. With such an extremely short lgsia time, label-free SPR
biosensors have the potential to play the dominaletin critical applications of
biosensors where time is of the essence such asldtextion of hazardous
biochemical warfare agents for defense purposds @9the other hand, the limit
of detection of unlabeled SPR is only around theonzolar concentration which
is certainly not the most spectacular. Neverthelgskas been experimentally
demonstrated that this limit of detection can lgmisicantly improved by orders
of magnitude down to the state-of-the-art femtomaage by the use of labels at
the expense of compromised analysis time which rbesoas long as two hours
for the resulting labeled SPR biosensor [30].

Figure 1.2 indicates that with a distinctive edge extremely short analysis
time, label-free SPR biosensors are clearly exgelt@andidates for the ideal
biosensor provided their limits of detection areslped further to be competitive
with other types of biosensors. Hence, there isgaifgcant need to boost the
inherent sensitivity of label-free SPR biosensarghat lower limits of detection
can be achieved. The objective of this work is ¢mtdbute to this quest by
investigating some novel ideas for the design grtohwzation of SPR structure to
enhance the intrinsic sensitivity of label-free Si&sensors.

The presentation of this work is subsequently amghas follows. Chapter 2
introduces the necessary theoretical backgrounagdbd comprehension of the
underlying properties of surface plasmons thatpaeinent to biosensing. The
basic operating principles of SPR-based bioseraershen covered in Chapter 3.
The calculation methods as well as materials moddbr SPR biosensors in the
“"traditional” configuration used in this work aretdiled in Chapter 4. The general
influence of some design parameters on the perimcmaf the resulting SPR
biosensors are also elaborated in Chapter 4. $H@lowed by Chapter 5 which
discusses the enhancement of the optical sengifitSPR biosensors in the
“traditional” configuration. Chapter 6 treats théject of novel graphene-based
surface functionalization strategy which can villude applied to any SPR
structure. In Chapter 7, the focus is shifted fritma "traditional” configuration
towards some original geometry in the design of S#dsensors. The "non-
traditional" optical designs considered here areegrated optical waveguide

http://doc.univ-lille1.fr
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structures and some relatively simple arrays ofroAmanostructures. Chapter 8
finally summarizes the results presented in thecqumg chapters as well as
outlines some perspectives for future development.

© 2013 Tous droits réservés. http://doc.univ-lille1 fr
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Chapter 2

Electromagnetic Theory of Surface Plasmons

Before discussing the theory of SPR biosensorg;na dnderstanding of the
underlying properties of surface plasmons is egdefithe aim of this chapter is
to provide the necessary theoretical backgroundsédid comprehension of the
properties of surface plasmons that are pertireehidsensing.

Surface plasmons, also often known in the litemtas surface plasmon
polaritons (SPPs) or suface plasma waves (SPWsglectromagnetic excitations
in the form of charge density oscillations propagaat the interface between a
dielectric and a metal, evanescently confined ia frerpendicular direction
(Figure 1). It will be shown below that surface guteons at a metal-dielectric
interface are necessarily transverse-magnetic (djes.

Figure 2.1. Schematic illustration of charge density oscillatcat a
metal-dielectric interface propagating in the »edtron.

E dielectric =
NSNS NN

2.1. Surface Plasmons at a Single Interface

Consider first the general case of an interfacevéen two different semi-
infinite media described by their respective diglecfunctions (relative electric
permittivities) and relative magnetic permeabiitees shown in Figure 2.2.

The electric and magnetic fields have to satisfg tbllowing Maxwell’s
equations:

© 2013 Tous droits réservés.
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0B oH
OxE=-—=—-py 1t —
S0 = Hko (2.1)
. aD oE
OxH=j+—=0E +56,—
5 0 ot (2.2)

together with the boundary conditions that the émigl electric and magnetic
fields are continuous across the interface.

Figure 2.2. Geometry of surface plasmons propagation at a esingl
interface between two different media.

z

€, Uy

€4, Hy

Assuming harmonic time dependence of the foEw E(r)exp(-jat)and
H=H()exp(jat) wherew is the angular frequency anjd=\/—_1, Equations
(2.1) and (2.2) can be written as

OxE = jou,H (2.3)

OxH =-jweeE (2.4)

Note that in Equation (2.4), the relative elecp@mittivity has been redefined
to include the electrical conductivity as= ¢, + jo/(a,). This convention has

the advantage that the resulting equation appteslly well to both conductive
and non-conductive materials, i.e., no separatgnrent needs to be considered
for conductive and non-conductive materials. Furtieee, the subscriptin both
the relative electric permittivity and the relativeagnetic permeability has been
dropped to simplify the notations.

Referring to the geometry in Figure 2.2, a genel@ttromagnetic wave can be
decomposed into two linearly independent sets witfierent polarization
properties of the propagating waves, namely thestrarse magnetic (TM or p)
modes and the transverse electric (TE or s) modethat the analysis of an

© 2013 Tous droits réservés. http://doc.univ-lille1 fr
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electromagnetic wave can be simplified by investnga these two modes
separately.

2.1.1. TM Modes

For the TM modes, only the field componelsE,, andH  are nonzero. The

relationships between these field components arerged by Equations (2.3) and
(2.4). From Equation (2.4),

oH, _
e = —jweg,E, (2.5)
oH, ,

Fw =-jaweg,E, (2.6)

so that the electric fieldg, and E, can be derived from the only non-vanishing
component of the magnetic field , :

— 1 aHy
" jwes, 0z (2.7)

1 oJH

E =- y
© joeg, Ox (2.8)

From Equation (2.3),
0E, OE, _.

o7 ox JaupH, (2.9)

The combination of Equation (2.9) with Equations7j2and (2.8) requires that
H, satisfy the following condition:

9°H,  0°H of
azzy + axzy - _wz,ug(,uogo)Hy = _?'ugHy (2.10)

Equations (2.7) and (2.8) imply that to characeeazTM mode, it is sufficient
to specifyHy. As we are looking for propagating wave soluticosfined to the
interface, i.e. with evanescent decay in the zctiwa, the only non-zero magnetic
field component, can be described by

H,, = Aexp(jBx~ jkz) (2.11)

© 2013 Tous droits réservés.
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k= j[k| (2.12)

in medium 1 where z <0, and by
H,, = Aexp(jBx+ jk;2) (2.13)
k, = j|k,| (2.14)

in medium 2 where z > 0.

Equation (2.7) gives the tangential component efdlectric fields as

1 OH K,
Eo= L= H
O jweeg, 0z weg, (2.15)
for medium 1, and
1 aHy2 _ k

Hy, (2.16)

2 jweE, 02 wEE,

for medium 2.

From the continuity of the tangential magneticdgeht the interface z = 0,

Hyl =H

Y1|,—0 y2

L AAEA B=6,=0 (2.17)

The continuity of the tangential electric fieldsla¢ interface z = 0 implies

k _ k

- -t1=--2
gl 52

xl|Z:() - X2|z:O

E (2.18)

Equations (2.12), (2.14), and (2.18) show that $orface plasmons to be
supported, the dielectric functions of the two naeuited to be of opposite signs.

From Equations (2.10), (2.11), and (2.13), thetiata

K> + B% = (g 1) U = (%)j ] (2.19)

has to be satisfied for both media. Combining Witk Equation (2.18) gives

&K =7k, (2.20)
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W W’
522{?‘91/11_,32}:‘5‘1{?‘92‘12_:32} (2.21)
Solving for the propagation constghtthe dispersion relation is obtained as

;_u{flfz(fwz—fwl)}%

cl(a+e,)(e-¢,)

B (2.22)

For the special case of ordinary non-magnetic risd$en; = x> = 1 so that

b %
s e

£+¢, (&%)

wherek, is the wave number in free space.

2.1.2. TE Modes

For the TE modes, the only nonzero field componearg$i,, H,, andE,. The
relationships between these field components aamagpverned by Equations
(2.3) and (2.4). From Equation (2.3),

H 1 OE,
x = T s 2.24
j 0 0z (2.:24)
1 OE,
2= v 2.25
j iy O (2.25)
Equation (2.4) gives
aHx_aHZz_ja)&gE 2 26
0z  0x oy (2.26)
Equation (2.26) together with Equations (2.24) éh#ébs) require that
0°E, 0°E i
azzy + axzy = —of LE(1E,)E, = —z HEE, (2.27)

As in the case of TM modes, Equations (2.24) an@5)2imply that to
characterize a TE mode, it is sufficient to speddy As we are looking for
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propagating wave solutions confined to the intexfae. with evanescent decay in
the z direction, the only non-zero electric fiewhgponen€, can be described by

E,, = B.exp(jBx- jkz2) (2.28)
k = |k (2.29)
in medium 1 where z <0, and by
E,, = B,exp(jBx+ jkz) (2.30)
k, = j|k,| (2.31)

in medium 2 where z > 0.

Equation (2.24) gives the tangential componenhefrhagnetic fields as

H o= 1 O0E, Kk

T e, 0z e,

E, (2.32)

1 aEyzz_ K, E

jat, 0z

H,, = y2 (2.33)

From the continuity of the tangential electric diglat the interface z = 0,

V1|, Eyz‘zzO =B,=B,=B; B,=6,=8 (2.34)

The continuity of the tangential magnetic fieldsred interface implies that

_ k __k
=H,| —»a=-"¢
2l oo T (2.35)

H

x1| z=0

For the special case of ordinary non-magnetic rnadsen; = u, = 1 so that
k,+k, =0 (2.36)
Equation (2.36) together with Equations (2.29) éha81) require that
[k +k|=0 = k=k,=0 (2.37)

Equation (2.37) is in contradiction with the stagtihypothesis that the wave is
evanescently confined in the z direction. This iegplthat for ordinary non-

11
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magnetic materials, surface plasmons cannot beosiggpby TE modes. As for
the general case, Equations (2.27), (2.28), ar@D)dmply that the relation in
Equation (2.19) is also satisfied by the TE mod&smbining this relation with
Equation (2.35) and solving fgf gives the propagation constant of surface
plasmons in TE mode:

_ﬁ){ by (HE,= H£1) }% (2.38)

bre = (14 + 1) (11— 14,)

Equations (2.29), (2.31) and (2.35) show that fofaxe plasmons to exist in
TE modes with the dispersion relation given by Eigua(2.38), the magnetic
permeabilities of the two media have to be of ogpasigns. Naturally occurring
materials only have a positive relative magneticnpability so that this
requirement cannot be met by ordinary materialss lhowever possible to be
satisfied by an emerging class of metamaterialsbéxiy a negative relative
magnetic permeability.

Comparing the equations for both the TM and TE rspdds also instructive
to note that owing to the symmetry of Maxwell’'s atjans, the equations for the
TE modes can be easily obtained from the correspgnejuations for the TM
modes by the substitutions:

E e _H

H - E

e - (2.39)
u - &

It has just been previously shown that for ordinapn-magnetic materials,
surface plasmons can only exist in TM modes airttezface between two media
whose dielectric functions have opposite signs.a@dwer, Equation (2.23) implies
that the absolute value of the dielectric functminthe medium with negative
dielectric function needs to be larger than thathef other medium with positive
dielectric function. At optical frequencies, typicdielectric media such as
insulators have a small positive dielectric funatihile metals naturally possess
a large negative dielectric function. Thereforafate plasmons can be supported
at the interface between a dielectric and a metajeneral, the dielectric function
of metals is complex. The imaginary part of thdediric function of metals stems
from ohmic losses due to their finite electricahdactivity. Consequently, the
propagation constant of surface plasmons as exuelg Equation (2.23) is

12
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generally a complex number. Equations (2.11), (2.4315), and (2.16) show
that if the imaginary part of the surface plasmpregpagation constant is nonzero,
the amplitude of the electromagnetic fields decagsthe surface plasmons
propagate. The nonzero imaginary part of the sarfplasmons propagation
constant is therefore responsible for the propagdtiss of surface plasmons.

2.2. Surface Plasmons at Two Interfaces

In the preceding section, it has been shown frabrdinary non-magnetic
materials, surface plasmons exist as a TM-polanzede at the interface between
a dielectric and a metal. Both media were howessumed to be semi-infinite. In
this section, the case where the metal has a fthitkness is examined. The
geometry considered this time is shown in Figur@ A thin metallic film
(medium 1) of thicknesa is sandwiched between two semi-infinite dielectric
layers (Il and 1l1). In such a system, the metaldiger (medium 1) possesses two
metal-dielectric interfaces: one with medium Il aambther one with medium l1lI
where each single interface can support surfacemmas. When the separation
distance between these adjacent interfaces is agablpaor smaller than the field
decay length of the bound interface modes, theasarplasmons from the two
interfaces can interact to create coupled modds intiéresting properties.

To illustrate these concepts mathematically, carsad general description of
TM modes that are non-oscillatory in the z-direstimormal to the interfaces. In
the cladding regions where> aand z< —a, the fields are therefore exponentially
decaying in the z-direction.

Figure 2.3. Geometry of a three-layer system supporting surface
plasmons at two interfaces.

.-hz

€3
1]

€1

=

€2

For z>a,

— 18X ;= Kqz
H,=Ae™e™ (2.40)
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Using Equations (2.7) and (2.8), the electric fietanponentsE, and E, can be
easily determined to be

— Jk A | BX A~ KsZ
E, = wEC, ——ee (2.41)
-BA X A—kgZ
E, :ée”} e (2.42)
0™3

The electric and magnetic field components for tegionz<-acan be
determined in a similar fashion:

H, = Be!A*gle? (2.43)
-ik.B .
E, = 2= glfgh (2.44)
WE £,
E, = PB giiger (2.45)
WE, €,

In the core region-a< z<a, the surface plasmons from the lower and upper
interface interact yielding a superposition of &glemagnetic fields:

H, = Ce/#*e"* + De?e™ (2.46)
-1k C . kD . _
EX =iejﬁxe"12 +k1—e"gxe az (2.47)
WELE, GWE £,
Cc D ., _
Ez = ﬁ—elﬁxeklz +ﬁ—e1ﬂxe kiz (2.48)
WELE) WE €,

The continuity of the tangential components of eélextric and magnetic fields
E, andH, at the upper interface leads to
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Ae ' = Ce“? + De *? (2.49)
A 4s_ C, ia.D i,
;kse “ =T k" +;k1e “ (2.50)
3 1 1

The continuity of the tangential components of eélextric and magnetic fields
E, andH, at the lower interface yields similar equations:

Be ® = Ce™® + D*® (2.51)
B ka C Ky D ke
_g_kze i __?kle a+?kle : (2.52)
3 1 1

FurthermoreH, has to satisfy Equation (2.10) in the three distregions which

results in

k*= 8%k (2.53)

for i =1,2,3wherek, :(gj.
c

Equations (2.49), (2.50), (2.51), and (2.52) cautdia system of four linear
equations in four unknowns that when written innmeorm yields

o gk 0 gha gk 7
_ ﬁ e—k3a 0 _ ﬁ ek1a ﬁ e k;a A 0
& £ £ Bl |0
0 —-e k.a e k,a ekla C - 0 (2 : 54)
0 ﬁ e—kza _ ﬁ e k;a ﬁ ekla L D _ _O_
L ‘92 5’1 51 _

Equating the determinant in the above matrix eguatesults in an implicit
expression for the dispersion relation:

g :[k1/51+k2/52J[k1/£1+k3/53]

(2.55)

k1/£1_k2/£2 kl/gl_k3/£3
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Note that in the limit of an infinitely thick metdla — ), Equation (2.55)
reduces to

(k1/£1+k2/‘92)(k1/‘91+k3/‘93)20 (2.56)
which when compared to Equation (2.18) shows twmoupled surface plasmons

modes at the I-Il and I-lll interfaces as expected.

A special case arises when the two adjacent médiad Il are identical. In
this case, the dispersion relation expressed bwttaqu (2.55) can be split into a
pair of equations, namely

K€
tanhk,a = -—22 257
ke, (2.57)

3

tanh a=——kl 2
K, ke, (2.58)

As far as the tangential electric field distributis concerned, it can be shown
that Equation (2.57) describes modes of odd veptity (E,(z) is an odd

function while H,(z) and E,(z) are even functions) while Equation (2.58)
describes modes of even vector parify (z) is an even function whiléd,(z)
and E,(z) are odd functions) [31]. A different terminologyaded on the

distribution of the magnetic field is also ofteredgdo designate these modes. The
modes of odd vector parity are referred to as ynensetric mode (1, (z) is even

and therefore symmetric) and the modes of everowexrity are referred to as
the antisymmetric modeH, (z) is odd). However, the most interesting feature of

these distinct modes lies in the dependence of tispersion relation to the
thickness of the metallic layer. Upon decreasing ttiickness of the metal film,
the modes of odd vector parity become less confiogtle metal film and evolve
into a plane wave supported by the homogeneousadtiiel environment. As a
result, the propagation length of the surface ptasnn this case is drastically
increased. For this reason, the odd modes arecalted the long-range surface
plasmons [32]. The even modes on the other hanibiexhe opposite behavior,
i.e., their confinement to the metal film increaseth decreasing metal thickness
resulting in a reduction of propagation length. Téneen modes are therefore
referred to as the short-range surface plasmons.

To further elucidate the long-range and short-rasigdace plasmons with a
physically practical example, consider a threedlagystem consisting of water-
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gold-water multilayer stack at the wavelength o5Q5m. The dielectric function
of the gold layer is based on a mathematical fitafous measurement results to
a Lorentz-Drude model. The dielectric function oater is obtained from an
empirical formulation for the refractive index ofiter and steam as a function of
wavelength, temperature, and density. The matemaldels are discussed in more
details in Chapter 4. In this example, the propagatonstant of the two surface

plasmons modes are calculated as a function dhtbleness of the gold layer. As
the propagation constat = '+ j3" of the long-range and short-range surface

plasmons is complex, the imaginary p@rts shown in Figure 2.4 while the real
partS'is plotted in Figure 2.5. In both figures, the raatl imaginary parts of the
propagation constant are normalized by the wavebenmn free spade, .

Figure 2.4. Imaginary part of the propagation constant of thegt
range and short-range surface plasmons as a fanciometal
thickness. The layered structure considered hasatsr-gold-water at

A = 1550 nm.
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As shown in Figures 2.4 and 2.5, in the limit ofwéhick metal layer, only a
single surface plasmons mode exists. Two indepérgleface plasmons modes
are actually supported, one at each interface. Mekwyevhen the sandwiched
metal layer is sufficiently thick, the electromatodields of the surface plasmons
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from one interface cannot reach the other interthee to the strong damping in
the metal. As a result, the surface plasmons atwbenterfaces do not interact.
As the dielectric environment at each interfaceidentical and there is no
interaction between the surface plasmons at omefawe with those at the other

interface, the long-range and short-range surfé@enmns modes can be said to
merge into a single mode.

When the thickness of the metal layer is graduadiguced and becomes
comparable to the decay length of the electromagretlds of the surface
plasmons in the metal, the surface plasmons from ioterface start to couple
with those at the other interface. The reasonhisr¢oupling is the spatial overlap
of the electromagnetic fields of the surface plassnéfom one interface with
those at the other interface. The result of thteraction is the splitting of the
surface plasmons modes into long-range and shiogeraurface plasmons.

Figure 2.5.Real part of the propagation constant (effectieantive
index) of the long-range and short-range surfacasrpbns as a

function of metal thickness. The layered structtwasidered here is
water-gold-water &t = 1550 nm.
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Figure 2.4 shows that the imaginary part of theppgation constant, which is
responsible for the propagation loss of the surfdasmons, behaves differently

18

© 2013 Tous droits réservés.

http://doc.univ-lille1.fr



Thése de Edy Wijaya, Lille 1, 2012

for the two modes. The imaginary part of the pr@iay constant of the long-
range surface plasmons decreases when the sandwmbtl layer is made
thinner. The propagation loss of the long-rangdaser plasmons is drastically
reduced. On the other hand, the imaginary parh@foropagation constant of the
short-range surface plasmons increases when tblendss of the metal layer is
reduced so that the propagation loss of the shode surface plasmons is
drastically increased.

Figure 2.5 shows the real part of the propagatmrstant of the long-range and
short-range surface plasmons normalized by the wawaber in free space.
Adopting the terminology used in waveguide thedhys quantity is also often
called the effective refractive index. Similar teetpropagation loss, opposite
behavior of the effective refractive index is agaioserved between the long-
range and short-range surface plasmons. As thd tag& is made thinner, the
short-range surface plasmons become more confinethé metal-dielectric
interface. It is as though the surface plasmonsevgmnerated in an optically
denser dielectric medium. Therefore, the effectiseactive index of the short-
range surface plasmons increases when the metih#ss is reduced. On the
other hand, the long-range surface plasmons betesaeonfined to the interface
as the metal layer is made thinner so that the®fterefractive index of the long-
range surface plasmons decreases when the metaiéks is reduced.

To some extent, a loose analogy can be drawn betiheeorigin of the long-
range and short-range surface plasmons and thergpbf molecular orbitals into
bonding and antibonding orbitals in the formatioh apvalent molecules.
Consider for instance the simplest example, naitieyhydrogen molecule which
is made up of two hydrogen atoms. When the two dyein atoms are far apart,
the lowest 1s atomic orbitals of the two hydrogeame do not overlap. When the
two atoms are however brought closer to one anotheratomic orbitals are no
longer independent. They start to overlap and fdamwo distinct molecular
orbitals. These are designated tbe or bonding and thes” or antibonding
molecular orbitals. The bonding molecular orbigathe result of a symmetric or
in-phase combination of the wave functigsisand ¢, of the two atomic orbitals
as in (¢/1+(//2)/\/§. The antibonding molecular orbital on the othendhaesults
from an antisymmetric or out-of-phase combinatibthe wave functiongy, and
¢, of the two atomic orbitals as i(upl—wz)/&. The energy level of the

bonding molecular orbital is lower than that of #dr@ibonding molecular orbital
as illustrated in Figure 2.6. The bonding moleculdital is therefore analogous
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to the long-range surface plasmons while the antlbg molecular orbital is the
analog of the short-range surface plasmons.

Figure 2.6. The formation of bonding and antibonding molecular
orbitals when two hydrogen atoms interact.
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2.3. Spatial Extension of Surface Plasmons

For SPR-based biosensors, the spatial extensionsusface plasmons
determines the sensing region, namely the 3-D splaae can be effectively
probed by the surface plasmons. The spatial extertdisurface plasmons can be

characterized by two parameters, i.e., the propagadength and the field
penetration depth.

2.3.1. Propagation Length

Consider first the dispersion relation for surfgg@asmons at a single metal-
dielectric interface, Equation (2.23). The relatekectric permittivity £, of a

dielectric is only weakly dispersive, i.e., theiopt propagation loss in a dielectric
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is negligible so that it can be simply regarded asal positive quantity. However,
in a metal, the relative electric permittivigy, = & + j&,, is generally a complex

quantity whereg, " is the real part and_ " is the imaginary part. This is because

the optical propagation loss due to ohmic dampim@ imetal is non negligible
which is reflected in the non zero imaginary paft tbe relative electric
permittivity. At optical frequencies, the real padf the relative electric
permittivity of a metal is negative and if it isrfiner assumed that its magnitude is
much larger than the imaginary part so th’#.t >> g, the complex propagation

constant of the surface plasmons at a simple ndetddetric interface can be
analytically approximated by

! " ! %
. a)/.sg W & £ e
IB:IB+Jﬁ =~ = ’md + = Tz( 'mdj (2.59)
c\ & +é&, c2(e,) &t &

As evident from Equation (2.59), the imaginary parthe dielectric function
of the metalg;, causes the propagation constant of the surfasenplas to have a

non-zero imaginary part which in turn is associameth an attenuation of the
surface plasmons intensity as it propagates albegntetal-dielectric interface.
This attenuation can be characterized by the patpaglengthL defined as the
distance along the propagation direction at whioé intensity of the surface
plasmons decreases by a factor}(éf from its initial value. The intensity of the

surface plasmons is related to the propagatioamtistx by

| [] 2P (2.60)
so that the propagation lengthcan be expressed as
)2 : %
1 E +
| = "2( ”j,) El T (2.61)
283 g, W\ &.&,

If it is also assumed thay << |£,'n|, the propagation length can be approximated

by

p (2.62)
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where 4, is the wavelength in free space.

From Equation (2.62), one can draw some physicatlagions. As far as the
metal is concerned, the propagation length of serf@lasmons is dependent on
the both the real and imaginary part of the dieied¢tnction of the metal. For a
long surface plasmons propagation length, a laegative real parts, and a

small imaginary part, are desired, i.e., a low loss metal is requiredxamected.

Interestingly, as the real and imaginary part oé tmetal determine the
propagation length of surface plasmons throughct:tfmbination(g;n)z/s;'n, the

effect of the imaginary part of the dielectric ftina of the metal can be
outweighed by its real part. For example, alumirhas a larger imaginary part of
relative electric permittivity compared to silvétowever, the surface plasmons of
silver and aluminum have the approximately the sanopagation length at the
wavelength of around 600 nm. This is due to the fiaat the magnitude of the
real part of the relative electric permittivity aluminum is much larger than that
of silver. As far as the dielectric is concerndtk propagation length of surface

plasmons decreases ésd)_%. The propagation length of surface plasmons is

therefore shorter in a denser dielectric mediumr s@me examples, at the
wavelength of 760 nm, the typical propagation langt surface plasmons at a
gold-water interface is approximately 14 um whitettee gold-air interface it is
about 36 pm.

Consider now the surface plasmons at two interfatke general dispersion
relation in this case is given by Equation (2.58)cl is a transcendental equation
that is much more complicated compared to thataf@ingle interface. Simple
analytical approximation as in the case of thelsimgterface cannot therefore be
carried out. It can however be calculated numdgic&élor some examples, one
can take the water-gold-water layered structur¢hatwavelength of 1550 nm
(Figure 2.4). Choosing 20 nm for the thicknesshaf gold film, the propagation
length of the short-range surface plasmons modal@ilated to be about 27 pm
while that of the long-range surface plasmons medeound 1 mm. These values
can be contrasted with the propagation length efstlirface plasmons at a single
water-gold interface at the same wavelength whsapproximately 170 pum.

The physical significance of the propagation lengthsurface plasmons for
sensing applications can be illustrated by a mleked SPR-based sensing
system. In such as system, the propagation lerfgtitecsurface plasmons dictates
a lower limit on the feature size of the individg&nsing spot. If the size of this
individual sensing spot is made smaller than theasa plasmons propagation
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length, there will be an overlap of electromagnéatd of surface plasmons from
nearby sensing spots. The electromagnetic fieldusface plasmons from the
neighboring sensing spots can thus effectivelyriete with the electromagnetic
signal produced by this particular sensing spot. amoid crosstalk between
different sensing spots, the feature size musetbex be sufficiently larger than
the surface plasmons propagation length.

2.3.2. Field Penetration Depth

The propagation length of surface plasmons that jbhas been discussed
determines the spatial extension of the surfacenpdas in the lateral dimension
along the interface. In the transverse directiom, normal to the interface, the
spatial extension of the surface plasmons is cltexriaed by the field penetration
depth. It is defined as the distance from the fat&r at which the amplitude of the
electromagnetic field of the surface plasmons deae by a factor o}/e from its

maximum value. As the amplitude of the electromagnield of the surface
plasmons normal to the interface decreases expahgras exp(-z, ), the field

penetration deptld can be expressed as

1
0= ] (2.63)

The wave vector component of the surface plasmotisei normal direction to the
interfacek, is related to the propagation constant of the sarfdasmong3 by

2
k, = (Z—HJ £- (2.64)

/10

where ¢ is the relative electric permittivity of the comeed medium (metal or
dielectric).

For a single metal-dielectric interface for whidk,| >> &, the field

penetration depth of the associated surface plasmman be analytically
approximated by

NENEETAL
“onl et @69
d
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in the dielectric and by

(2.66)

5 \A(f

"\ e

in the metal. Equations (2.65) and (2.66) cleahgvs that the exponential decay
of the electromagnetic field of surface plasmorie the metal and the dielectric is
not the same. If it is further assumed tlsgt << |£,'n| as well, one obtains the

limiting approximations

/172
0, :;_o—gm (2.67)
m g,
~ /10
On = 271le! A (2.68)

From Equations (2.67) and (2.68), one can see #mergl trend that for a
single metal-dielectric interface at a given wawglh, the field penetration depth
of the surface plasmons into the metal is approteipaonstant and independent
of the relative electric permittivity of the dieteic. For a gold-water interface at
the wavelength of 760 nm, the typical value offie&l penetration depth into the
gold layer is around 25 nm. The field penetrati@pttl into the dielectric is
however strongly dependent on the relative elegteionittivity of the dielectric.
Equation (2.67) suggests that for a given metal figld penetration depth of the
surface plasmons scales inversely with the relagideetric permittivity of the
dielectric. For a gold-water interface at the wawgth of 760 nm, the typical
value of the field penetration depth into the ditie layer is around 280 nm. In
this particular example, the electromagnetic figldhe surface plasmons extends
an order of magnitude deeper into the dielectric@mpared to the metal. For
biosensing applications, if the dielectric is chode be liquid, molecules in
solution can be made to bind to the surface anelfare with this evanescent
field. The field penetration depth into the dietecis a measure of the length
scale over which the surface plasmons are sengdivefractive index changes,
for instance, due to the binding of specific bioemiles in a biosensor. Although
the sensitivity of surface plasmons to changehendielectric medium falls off
exponentially, the distance over which the expaaénecay takes place is quite
large on a molecular scale. The region where thdig of molecules overlaps
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with the evanescent field is referred to as thesisgnregion. The size of the
sensing region is a function of wavelength botlealy as in Equation (2.65) and
indirectly through the wavelength dependence ofrétative electric permittivity
of the metal. It also depends on the structurdefsensor in question and will be
discussed in more details in subsequent chapters.

Associated with the strong localization of the #l@magnetic field of surface
plasmons near the metal-dielectric interface, theralso a field enhancement.
This enhanced field is the primary reason why s@rfplasmons are also very
interesting for other applications such as secardibnic generation, surface-
enhanced Raman spectroscopy, and fluorescence-is&sesihg. More details
about this electromagnetic field enhancement a$ agelts mathematical details
are discussed in Chapter 4.

2.4. Optical Excitation of Surface Plasmons

As implied by the more rigorous term surface plasnpwmlaritons (SPP),
surface plasmons can be excited by either electoonghotons. Excitation of
surface plasmons by electrons is achieved by badirizpaa thin metallic film by
electrons. As the electron beam penetrates thel,neet@aansfer of energy and
momentum from the incoming electrons to the eledrof the metal occurs
enabling the excitation of surface plasmons. Howel@ sensing applications,
excitation of surface plasmons by photons is theensuitable approach. This
leads to the development of optical biosensors cdoase surface plasmon
resonance (SPR). The key role in the optical etioitaof surface plasmons is
played by the propagation constant of the surfé@enpons. Surface plasmons can
be optically excited if the in-plane wave vectomgmonent of the optical wave
matches that of the surface plasmons (the real gfathe surface plasmons’
propagation constant designated hergsassee Equation (2.59)). This situation is
often referred to as the phase-matching condifitve most common methods of
optical excitation of surface plasmons include mprisoupling, grating coupling,
and waveguide coupling.

2.4.1. Prism Coupling

Consider the dispersion relation of surface plasnah a metal-dielectric
interface, Equation (2.23). Designating the diglecs material 1 £ = &,) and

the metal as material Z{= ¢, ), Equation (2.23) can be rearranged as follows
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% %
Be =2 e, {(5—} = ndko{ﬁ} (2.69)

Y gd +gm) (gd +£m)

wherek, :%) andn, = /&, . The factor outside the brackets in Equation (2i§9

simply the magnitude of the wave vector of lightthee dielectric. Since the
dielectric function of the metal is negative da,q| > &, , the factor in the brackets

in Equation (2.69) is always larger than unity. sSThmeans that propagation
constant of surface plasmons at a metal-dielectr&face is by nature larger than
the magnitude of the wave vector of the light wawvehe dielectric. This property
is illustrated in Figure 2.7 for surface plasmongha gold-air interface where the
Lorentz-Drude model is used for the gold layer.

Figure 2.7.The dispersion relation of surface plasmons agtid-air
interface (solid blue curve). The linear dispersietation of light in
air (the light line) is shown by the dashed blackve.
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As shown in Figure 2.7, the dispersion curve ofdhdace plasmons lies to the
right-hand side of the light line which means thatany given frequency, the
magnitude of the wave vector of the surface plasmemalways larger than that of
the light wave in the dielectric. Therefore theface plasmons cannot be excited
directly by a light wave incident on the interfad@a allow optical excitation of
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surface plasmons, the wave vector of the incidght can however be increased
by passing the light wave through an optically @ermeedium in the attenuated
total reflection (ATR) method (Figure 2.8).

Figure 2.8. (a)Excitation of surface plasmons by the attenuatéal to
reflection (ATR) method(b) The light line in the denser medium
(green line) is tilted to the right relative to tha the dielectric (red
dashed line) resulting in an increase of the indidéeght's wave
vector. Resonance takes place at a specific arigiecidence when
this light line intersects the dispersion curvetttd surface plasmons

(blue line).
)
1
]
i
. . i
dielectric i Sp
metal film

prism

In the ATR configuration, a light wave passing thgh a high refractive index
prism and totally reflected at the prism base gaiesr an evanescent wave
penetrating the thin metal film. If the thicknesktbe metal film is properly
chosen, this evanescent wave can then tunnel thrtheg metal film to excite
surface plasmons at the other metal-dielectric riste. Surface plasmon
resonance occurs when the in-plane wave vector aoem of the optical wave
is equal to the real part of the surface plasmagmepagation constant. This
resonance condition can be mathematically expreased

27T )
K, =/1—npsm0= Re s} (2.70)

0

where4o is the wavelength in vacuum, is the prism refractive inde¥, is the
incident angle, and Re{} signifies the real partaotomplex quantity. Physically,
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the optical excitation of surface plasmons is aquamed by the transfer of the
light wave energy into the surface plasmons andutsequent dissipation in the
metal film. This process results in a drop in theemsity of the totally reflected

light at a specific angle of resonance.

There are actually two types of ATR configuratieepending on the stacking
order of the metal and dielectric media with resgedhe prism (Figure 2.9). In
the first configuration known as the Kretschmanargetry after E. Kretschmann,
the author who first popularized it [33], a meti#tihfis sandwiched between the
prism and the dielectric. It has just been disatissehe previous paragraph. The
other configuration is known as the Otto geomettgraA. Otto, the first author to
use it [34]. In this configuration, the dielectig sandwiched between the prism
and the metal. In SPR-based optical biosensorg]ighectric is the role played by
the sample to be analyzed which is usually an asgeolution. For practical
reason, it is extremely difficult to place an aquesample with a uniform spacing
(on the order of several tens of nanometers) betwee prism and the metal as in
the Otto configuration. Conversely, the uniform od&gon of metal thin film
required in the Kretschmann configuration can beereasily achieved. For this
reason, the Kretschmann configuration is much nea@monly employed in
SPR-based optical biosensors as the most ubiqudowgling method thanks to
its simplicity.

Figure 2.9. (a)Kretschmann configuratiofb) Otto configuration

Light Light

I Sample

2.4.2. Grating Coupling

The in-plane wave vector of the incident light wawginging on a dielectric-
metal interface can also be increased to match dhdhe associated surface
plasmons by a diffraction grating (Figure 2.10).eTdtffraction grating scatters
the incident light wave and modifies its in-plan@ws vector by an integer
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multiple of the grating vectdé depending on the diffraction order. The coupling
condition when then-th diffraction is coupled to the surface plasmoas then be
expressed by

27T . 21T
K, =k, +MG = N n; Sing+m-== = Re B} 2.71)

whereky, is the original in-plane wave vector of the incitdiphotons,G is the
grating scattering vectom = 0, £1, £2,... is the diffraction ordeA, is the grating
period, andyy is the refractive index of the dielectric.

Figure 2.10. (a) Excitation of surface plasmons by a diffraction
grating. (b) Dispersion diagram illustrating the phase-matching
condition. The original in-plane wave vector of tineident photons
Kon Is increased b throughm = +1 diffraction order to match that of
the surface plasmons.

incident light

diglectric g

metal

(a) (b)

Compared to prism coupling technique, there is nargular flexibility in
grating coupling method. This extra flexibility grovided by the last term in
Equation (2.61). With the grating coupling methtite resonance angle can take
on any value from 0° to 90° depending on the choicihe grating period\ and
the order of diffractionm. Although there is more flexibility in the choicd
incident angles in grating coupling, the incideight has to pass through the
dielectric sample which limits the method to trasrgmt, non-turbid samples. In
sensing applications, this is considered a disadgen of the direct grating
coupling method.

29

© 2013 Tous droits réservés. http://doc.univ-lille1 fr



These de Edy Wijaya, Lille 1, 2012

2.4.3. Waveguide Coupling

Surface plasmons can also be excited by guided snafden optical waveguide
(Figure 2.11). When a guided mode propagating alitvegoptical waveguide
enters the region covered by a thin metal filmfig&d can penetrate through the
metal film. Resonance can then take place if thevelemgth-dependent
propagation constant of the guided mode matchesfttae surface plasmons at
the outer metal-dielectric boundary. As this phamsgehing condition is only
satisfied for a narrow wavelength range, a diphm transmitted spectrum can be
observed.

Figure 2.11.Excitation of surface plasmons by waveguide cogplin

SP Sample
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Chapter 3

Basic Concepts of
Surface Plasmon Resonance (SPR) Biosensors

After the preliminary discussion of some fundamkeptaysical properties of
surface plasmons in the preceding chapter, thec b@snciples of biosensors
based on surface plasmon resonance (SPR) is nbaratad in this chapter.

Historically speaking, the first documented obstova of SPR-related
phenomenon actually dates back as early as 1902 Wué/. Wood reported
unexplained narrow dark bands in the diffractedcBpen of metallic gratings
illuminated with polychromatic light [35]. This am@alous phenomenon, referred
to as Wood’s anomaly, was then explained in 1968&rms of SPR when the
name surface plasmons was first coined [36]. Inste year, optical excitation
of surface plasmons by attenuated total refleottas introduced by Otto [34] and
Kretschmann [33]. The use of surface plasmon resmnéor gas detection and
biosensing was later demonstrated in 1983 [37]rd&dfter, the newly discovered
potential of SPR for the detection and analysiscbémical and biological
substances has been receiving growing interest fhenscientific community. In
fact, the successful commercialization of BiacorR®iosensor systems since the
early 1990s has been continually leading to innaibvler scientific reports on
applications of SPR biosensors for the study ofmuiecular interactions and
biochemical detection in many important fields.

3.1. Sensing Principles

As described in Section 2.3.2, the vast majorityhef electromagnetic field of
surface plasmons is concentrated in the dielegthech plays the role of the
sensed medium in SPR biosensors. The propagatiostasud of the surface
plasmons is therefore extremely sensitive to changethe relative electric
permittivity, or equivalently, the refractive indexf the dielectric. This is the
underlying physical principle of biosensors basadsorface plasmon resonance.
In SPR-based biosensors, biomolecular recognitiements in extremely close
proximity to the metal surface recognize and capfjecific analytes present in a
liquid sample such as an aqueous biological salufitiis analyte capture induces
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a local increase in the refractive index of thdedigic near the metal surface. In
turn, this increase in refractive index gives rige a modification of the
propagation constant of the associated surfaceanplas propagating along the
metal-dielectric interface. This variation of prgp#éion constant of surface
plasmons can then be accurately measured by a mahbptical means.

3.2. Optical Detection Mechanisms

In SPR biosensors, surface plasmons are excitedigist wave and the effects
of the interaction between the excitation light waand the surface plasmons on
the characteristics of the light wave is measurédcough this interaction,
variations in the propagation constant of the sarfalasmons will alter the light
wave’s characteristics such as amplitude, phask spactral distribution. Based
on which characteristic of the light wave is meadyrSPR biosensors can be
categorized into several classes.

In SPR biosensors with angular interrogation, eolaiized monochromatic
light wave is used to excite surface plasmons.drigge of incidence is varied and
the intensity of the reflected light as a functioh the angle of incidence is
recorded so that an angular spectrum of the refliedight is obtained. The
excitation of surface plasmons is characterized Hip in the angular spectrum of
the reflected light at the angle of resonance. Wienrefractive index of the
sensed dielectric medium is altered, e.g., follgwithe binding of specific
biomolecules, the angle of resonance changes angtydFigure 3.1). This shift
of the angle of resonance can be monitored intma& and is an indication of the
amount of the captured biomolecules. Angular iatgation is typically employed
in SPR biosensors with ATR prism coupling method.

In SPR biosensors with wavelength interrogationpadychromatic optical
wave is used to excite surface plasmons at a faregle of incidence. Surface
plasmons are only excited at a certain wavelenuth meets the requirement of
phase matching condition. Changes in the refradtilex of the sensed dielectric
medium alter the resonance wavelength (Figure FBinilar to the case of
angular interrogation, the shift of the resonaneeelength can then be correlated
with the amount of captured biomolecules. Wavelengiterrogation can be
employed in SPR biosensors with prism coupling all as waveguide coupling
method.

32

© 2013 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Edy Wijaya, Lille 1, 2012

In SPR biosensors with intensity interrogation, Wavelength and angle of
incidence of the light wave used to excite surfalesmons are kept constant. The
intensity of the optical wave after its interactwith the surface plasmons is then
monitored. In SPR biosensors with ATR coupling médthand intensity
interrogation, the variation of the reflectancedsorded as the refractive index of
the sensed medium changes (Figure 3.1).

Figure 3.1. lllustration of angularAf, wavelengthAA, and intensity
interrogationAR in the prism coupling configuration as the reffirsec
index of the sensed dielectric medium changes imofaashed curve)
to n+An (solid curve). The point labeled A marks the ondetotal
internal reflection.

-
=

Reflectance

AB or Ak

Wavelength or angle of incidence

Similar to intensity interrogation, in SPR biosersswith phase interrogation,
the wavelength and angle of incidence of the lhtve used to excite surface
plasmons are kept constant. In this method, thegb#the optical wave after its
interaction with the surface plasmons is monitored.

Of these different interrogation schemes, the argwavelength, and intensity
interrogations are the most commonly employed iR 8®sensors owing to their
high resolution and relatively simple instrumergati The phase interrogation
requires much more sophisticated instrumentation ibwgenerally gives the
highest resolution.
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3.3. Surface Functionalization

Conceptually, an SPR biosensor can be thought béiag made up of an SPR
sensor and suitable surface functionalization gciis the biorecognition element
(Figure 3.2). When a biomolecular interaction (ejgecific binding of analytes)
takes place, the refractive index near the surfacatered. By itself, the SPR
sensor only detects the refractive index changehen sensed medium. The
specificity of the refractive index change to thading of a particular type of
analytes is controlled by the surface functiondima This specific change of
refractive index is then simply detected by the SBRsor.

Figure 3.2. An SPR sensor equipped with some suitable surface
functionalization acting as biorecognition elementransformed into

an SPR biosensor. Biological analytes (represeasegreen dots) are
shown to interact with the biorecognition elemergpfesented as
brown tuning fork-like elements). The large blueoar indicates a
microfluidic system to inject the samples onto biesensor.

Surface functionalization

Y¥YrYrYrYIYTyTY

-+

SPR sensor Biomolecular interaction

SPR biosensor
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As an SPR sensor and appropriate surface funcizatian form the building
blocks of an SPR biosensor, it is clear that theral performance of an SPR
biosensor depends on both the intrinsic opticaioperance of the SPR sensor and
the characteristics of the surface functionalizati@oth of these factors are
separately discussed in later chapters of this s@ipi. More specifically, the
enhancement of optical sensitivity of SPR biosenisor ATR Kretschmann
configuration is discussed in Chapter 5 while thatimization of surface
functionalization sensitivity is discussed in Cleayd.

3.4. Performance Characteristics of SPR Biosensors

The main performance characteristics of SPR biassnare sensitivity,
resolution, limit of detection, and dynamic range.

Consider an SPR biosensor used to detect a span#digte with concentration
c. As has just been discussed in the precedingosedtie overall performance of
an SPR biosensor depends on both the intrinsicapperformance of the SPR
sensor and the characteristics of the surfaceifuradtzation. The total sensitivity
Sot Of this SPR biosensor in detecting the aforemartiospecific analyte with
concentratiorc can thus be decomposed into two components SopSamct as
expressed in the following equation

oY _avan_
60 an aC opt = funct

St

(3.1)

where S,y denotes the optical sensitivity of the SPR seffser the ratio of the
change in sensor outpdft e.g., angle of resonance, to the change in tefeac
index of the sensed mediumy and Syt describes the biomolecular performance
of the surface functionalization.

The surface functionalization performance fa@g in Equation (3.1) is sort
of a measure of the efficiency of the biorecognitelements in capturing the
specific analytes to be detected. It can be defasethe ratio of the local change
in refractive index of the sensed medium to the amhof specific binding of the
analyte on the sensor surface. The surface furadteation performance factor
depends solely on the surface physicochemical piiepeof the biorecognition
element affecting the biomolecular interaction.slta function of the specific
biomolecular systems being investigated. Differé&ndmolecular interactions
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generally give rise to different surface functionafion performance factors. On
the other hand, for a given surface functionalaascheme, the optical sensitivity
factor S is independent of the details of the involved babeoular interactions.
It is therefore convenient to decoug.: andSy: in analyzing the performance
of SPR biosensors.

The optical performance of SPR biosensors is nmequently assessed by their
optical sensitivity and resolution. As expressedEiquation (3.1), the optical
sensitivity S is defined as the ratio of the change of the seastputAY (e.g.
angle or wavelength of resonance) to the changiefrefractive index of the
sensed mediumn. For this reason, it is often simply referred $otlae refractive
index sensitivity. It is usually expressed in deg/&IU (refractive index unit) or
nm/RIU for SPR biosensors using angular or wavelengterrogation,
respectively. For SPR biosensors with intensitgrmagation, it is usually quoted
as %/RIU, i.e., as a percentage change in intepgityunit change in refractive
index.

To take into account the linewidth of the resonarice optical sensitivity of
SPR biosensors is also often evaluated in ternfgyofe-of-merit FOM defined
by the ratio of the refractive index sensitivitythee linewidth of the resonance:

S

FOM = v (3.2)

where FWHM is the full-width-at-half-maximum of the resonandgeally, SPR
biosensors with very high refractive index sengifiand very narrow resonance
linewidth, i.e., with very high figure-of-merit amesired. The figure-of-merit is
therefore a measure of the overall optical perforteaof SPR biosensors.

Sensor resolution refers to the smallest changefiactive index of the sensed
medium that produces a detectable change in treosentput. The lower limit of
sensor output change that can be detected is gbelgvel of uncertainty in the
sensor output, i.e., the output noise in the sengstrumentation. In SPR
biosensors, the term resolution usually refers bal& refractive index resolution
(Section 3.5).

The limit of detection (LOD) of SPR biosensors wsually defined as the
concentration of analyte that produces a sensquoubrresponding typically to
2 or 3 standard deviations of sensor output medsimea blank sample. It is
therefore closely related to the sensor resolutionfact, it is also often used
interchangeably with the sensor resolution.
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The dynamic range of SPR biosensors describes gae sf values of the
measurand that can be measured by the sensormnis t# refractive index, the
dynamic range of SPR biosensors usually indicdtesrange of values of the
refractive index of the sample that can be measwitd specified accuracy. In
terms of analyte concentration, the dynamic rarfg8RR biosensors defines the
range of concentrations of an analyte which canmeasured with specified
accuracy which extends from the lowest concenmatd which a reliable
quantitative measurement can be done, i.e., thedindetection.

3.5. Bulk and Surface Sensitivities

For SPR biosensors, one may generally distinguish types of refractive
index sensitivities, i.e., bulk and surface seviidis.

As implied by its name, the bulk refractive indesnsitivity refers to the case
where the refractive index change in the sensddaliec medium is uniform and
extends into the whole region effectively probedtny surface plasmons.

On the other hand, the surface refractive indessiseity describes the case
where the refractive index change in the sensddadiec medium is limited to the
immediate proximity of the metal-dielectric intecé& In this case, the refractive
index change is often assumed to occur within a kyer of thickness much
shorter than the surface plasmons field penetratepth into the sensed dielectric
mediumo (Figure 3.3). The thicknegswithin which the refractive index change
occurs is determined by the spatial extent of tieenblecular interaction taking
place near the surface. Hence it depends on thafisggiomolecular interaction
being measured by the SPR biosensor. Conversedybtitk refractive index
sensitivity is independent of the particular bioswllar interaction being
considered.

Although one might in principle make a distinctibetween the bulk and
surface sensitivities, it will actually suffice ¢mote only the bulk refractive index

sensitivity when comparing the optical performawntdaifferent designs of SPR
biosensors. The reason being that the surfacectefeandex sensitivityS,,; is in

fact proportional to the bulk refractive index semagy S, :

Ssurf = aSouI k (3.3)
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where the proportionality constaat is given by

a=2——— (3.4)

OQ

Figure 3.3. Surface refractive index change. The change iracgfre
index from n to nAn occurs only within a layer of thicknessnuch
shorter than the field penetration degth

AZ

Equation (3.4) stems from the fact that the reivacindex sensitivity of SPR
biosensors falls off exponentially as a function di$tance from the metal-
dielectric interface. The integrals in EquatiorjZan easily be evaluated to yield

a=1-e" (3.5)

Under typical experimental conditions for commoworoleculest is on the
order of 10-20 nm [38, 39] whil® is generally on the order of 280-1250 nm
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depending on the particular design of the SPR bsms. Under these
circumstanceg, << ¢ so thata can be approximated by

a=1—[1—y5+o((y5)zﬂzy5 (3.6)

In other words, the surface refractive index sensitis proportional to the
thickness t within which the refractive index véina occurs near the metal-
dielectric interface as expressed by

t
Ssurf = E Soulk (3.7)

3.6. Instrumentation of SPR Biosensors

This section briefly discusses the instrumentatibthe various SPR biosensor
systems used for the experimental parts of thiskwbaboratory SPR setups
developed in-house as well as commercial SPR im&nts were used in different
experiments.

3.6.1. Commercial Instruments: Biacore and AutolalSPR

The optical setup of a typical Biacore instrumesing ATR prism coupling
method in Kretschmann configuration is illustraiadFigure 3.4. A convergent
wedge-shaped p-polarized light beam at the wav#itenig760 nm is focused onto
the sensor surface of the sensor chip in contdbttive prism and the microfluidic
flow channel. Light reflected from the sensor cldpnonitored by a linear array
of light-sensitive photodiodes covering the ranfi¢he angles of incidence fixed
by the wedge-shaped incident beam. Surface plasesamance shows up on the
detecting photodiode as a dark spot. Computer gatation algorithms then
determine the angle of minimum reflection (the SiPigle) to very high accuracy.
The advantage of using a wedge of incident liglat arfixed array of detectors in
this setup is that the SPR angle is monitored atelyr in real time, with no
physical movement of the light source, the senbgy or the detector. However,
the dynamical range is consequently fixed and caba@djusted.

Real time monitoring of SPR signal, in this case émgular shift, results in a
sensorgram, i.e., a plot of SPR response as aidanof time. The unit of SPR
response in Biacore systems, called RU for resanamd, is an arbitrary unit,
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chosen so that 1 RU corresponds to a change iactife index of 18, which in
turn correlates with a shift in angle of about*Xegrees. For proteins on Biacore
CM5 Sensor Chip, 1 RU corresponds to a change fifaci concentration of
approximately 1 pg/mf This correlation may however vary significantlyr f
non-protein molecules and should be taken as aaggrgoximate guideline.

Figure 3.4. Schematic illustration of the SPR setup used irc&ia
instruments. The initial SPR curve before analyteling is shown by
the curve marked I. The SPR curve following analgteding is
shown by the curve marked Il. The angular shiftn@nitored in real
time resulting in a sensorgram.

Optical
detection

Light- unit
source

Intensity

Polarized
light
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Sensor chip with -
gold film

Flow channel

The Autolab SPR instrument also makes use of th&® Afism coupling
method in Kretschmann configuration at the waveier§ 680 nm. However, in
contrast to Biacore instruments with no moving cgdtparts, the reflection in the
Autolab SPR instrument is measured as a functioth@fincident angle of the
light beam where the incident angle is varied bygis vibrating mirror. The
advantage of this system is that within a shortetimmbroad range of incident
angles can be measured. The unit of SPR resporsgatab SPR systems is also
called RU for response unit. It is defined as afR $Rgular shift of 18 degrees
which corresponds to a change in refractive indeabout 1.

Resonance
1l signal

Sensorgram

It is extremely important to keep in mind that désphe same abbreviation,
the physical significance of RU (resonance or raspainit) as an arbitrary unit of
SPR response in commercial SPR systems is insttuspegific and can be quite
different from one commercial instrument to theesthFor instance, in Biacore
systems, 1 RU corresponds to an angular shiftlofrillidegree while in Autolab
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SPR systems, 1 RU is defined differently so aoteespond to an angular shift of
1 millidegree.

3.6.2. In-house SPR Setup

Commercial SPR systems such as Biacore and AutSRB instruments
provide standard reference in the study of biomd#cinteractions. However,
these commercial instruments have a fixed dynamiaafe. For some novel
sensor chips developed in this work, it is necgsgamodify the optical setup to
accommodate a different range of measurement Vesialn-house laboratory
SPR setups, one at the wavelength of 760 nm anthemone at 1550 nm, are
used for these purposes. In the framework of thasrRbbio project that
encompasses this work, these setups are develgpgbd BPhlam laboratory.

The in-house laboratory SPR setup with an operatiagelength of 760 nm is
schematically illustrated in Figure 3.5. Light bedmm the laser source is
polarized and focused onto the sensor surfaceeo$e¢hsor chip sitting on a semi
cylindrical prism. Light beam reflected from thenser chip is monitored by a
CCD linear detector covering the range of the angieincidence and surface
plasmon resonance shows up as a dark pixel. Thie ahgninimum reflection
(the SPR angle) is then determined by computénditilgorithms to the measured
reflection spectra.

Figure 3.5. Schematic illustration of the in-house laborat@yR
setup at the wavelength of 760 nm.

Prism and
sensor chip

Focusing lenses and mirror cchD

detector

Similar to the optical setup in Biacore instrumentse incident light is also
focused in a wedge-shaped beam. However, unlikefidieel optical parts in
Biacore instruments, the semi cylindrical prismeh& mounted on a rotation
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platform. This allows the range of incident angiede varied if necessary by a
simple rotation of the platform. Such an added atdity is the key advantage of
this system.

Another difference of this in-house laboratory Sé&Rup compared to Biacore
instruments lies in the system used for introducthg sample. Whereas a
microfluidic flow channel is employed in Biacordid in-house laboratory SPR
setup is droplet-based. This gives an additionahathge as it requires a smaller
sample volume. The main disadvantage is that vetiibdished (Biacore) standard
protocols for interaction monitoring cannot be dihgapplied in this case.

The in-house laboratory SPR setup with an operatenglength of 1550 nm is
schematically illustrated in Figure 3.6. Light bedmm the laser source is
polarized and focused onto the sensor surfaceeotémsor chip in contact with
the prism and the flow channel. Light beam refldcteom the sensor chip is
monitored by an InGaAs CCD camera covering the eanf) the angles of
incidence and surface plasmon resonance shows @pdask line in the two-
dimensional image captured by the camera. The aigi@nimum reflection (the
SPR angle) is then determined by computer fittitgprethms to the measured
reflection spectra. The system can be used insitiemterrogation mode as well
as angular interrogation.

Figure 3.6. Schematic illustration of the in-house laboratofyRS
setup at the wavelength of 1550 nm.

i} Flow Image

J channel recorded

Metallic surface

Glass slide
n=1.62

Optical system

with TM Polarizer /
A\ /
.\
Laser beam

1550 nm

Similar to Biacore instruments, the in-house systeomstructed for the
wavelength of 1550 nm is also equipped with a fahwannel through which liquid

InGaAs
Camera
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samples can be introduced. In addition, the opfeats can be moved to adjust
the range of desired incident angles. This is timagry advantage offered by this
system. Moreover, the use of a camera instead lafear array of detectors

enables a two-dimensional view allowing multiplergdel channels to be

measured simultaneously.

3.7. Comparison with Biosensors Based on Localized
Surface Plasmons

Based on the confinement nature of surface plasm®R& biosensors can
generally be divided into two categories: thoset timake use of propagating
surface plasmons and those that rely on localizefhce plasmons. Propagating
surface plasmons are supported on continuous filetavhose lateral dimension
is large compared to the propagation length ofstivéace plasmons. If the lateral
dimension of the metallic material is shrunk dowm manometers as in
nanoparticles, the surface plasmons can no longgragate. As a result, the
surface plasmons of metallic nanoparticles are lied There are several
important differences between propagating and ipedl surface plasmons that
affect their applications in SPR biosensors.

The typical field penetration depth into the diélec of localized surface
plasmons is on the order of 30-40 nm [40]. Thisrrets the sensing capability of
SPR biosensors based on localized surface plasnmnsiolecules whose
dimension is no larger than 30-40 nm. As a consatpidarge biomolecules such
as single-stranded DNA with feature size on theeorof 100 nm cannot be
effectively sensed by SPR biosensors based onidedasurface plasmons [41].
On the other hand, the field penetration depth thto dielectric of propagating
surface plasmons is on the order of 280 nm. Witper designs discussed in the
next chapters, this value can be pushed furthearémnd 1250 nm or more
depending on the particular design of the SPR bems. This enables SPR
biosensors based on propagating surface plasmamelte much larger biological
objects such as viruses and bacteria.

The refractive index sensitivity of SPR biosendoased on localized surface
plasmons for various sorts of metallic nanoparsidke on the order of 100-300
nm/RIU with typical figure-of-merit on the order 8f[42, 43]. By comparison,
the refractive index sensitivity of the simplest RSFhiosensor based on
propagating surface plasmons is already over 400®RHJ with typical figure-of-
merit of around 23. However, for analyte thicknes§0 nm, the sensitivity of
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SPR biosensors based on localized surface plasimactually on par with that of
simple SPR biosensors based on propagating susfassons [44, 38]. Beyond
this limit, the sensitivity of simple SPR bioserstwased on propagating surface
plasmons is superior to that of SPR biosensors dbase localized surface
plasmons. Moreover, for biomolecular interactiongsirelevant to biosensing,
the bioanalytical performance of SPR biosensoredasn localized surface
plasmons which detect a single binding event has becently demonstrated to
be inferior to that of SPR biosensors based on ggafing surface plasmons
which integrate a large number of simultaneousbuaing binding events [45].

For reasons of superior biosensing performanceasasissed above, this work
mostly focuses on SPR biosensors based on propggstirface plasmons to
fulfill the need for more sensitive biosensorsislin order however to note that
despite the aforementioned limitations on the bies® performance, SPR
biosensors based on localized surface plasmonsiareat all without merit.
Compared to SPR biosensors based on propagatifgcsuplasmons, the
instrumentation of SPR biosensors based on lochBreface plasmons is in fact
generally much simpler, less expensive, and eaReminiaturize. Some
micro/nanostructures supporting quasi-localizedfaser plasmons are also
investigated in this work.
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Chapter 4

Calculation Methods, Materials Modeling,
and Consideration of Design Parameters

This chapter details the calculation methods usedhis work for SPR
biosensors in Kretschmann ATR configuration. Theletimg of various materials
involved will also be discussed. Finally, the imfhce of several design
parameters such as the choice of metals, the pnaterial, and the operating
wavelength on the performance of the resulting Siésensors will also be
elaborated.

4.1. Calculation Methods

The interaction between an optical wave and thiasemlasmons in the ATR
configuration can be conveniently analyzed by usingsnel multilayer reflection
method. Details of the method starting from theptest case of a single interface
to the more complex structure with multiple inteda will be elucidated in this
section.

4.1.1. Fresnel Reflection and Transmission: Singlaterface

Consider first the simplest case of optical reftatiand transmission occurring
at the interface of two media where the optical evsvincident from medium 1 to
medium 2 (Figure 4.1). The propagation directiontted incident light and the
normal to the interface define a plane referrecadathe plane of incidence. In
general, there exist two types of polarizationsnely perpendicular and parallel
polarizations. In the perpendicular polarizationsoareferred to as the s-
polarization or TE (transverse-electric) polariaati the electric field of the
optical wave is perpendicular to the plane of iraick while its magnetic field is
in the plane of incidence. In the parallel polatia, also referred to as the p-
polarization or TM (transverse-magnetic) polariaatithe magnetic field of the
optical wave is perpendicular to the plane of ieaice while its electric field is in
the plane of incidence. As shown in Chapter 2,aa@fplasmons are necessarily
p-polarized electromagnetic modes. Therefore in twiolows, only the p-
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polarized wave will be discussed. Furthermore, thedia concerned are all
assumed to be non-magnetic so that the only mhfmiameters that enter the

ensuing equations are the refractive indices.

Figure 4.1. Fresnel reflection and transmission of a p-polarizght
wave at a single interface. The light wave is iraidfrom medium 1

to medium 2.
S
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Based on some boundary conditions for the electyowetzc field, namely the
continuity of the tangential components of both #hectric and magnetic fields,
the reflection and transmission coefficients airgle interface can be derived.

The results can easily be shown to be

e _ E, _n,cosf,—n, cod,

rt = =
” E  n,cosf,+n, cod,
(E = E _ 2n, cosf,

¥ E  n,cosf,+n, cod,
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wherer5 andt’, are respectively the reflection and transmissioefficients for
the electric field. The subscripts 12 indicate tiat optical wave is incident from
medium 1 to medium 2 while the superscript E indisathat the coefficients
apply to electric fields. Alternatively, if the maefic field is concerned, the
results are

4w _ H, _n,cosf,—n, cod,

r

I =
 "H.  n,cosf,+n, cod,

4.3)

2n, cosf,
> H.  n,cosé,+n, cod,

(4.4)

wherer) andt} are respectively the reflection and transmissiefficients for

the electric field. The subscripts 12 indicate tinat optical wave is incident from
medium 1 to medium 2 while the superscript H intlisathat the coefficients
apply to magnetic fields.

It is interesting to note from Equations (4.1) &@) that

E _ H
o, =11 (4.5)

i.e., the reflection coefficient for the electrielfl is identical to that for the
magnetic field. Moreover, from Equations (4.3) é4dl), the following relation is
easily verified

1+1) =t} (4.6)

This is a direct consequence of Maxwell's contynatndition, as can be seen by
multiplying both sides of Equation (4.6) by theident magnetic fieldH, . On the

other hand, Equations (4.1) and (4.2) show thathferelectric field

n
E _"24E

n

This looks slightly different from Equation (4.6prf the magnetic field but
Maxwell's continuity condition for the electric liieis in fact satisfied. This is so
because the electric fields are not all collinedrich is the case for the magnetic
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fields. Furthermore, from Equations (4.1)-(4.4k tbllowing useful relations can
be easily verified

h, =Ty (4.8)

t12t21 M= 1 (4.9)

Equations (4.8) and (4.9) apply to both the elediald and the magnetic field.
The superscripts are therefore dropped in thesatieqs. It is also instructive, by

noting that & = nizand defining k, = (27m /A,) cosg for i =1,2, to rewrite
Equations (4.1) or (4.3) into the following compéarim

r.= gzkzl — glkZZ
12
£2kzl + glkz 2

(4.10)

where kzi is the wave vector component in mediammormal to the interface.
Equation (4.10) can be slightly rearranged to yield

= Ko/ —K,0/ €,
kzl/‘s‘l + k22/‘92

(4.11)

It is interesting to see that the dispersion refatf surface plasmons at a single
interface in the form of Equation (2.18) can beaokeéd by equating the
denominator of Equation (4.11) to zero. Hence tlodeg of the reflection
coefficient are related to the dispersion relabbsurface plasmons.

Analogous to Equation (4.10), Equation (4.4) casodbe rewritten in the
following useful form

12 = =1+, (4.12)

which shows that the transmission coefficient fa magnetic field can be easily
obtained from the reflection coefficient. Computaally, this means that only the
reflection coefficient needs to be calculated drmlrest can be simply computed
from it.
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4.1.2. Fresnel Reflection and Transmission: Two lefrfaces

Consider now a more sophisticated case of optefdation and transmission
from a three-layer stack of materials (Figure 4T2)is time, one needs to take the
multiple reflections in the middle layer (medium &)thicknessd into account.
The total reflected amplitude is obtained from aimite summation of waves due
to the multiple reflections in the middle layer.cBaime a wave impinges on an
interface, the Fresnel equations are used andlthsep of the waves are taken
into account. The phas&\ is the phase difference for two successive wauvek s
as depicted by ray A and B (also by ray B and @, smon). The first wave is one
that is reflected at the first interface (ray ApeTsecond wave (ray B) is one that
is first transmitted through the first interfaceq interface), passing through layer
2, is reflected at the second interface (2-3 iatsgj, passing through layer 2 again
and is finally transmitted through the first intcé (2-1 interface).

Figure 4.2. Fresnel reflection and transmission of a p-poéatifight
wave from a three-layer stack.

s Z A
&1
&
&

Mathematically,A is given by the following
_|[ 2m, _
A= 3 cosd, |d =k,.d (4.13)
0
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which physically means thak is the phase acquired by the wave as it traverses
medium 2 once in its path.

The total reflected amplitud&, can be obtained from the infinite summation
of the contributions of rays A, B, C, and so on:

1) The contribution from ray A is simpltj,E; ,

2) The contribution from ray B that traverses thiddte layer once is given by
t,(e"r (€t ,)E =t £ 4 E

3) The contribution from ray C that traverses thddie layer twice is given by
b (€€ ) (€7 ) (€Mt B =t &7°r fr 7% X

4) The contribution from the next ray that traversbee middle layer three
times is given byt,€°1,4(r,£7%r,)*t ,E., and so on so that

Er = r.12Ei +t12eszr2; ZEi +1 1?2jAr 2£r ZQZjAr Z)St gi

. . (4.14)
2 jA 2jA
+ tlZe J r23 GZ_I_e J r23)2t ZEi t...

The reflection coefficient;; = Er/Ei is then obtained as

. ; i 2
T r12+t12{e2’Af2{1+fz?2’Ar (1 £7°r ) +"}}t - (4.19)

By recognizing that the factor enclosed by the sgjlmackets in Equation (4.15)
is a convergent geometric series, the reflectigifument can be simplified as

2jA
— €
13 = If12+'[1zt 211_ rr 3esz
212

(4.16)

Furthermore, by using the useful relations exprebsseEquations (4.8) and (4.9),
Equation (4.16) can be rewritten in a more compach as

2jA
iy tILE
o (4.17)
1+r,r,£

13

It is instructive to note that by substituting Etjoa (4.11) forr,, andr,; in

Equation (4.17) and equating the denominator inaiqn (4.17) to zero, one
obtains
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kzl/€1+k22/£2 kZJ‘SZ-FKZEI/ES

which, after some simple rearrangements, is thpedsson relation of surface
plasmons at two interfaces as expressed by Equibs) withd = 2a.

1+£kzl/‘91_kzz/‘gzj[sz‘%_k23/£3]ezjA =0 (4.18)

Furthermore, by following the same reasoning in therivation of the
reflection coefficient, the transmission coeffidiean be similarly derived

— tthZBGjA

- - 4.19
1+ r12r2ﬁZJA ( )

t13

The transmission coefficient is especially usefat the evaluation of field
enhancement [46]. The field enhancement factorchvis the ratio of the field
intensity of the “transmitted wave” to that of thrcident wave, can in fact be
simply obtained from the square of the absoluteusrabf the transmission
coefficient, i.e., the transmittance [46] (see Apgliz A.1 for more explanation).

4.1.3. Fresnel Reflection and Transmission: Multig Interfaces

Building on the preceding results, the case of ocaptireflection and
transmission from an N-layer stack of materialgy(Fé 4.2), which is of the most
interest, can now be tackled. The strategy is sireghluating the reflection and
transmission successively [47]. At each step, desteee-layer stacks are treated
recursively. This is illustrated for the reflectiooefficient as follows:

r _ r12 + r2N ezjd2k22
1+r1,0,,€ 2%
2 jdak
_ Ty try €7
2N T 1+ 2 jdgk, 3 (4.21)
r23r3Ne
— r-34 + r4N e21d4k24

1 + r34r4N e2

and so on until the last three-layer stack is redch
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Figure 4.3. Fresnel reflection and transmission of a p-poéatiight
wave from an N-layer stack.

The reflectivity R of p-polarized light incident at an angée on a multilayer
structure consisting dfl layers can therefore be expressed concisely by

2
R=|r,| (4.23)
where the recursive reflection coefficients aresgiby
2jdn+lkz,n+l
—_ r-n,n+1 r-n+1,Ne
N (4.24)

- 2jdn 11Ky ns
A U -

n,n+1"'n+1N

wheren=1,2,... N—- 2.

The required reflection coefficient$, 1., between any two adjacent media

indexed by the subscripts andn+1 are given by
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_EuK, &K

n+l ‘z,n n ‘zn+l

P o

n+l"‘z,n n ‘zn+l

r (4.25)

wheren=1,2,.. N - 1.
The wave vector component normal to the interfege in the medium indexed

by the subscripth is given by

2
k,, = [2_77) £, —k? (4.26)

for n=1,2,...,N where k, which is the wave vector component along the

interface is given by
2T .
K, =/]—\/?15'”9 (4.27)
0

Note that as a consequence of phase matching mondihe wave vector
component along the interfage is identical for allN layers.

Following the same reasoning for the reflectivitgsdribed above, the

transmlttanceleN for the magnetic field intensity of p-polarizeght incident at

an angle@ on a multilayer structure consisting bif layers can similarly be
expressed concisely by

H
T1,HN = ‘_N

" = |ty (4.28)

where the recursive reflection coefficients aresgiby
H H jdn+1kz,n+1
H _— 1:n,n+1tn+1,N €
n’N 1+ r r ezjdn+lkz,n+1

n,n+1"'n+1N

(4.29)

wheren=1,2,... N- 2.
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The required transmission coefficien't,s,nﬂ between any two adjacent media
indexed by the subscripts andn+1 are given by

2 K
H —_ n+l ‘z,n —
tn,n+1 - + ek =1+ rn,n+l (4.30)
€n+1 zn ‘gn zn+1

wheren=1,2,... N-1.

In general, one is mostly interested in the enhawece of the electric field
intensity instead of the magnetic field intensiBy the generalization of the
results expressed by Equations (4.6) and (4.7)trémsmission coefficient for the

E
electric field tn,N is related to the transmission coefficient for thagnetic field

H
tn,N by

.
n,N n,N

- (4.31)
VEN
so that the enhancement factor of the electrid figlensity is given by
& & 2
E _— €¢1 H — ©1 |+H
Tn=—TN= _‘th‘ (4.32)
En En

4.2. Materials Modeling

The most pertinent materials parameter in any wookcerning surface
plasmons is the relative electric permittivity,alsften referred to as the dielectric
function from which the refractive indices are ded. In general, the relative
electric permittivity of any given material is wadeegth, or equivalently,
frequency dependent. This is called dispersion #red amount of dispersion
depends strongly on the type of materials. Fomgiisodispersive materials such
as metals, precise mathematical modeling is nege$sareliable calculation or
simulation results. This section elaborates the eting of the different materials
involved in this work.
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4.2.1. Metals

In the context of surface plasmons, metals arertbst dispersive materials. In
fact, the relative electric permittivity of metalsanges drastically over the visible
to near infrared range, which is the optical ranfehe most interest for SPR-
based biosensors. For analytical purposes, metalefeen modeled by the so-
called Drude or free-electron model for its simpjicin this simple model, the
frequency dependent relative electric permitticiéyn be expressed as

wz
&(w) _l_a)(a)—ijy) (4.33)

where w is the angular frequency is the damping constant, and, is the

plasma frequency given by

= qne
me,

@,

(4.34)

where n, is the electron density in the metal, is the elementary electronic
charge, andn is the mass of an electron.

Equation (4.34) suggests that the plasma frequisnsgme kind of measure of
the density of free electrons in metals. Below plesma frequency, the relative
electric permittivity is negative and the electr@metic field cannot penetrate the
metals. An optical wave with angular frequency letbe plasma frequency will
therefore be totally reflected. Above the plasmeq@iency however, the light
waves can penetrate the metals.

Despite its simplicity, the free-electron or Drua@del is reasonably good in
the far infrared range. It is however not adequdatecomputational purposes in
the visible and near-infrared wavelength range. éemrigorous model for the
relative electric permittivity of metals is theredoneeded. In this work, the
Lorentz-Drude model is used to calculate the netatlectric permittivity of
metals. It is based on a phenomenological modél ghees an excellent fit to
measured experimental values [48].

In the Lorentz-Drude model, the complex relativeceic permittivity of

!

metals &, (w) =&, (w) + jen(w) can be expressed as a combination of the
intraband effects (also referred to as the freetada effects) denoted by, (w)
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and the interband effects (also known as the balecon effects) denoted by
& (w):

m

En (@) = &5 (@) + &7 () (4.35)

The intraband part of the relative electric perivitf &, (w) can be described by
the well-known free-electron or Drude model:

2
Q,

&n (w) :1—m

(4.36)

The interband part of the relative electric pervitly &’ (w) is described by the

simple semiquantum model resembling the Lorentzltrésr insulators:

k f.w?

en(w)=> (%2 - 0)2) it (4.37)

n=1

where ), is the plasma frequency, is the number of oscillators with frequency

w,, strength f_, and lifetime1/I", , while Q, =wp\/TO is the plasma frequency
associated with intraband transitions with os@hastrength f, and damping
constantl .

To gain some practical insights into the Lorentzxd model, the plasma
frequency of some important metals for optoeledtratevices is tabulated in
Table 4.1. Values of the Lorentz-Drude model patensefor the metals most
commonly used in SPR-based biosensors, namely goler, aluminum, and
titanium are also listed in Table 4.2.

To illustrate the accuracy of the Lorentz-Drude mlpdome experimental
values of the dielectric function of gold thin filmbtained by ellipsometric
measurement are listed in Table 4.3. These valoag avith the corresponding fit
based on Lorentz-Drude model are plotted in Figuee It can be seen from
Figure 4.4 that the agreement between the expetainealues and the Lorentz-
Drude model fit is excellent. A comparison with ree@ment results published in
the literature [49, 50, 51] also reveals an exoeélegreement with the Lorentz-
Drude model.
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Table 4.1 The plasma frequency (expressed in units of e\§aohe

important metals for optoelectronic devices [46].

Thése de Edy Wijaya, Lille 1, 2012

Metal he,
Ag 9.01
Au 9.03
Cu 10.83
Al 14.98
Be 18.51
Cr 10.75
N1 15.92
Pd 9.72
Pt 9.59
Ti 7.29
w 13.22

Table 4.2. The Lorentz-Drude model parameters (expressed itis un
of eV) for some selected metals: Ag, Au, Al, Ti[46

Parameters Ag Au Al Ti
i 0.845 0.760 0.523 0.148
IS 0.048 0.053 0.047 0.082
fi 0.065 0.024 0.227 0.899
re 3.886 0.241 0.333 2.276
0" 0.816 0.415 0.162 0.777
1= 0.124 0.010 0.050 0.393
I 0.452 0.345 0.312 2.518
0y 4.481 0.830 1.544 1.545
s 0.011 0.071 0.166 0.187
IS 0.065 0.870 1.351 1.663
wg 8.185 2.969 1.808 2.509
fa 0.840 0.601 0.030 0.001
I, 0.916 2.494 3.382 1.762
Wy 9.083 4.304 3.473 19.43
s 5.646 4.384 — —
I's 2.419 2.214 — —
o 20.29 13.32 — —

“In electron volts.
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Table 4.3.Relative electric permittivity of gold thin film e@ined by
ellipsometric measurement.

Wavelength (nm) n k €re €im
500 0.84 | 1.8400001 | -2.68 3.09119884
550 0.331 |2.32399989 |-5.29141| 1.53848793
600 0.2 2.8970001 |-8.35261| 1.15879992
650 0.142 |3.37400002 |-11.3637| 0.95821594
700 0.131 |3.84199996 |-14.7438| 1.00660391
750 0.14 |4.26599993(-18.1792| 1.19447998
800 0.149 |4.65399988|-21.6375| 1.38689196
850 0.157 |4.99299984 |-24.9054 | 1.56780205
900 0.166 |5.33499992 |-28.4347| 1.77121987
950 0.174 |5.69100016 |-32.3572| 1.98046794
1000 0.179 |6.04400049 |-36.4979| 2.1637523

Figure 4.4. Comparison of the experimental dielectric functioh
gold thin film measured by ellipsometry (Table 4t8)theoretical fit
using Lorentz-Drude model. The squares and cirdesespond
respectively to the experimental values of the neaft and the
imaginary part of the relative electric permittivitThe solid and
dotted curves are respectively the Lorentz-Drutdofi the real part
and the imaginary part of the relative electricnpiétivity.

10r

-

Real and imaginary parts of dielectric function

of "TUTTUTUTT U T U T U U UTTY

_____

o o e e ]

600

700

800 900

Wavelength (nm)
58

1000

1100 1200

http://doc.univ-lille1.fr



Thése de Edy Wijaya, Lille 1, 2012

4.2.2. Solid Dielectrics: Glass Prisms and Polymers

Having discussed metals in the preceding subseatiemow turn our attention
to solid dielectric media encountered in this worlamely glass prisms and
polymers. The refractive index dispersion of glasssd polymers is well
described by the Sellmeier model or Cauchy’s dsparequation.

Cauchy’'s dispersion equation is an empirical reteghip between the
refractive index and wavelength for a solid tramepa dielectric medium. It is
usually expressed in the form:

n(A)= A+ B4 C (4.38)

wheren(A) is the wavelength dependent refractive index anid the wavelength

in free space expressed in u/).B, andC are Cauchy's coefficients that can be
determined by fitting the equation to measuredargive indices at some known
wavelengths. It is important to note that in gehdéhe Cauchy’'s dispersion
equation is only valid for regions of normal disgien (where the refractive index
decreases with increasing wavelength) in the \gsibhvelength range. In the
infrared, the equation becomes inaccurate and nhatarepresent regions of
anomalous dispersion (where the refractive indesremses with increasing
wavelength). Despite these drawbacks, the matheahaimplicity of Cauchy’s
dispersion equation makes it useful in some apipdics.

Sellmeier equation is also an empirical relatiopshetween the refractive
index and wavelength for a solid transparent diateanedium that can be
derived from classical dispersion theory. It wasstfiproposed in 1871 by
Wolfgang Sellmeier as a further development ofG@laeichy’s dispersion equation
that handles anomalously dispersive regions. Itemaccurately models the
refractive index dispersion of solid dielectric eréls across the ultraviolet,
visible, and infrared spectrum.

The Sellmeier dispersion equation is usually wriitethe form

2 2 2
n>=1+ BA” , BA" |, Bd
A2-C, A*-C, A*-C,

(4.39)

wheren is the refractive index and is the free-space wavelength expressed in
um. By, By, Bs, Ci, C, and C; are experimentally determined Sellmeier
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coefficients. To give some examples, the Sellmesexfficients for BK7 glass and
MgF, are given in Table 4.4.

Table 4.4.Sellmeier coefficients for BK7 glass and Mgéfystal (n
denotes the ordinary refractive index) [52].

Sellmeier BK7 glass Mgk (ny)

coefficient
B, 1.03961212 4.8755108 x 10
= 2.31792344 x 16 | 3.9875031 x 16
Bs 1.01046945 2.3120353
Cy 6.00069867 x 16 | 1.882178 x 18
Co 2.00179144 x 16 | 8.95188847 x 16
Cs 1.03560653 x 10 | 5.66135591 x 10

Physically, each term in the Sellmeier dispersiguagion represents an optical
absorption of strengtB; at a wavelength/C, fori = 1, 2, 3. For common optical

glasses, the refractive index calculated with thied-term Sellmeier equation
deviates from the actual refractive index by léemnt5x1d over the wavelength
range of 365 nm to 2,8m.

4.2.3. Water

In the applications of SPR-based biosensors, theles to be analyzed are
mostly aqueous biological solutions. Water usuaigkes up more than 95 % of
the materials present in these samples. It is finereery important to take into
account the refractive index dispersion of water.

Based on a comprehensive collection of data onekperimental refractive
index of water and steam, a formulation for theaeve index of water and
steam covering the temperature range from -12 °60 °C, the density range
from 0 to 1045 kg i, and the wavelength range from 0.2 um to 1.9 psnble=n
adopted by the International Association for theperties of Water and Steam
(IAPWS) and is available as part of a National itng of Standards and
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Technology (NIST) Standard Reference Database5$,355]. This formulation is
written in the form

n’ —1}(]/— — = 2=  a, a.
2 p)=a0+a1p+a2T+asA Tttt —m——
{n +2 AT A=A,

N . (4.40)
tm—=t&p

R

where n is the wavelength, temperature, and density depgnefractive index.
T, p,andA are dimensionless variables

T=T/T
p=p/p
A=AX
in terms of reference temperatu® , reference densityo , and reference

wavelengthA’

T =273.15K
0" =1000 kg n?
A" =0.589um

The coefficientsa, -a, and the constantd,, and A, are listed in Table 4.5.

Table 4.5. Coefficients and constants of the formulation foe t
refractive index of water and steam, Equation (%[80, 52, 53].

a0 0.244257733
a 9.74634476 x 16
% -3.73234996 x 16
3 2.68678472 x 10
& 1.58920570 x 16
3 2.45934259 x 16
36 0.900704920
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& -1.66626219 x 16
A 0.229202
Ar 5.432937

4.3. Consideration of Design Parameters

Building on the knowledge of calculation methods anaterials modeling
developed in the preceding sections, the influesfceeveral design parameters
such as the choice of metals, the prism matenal,the operating wavelength on
the performance of the resulting SPR biosensorsntam be explored in this
section. The discussion that follows pertains tdR Sftosensors with standard
Kretschmann configuration, which is the couplingtimel mostly considered in
this work. Together with the Fresnel equations @lated in Section 4.1, the
materials models discussed in Section 4.2 are imgiéed in MATLAB codes to
generate the theoretical results presented indhewing section as well as the
next chapter.

4.3.1. Choice of Metals

In the optical and near infrared range of the ebecagnetic spectrum, all
metals practically support surface plasmons. Thidlustrated in Figure 4.5 that
shows the real part of the relative electric peimiiy of some important
plasmonic metals (silver, gold, titanium, and aloom). It is based on the
Lorentz-Drude model as described in Section 4.2d @lotted as a function of
wavelength in the 400-1600 nm wavelength rangec#s be seen from Figure
4.5, the real part of the relative electric penwiily of these metals is negative
which enables surface plasmons. In the waveleragtge of 630-1550 nm which
is of the most interest for SPR biosensors, metalsh as gold, silver, and
aluminum have a large negative real part of redagibectric permittivity while that
of titanium is quite small by comparison. It iskte noted that in these wavelength
range, the relative electric permittivity of silervery close to that of gold.

Based on the real part of the relative electricrpiivity alone as has just been
discussed, the answer to the question “Which nistéthe best choice for SPR
biosensors?” is therefore not yet clear-cut. Int,fane also needs to examine the
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imaginary part of the relative electric permittwiwvhich, as will be shown in no
time, is the determining factor in the choice oftate for SPR biosensors. The
imaginary part of the relative electric permittwinf the same selection of metals
and wavelength range is plotted in Figure 4.6.

Figure 4.5. The real part of the relative electric permittyvaf some
important plasmonic metals as a function of wawgtlenn the 400-
1600 nm wavelength range. Note that the verticab ax on a
logarithmic scale.
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As discussed in Section 2.3, the imaginary partthed relative electric
permittivity of metals is related to the propagatimss of the corresponding
surface plasmons. The smaller the imaginary partthef relative electric
permittivity, the lower the propagation loss of thesulting surface plasmons.
Lower propagation loss means that when an opti@lews coupled to surface
plasmons resulting in surface plasmon resonancee,résonance linewidth is
narrower. For sensing applications, narrow resomdinewidth is a very desirable
characteristic. As can be seen from Figure 4.64 @old silver have the smallest
imaginary part of the relative electric permittywin the 400-1600 nm wavelength
range that makes these metals the best candidateapplications in SPR
biosensors. It is also to be noted that in theersl of the visible optical spectrum
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around 670-780 nm which is of the most interestSBR biosensors operating in
the visible, the imaginary part of the relativeotle permittivity of silver is very
close to that of gold. Going further into the nedrared region around 1550 nm
however, the imaginary part of the relative electpermittivity of gold is
noticeably slightly larger than that of silver.

Figure 4.6. The imaginary part of the relative electric petivity of
some important plasmonic metals as a function ofelegth in the
400-1600 nm wavelength range.
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Considering both the real and imaginary parts of telative electric
permittivity, the best metallic candidates for SBiBsensors so far are gold and
silver. Although as can be seen from Figure 4.@ tha imaginary part of the
relative electric permittivity of silver is consgsttly lower than that of gold, silver
is not the usual choice for metal in SPR biosensbinge reason is the chemical
vulnerability of silver, in ambient air as well agueous solution. Silver oxidizes
easily and the formation of oxides quickly degraidesensing performance. On
the other hand, gold is much more chemically staldmpared to silver. In
addition, the surface of gold can also be easihctionalized. Gold is therefore
the metal of choice for SPR biosensors.
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Having established gold as the metal of choiceSBR biosensors, we now
turn our attention to the optimum thickness of #p@d thin film for SPR
biosensors in Kretschmann configuration. That ther@n optimum thickness for
the metal film in Kretschmann configuration cangig/sically understood quite
easily. If the metal film is too thin approachingra thickness, the dielectric does
not “feel” the presence of the metal. Thus no swfplasmon resonance will be
observed in this case. On the other hand, if théalnfdm is too thick, the
evanescent field from the total internal reflectiainthe prism base is strongly
attenuated in the metal. As a result, this evaméded cannot effectively reach
the metal-dielectric interface on the other sidemththe sensed dielectric medium
lies to excite the associated surface plasmonss hbwsurface plasmon resonance
will be observed either in this case.

The influence of the thickness of the gold thimfibn the performance of the
resulting SPR biosensors can be investigated ub@agalculation methods and
materials models discussed earlier in this chaptee. chosen model system here
is a typical SPR biosensor using BK7 glass sulestwith water at room
temperature (298 K) as the sensed dielectric medibigure 4.7 shows the
calculated results as a series of SPR curves @rvaathe wavelength of 760 nm
for gold thickness of 40, 45, 50, and 55 nm.

Figure 4.7. Influence of the thickness of the gold film on tB€R
curve of water ak = 760 nm. Prism material considered here is BK7
glass. Optimum gold thickness is in the 45-50 nnyea
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As can be clearly seen from Figure 4.7, the resomalip in the SPR curve is
sharpest with the minimum of reflectance near Zerothe gold thickness of
around 45nm and 50 nm. For either thinner or thidken, the minimum of
reflectance moves away from zero and the SPR cuwstee$ to broaden. The
optimum thickness for the gold film is thus somerehia the 45-50 nm range.

4.3.2. Influence of Prism Materials

The prism materials used for plasmonic devices sisc8PR biosensors can be
broadly classified into two classes. The first ameommon silica-based optical
glasses with typical refractive index n < 2 such B§7 and H-ZF1 glass
materials. The other one is special prism with agh refractive index (n > 2).
An example of this second class of prism mateiliglshalcogenide glass-based
optical material such as 252G glass. SPR biosertgpically make use of the
first class of prism materials. To illustrate th@luence of the chosen prism
materials on the performance of the resulting SR#gemsors, a comparative
theoretical study between BK7 and 2S2G prism nmalteis elaborated in detail in
this section.

Consider first the BK7 prism material. At the wbarggth of 760 nm, its
refractive index is 1.5116. With water as the sdndelectric medium, the
optimum thickness of the gold film is 50 nm as d&sed previously. The
resulting SPR curve is shown in Figure 4.8 fromalihihe resonance linewidth
(the full-width-at-half-maximum, FWHM) can be seenbe approximately 3.5°.
The associated electric field intensity enhancenfestor is shown in Figure 4.9.
Far from the resonance, the electric field intgnsithancement factor is close to
unity. This is expected since there is no excitatb surface plasmons when the
angle of incidence is sufficiently far from the #&gf resonance which is around
68°. Near the surface plasmon resonance, the ieléeld intensity enhancement
factor increases significantly and reaches its marn at the angle of resonance.
The maximum electric field intensity enhancementtda in this particular
example is around 21. This field enhancement astinace plasmon resonance is
the reason why surface plasmons are very usefuit@rse applications. As can
be inferred from Equation (4.32), the amount dfdfienhancement depends on the
sensed dielectric medium. It is stronger for diglecmedium with lower
refractive index.
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Figure 4.8. Calculated SPR curve of water with BK7 prism a th

wavelength of 760 nm and gold film thickness oinbg.
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Figure 4.9.Electric field intensity enhancement factor asseciavith
the SPR curve of water with BK7 prism at the wangth of 760 nm

and gold film thickness of 50 nm.

25

20+

Electric field intensity enhancement factor

10+ H ) |
H .
¢ S
{ 1
! ‘\
f N
S N
5 Ve \\
/’ -,
R
4"/ Seee
—”‘ S~ -
-
QE===== - | |
60 65 70

Angle of incidence (deg)

67

http://doc.univ-lille1.fr



Thése de Edy Wijaya, Lille 1, 2012

To further theoretically evaluate the performantehis SPR biosensor, we
now consider how the surface plasmons react toaagghin refractive index of
the sensed dielectric medium. Assuming a refradhidex change afin = 0.005
RIU (refractive index unit), the resulting SPR ceief water is plotted in Figure
4.10.

From the shift of the angle of resonance with theesponding change in the
refractive index of the sensed medium as shownigurgé 4.10, the refractive
index sensitivity is calculated to be 116.3 °/RWith a resonance linewidth of
around 3.5°, the figure-of-merit of this SPR bicsemis easily calculated to be
approximately 33. In addition to the refractive exdsensitivity and the figure-of-
merit, using Equations (4.26) and (4.27) in confiomcwith Equation (2.63), the
field penetration depth can also be determinecetarbund 27 nm in the gold film
and 280 nm in the sensed dielectric.

Figure 4.10. SPR curves of water showing the resonance shift
corresponding to a refractive index change of 0.B03. The system
is BK7 prism, 50 nm of gold, and water at the wanegth of 760 nm.
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Consider now the other class of prism material® wéry high refractive index

(n > 2), e.qg., chalcogenide glass-based opticalemadd that have recently
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generated significant interest over the past deacadsng to their excellent
transparency up to the mid-infrared regions. Clgdoide glasses are formed by
adding materials such as As, Ga, Ge, and Sb tgrthg IV chalcogen elements
(S, Se, and Te). The particular chalcogenide glakscted as an example here has
the composition GgGasShSss Which is known as the 2S2G glass [56]. The
refractive index dispersion of the 252G glass aandnveniently characterized by
Cauchy’s dispersion equation whose coefficientdisted in Table 4.6.

By using Equation (4.38) and the values given ihl@ 4.6, the refractive index

of the 2S2G glass can easily be calculated to 8&13. at the wavelength of 760
nm. With water as the sensed dielectric medium,ogppgmum thickness of the

gold film can also be easily found to be 45 nm. Tdmulting SPR curve is shown
in Figure 4.11. The associated electric field istgnenhancement factor is shown
in Figure 4.12. A direct comparison with the preddoSPR system using BK7
glass as the prism material can now be performedder to evaluate the effects
of changing the refractive index of the prism.

Table 4.6.Values of Cauchy’s coefficients for the 2S2G glagth
the wavelength expressedim [56].

A 2.24047
B 2.693 x 10
C 8.08 x 10

Figure 4.11 shows that the resonance linewidth (thi&width-at-half-
maximum, FWHM) is now approximately 1.4° instead30%° as in the case of
BK7 prism. This indicates that for a given opergtiwavelength and sensed
dielectric medium, using a prism material with reghrefractive index yields
narrower resonance linewidth. This can be matheal§tiunderstood by noting
that the higher the refractive index of the prisitme faster the wave vector
component of the optical excitation impinging oe thetal film changes with the
variation of the angle of incidence. As a resultface plasmon resonance in this
case occurs over a narrower range of the angleadlence. It is also readily
noticed from Figure 4.11 that the resonance novedgilace at around 37.5°
instead of 68° as in the case of BK7 prism. Theeloangle of resonance for
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prism material with higher refractive index is ethaowvhat one expects from
Equation (2.70).

Figure 4.11.SPR curve of water with 2S2G prism at the wavelengt
of 760 nm and gold film thickness of 45 nm.
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Figure 4.12. Electric field intensity enhancement factor asseca
with the SPR curve of water with 2S2G prism at Weevelength of
760 nm and gold film thickness of 45 nm.
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Figure 4.12 shows that the maximum electric fiadlemsity enhancement
factor at the angle of resonance is how aroundchtead of 21 as in the case of
BK7 prism. The maximum electric field intensity emcement factor is therefore
increased by approximately three-fold. The factt tfer a given operating
wavelength and sensed dielectric medium, usingismpmaterial with higher
refractive index yields stronger field enhancemesm be easily understood by
referring to Equation (4.32). According to this atjan, the electric field intensity
enhancement factor scales roughly as the squatkeofefractive index of the
prism.

Finally to complete the characterization of thiRIftosensor and compare its
performance to the previous one with BK7 prism, me@v consider how the
surface plasmons react to a change in refractidexirof the sensed dielectric
medium. Assuming a refractive index changefwt= 0.005 RIU (refractive index
unit), the resulting SPR curve of water is plotiedigure 4.13.

Figure 4.13. Resonance shift corresponding to a refractive index
change of 0.005 RIU. The system is 252G prism,M5hgold, and
water at the wavelength of 760 nm.
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From the shift of the angle of resonance with tbeesponding change in the
refractive index of the sensed medium as shownigurgé 4.13, the refractive
index sensitivity is calculated to be about 37 JRWith a resonance linewidth of
around 1.4°, the figure-of-merit of this SPR bicsemis easily calculated to be
approximately 26. In addition to the refractive exdsensitivity and the figure-of-
merit, using Equations (4.26) and (4.27) in confiomcwith Equation (2.63), the
field penetration depth can also be determinecetarbund 27 nm in the gold film
and 280 nm in the sensed dielectric, similar todage of BK7 prism. The field
penetration depth is therefore independent of thenmp material. This is as
expected since for a given metal, the field petietrtadepth depends only on the
refractive index of the sensed dielectric medium.

Based on the preceding discussion, the influencerisin materials on the
relevant characteristics of SPR biosensors forvargbperating wavelength and
sensed dielectric medium can now be summed upllasvéo Firstly, the higher
the refractive index of the prism, the lower thesuléng angle of resonance.
Secondly, the resonance linewidth is effectivelyroaed by using a prism
material with higher refractive index. Thirdly, tiégher the refractive index of
the prism, the stronger the electromagnetic fielthamcement at resonance.
Finally, as far as angular interrogation is conedrnalthough the resonance
linewidth is narrowed, the figure-of-merit of SPRodensors is practically
unaltered when the refractive index of the prisnimiseased. This is because by
increasing the refractive index of the prism, thgudar sensitivity of the resulting
SPR biosensors to the refractive index variatiothefsensed dielectric is actually
decreased to the point that the effect of this es® annuls that of the narrower
resonance linewidth. However, when intensity irdgation is employed, the
performance of SPR biosensors is certainly imprdwgdising a prism material
with higher refractive index.

4.3.3. Influence of Operating Wavelength

The influence of the operating wavelength on thefopmance of SPR
biosensors is now considered in this section. Taduate this, a model system is
chosen and its performance at two different wagtlenwith fixed prism material
and sensed dielectric medium is compared. A mogitem consisting of BK7
prism, gold thin film, and water as the sensedediic medium at the wavelength
of 760 nm has been discussed in the precedingosedithe same model system
operating at the wavelength of 1550 nm is now thcally investigated for
comparison.
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By using Equation (4.39) and the values given ihl&4.4, the refractive index
of the BK7 prism material can easily be calculatete 1.5007 at the wavelength
of 1550 nm. With water as the sensed dielectriciomedthe optimum thickness
of the gold film can also be easily found to ben®®. The resulting SPR curve is
shown in Figure 4.14 from which the resonance lidéw(the full-width-at-half-
maximum, FWHM) can be seen to be approximately.Ol8e associated electric
field intensity enhancement factor is plotted igufe 4.15. These results can be
compared to those previously obtained at the wagtheof 760 nm shown in
Figures 4.8 and 4.9.

Figure 4.14.SPR curve of water with BK7 prism at the wavelengjth
1550 nm and gold film thickness of 35 nm.
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Figure 4.14 shows that the resonance linewidtih@wtavelength of 1550 nm
is about 0.8° while it is approximately 3.5° at twavelength of 760 nm. This
indicates that by choosing a longer operating wength, the linewidth of the
surface plasmon resonance can be made narrowes. ddn be physically
understood by recalling that the surface plasmeonance linewidth is closely
related to the propagation loss of the surfacenpbes. As mentioned in Chapter
2, the propagation loss of surface plasmons issaltref ohmic damping in the
metal which is reflected in its imaginary part efative electric permittivity being
non-zero. Looking at Figure 4.6 showing the imagingart of relative electric
permittivity as a function of wavelength, one réadiotice that for gold, the
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imaginary part of its relative electric permittivits larger at the wavelength of
1550 nm compared to that at the wavelength of #80At first sight, this might
seem to indicate that the surface plasmons at theelength of 1550 nm would
suffer higher propagation loss. However, this i$ $@ because the propagation
loss, or equivalently the propagation length ofaze plasmons is determined not
only by the imaginary part of the metal, but algoits real part. As detailed in
Chapter 2, the propagation length of surface plasmecales roughly as
(g;n)z/er’;. Looking at Figure 4.5 showing the real part ofatige electric

permittivity as a function of wavelength, one réadiotice that for gold, the
negative real part of its relative electric permity is much larger at the
wavelength of 1550 nm compared to that at the veaaggh of 760 nm. This more
significant increase in magnitude of the real parelative electric permittivity of
gold effectively compensates for the increase @ithaginary part of its relative
electric permittivity. As a result, the propagatiength of the surface plasmons at
the wavelength of 1550 nm is significantly longeart that at the wavelength of
760 nm. In other words, the propagation loss of #ueface plasmons is
considerably lower at the wavelength of 1550 nm. &sesult, the surface
plasmon resonance linewidth is narrower at the \eaggh of 1550 nm compared

to that at the wavelength of 760 nm.
Figure 4.15. Electric field intensity enhancement factor asseca

with the SPR curve of water with BK7 prism at thawslength of
1550 nm and gold film thickness of 35 nm.
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Figure 4.15 shows that the maximum electric fiadlemsity enhancement
factor at the angle of resonance is now around Hig\vit is approximately 21 at
the wavelength of 760 nm. This suggests that thectreimagnetic field
enhancement of surface plasmons can be increasgibbging a longer operating
wavelength. This is the combined effect of theaetive index dispersion of the
metal, the dielectric medium, and the prism.

Finally to complete the characterization of thisRItosensor and compare its
performance at the wavelength of 1550 nm to thahetwavelength of 760 nm,
we now consider how the surface plasmons reacth@aage in refractive index of
the sensed dielectric medium. Assuming a refragtidex change afin = 0.005
RIU (refractive index unit), the resulting SPR ceiof water is plotted in Figure
4.16.

Figure 4.16. SPR curves of water showing the resonance shift
corresponding to a refractive index change of 0.B03. The system
is BK7 prism, 35 nm of gold, and water at the wanegth of 1550 nm.
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From the shift of the angle of resonance with tberesponding change in the
refractive index of the sensed medium as shownigurgé 4.16, the refractive
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index sensitivity is calculated to be about 85RI. This is roughly 74 % of the
refractive index sensitivity obtained at the wawegld of 760 nm. The figure-of-
merit at the wavelength of 1550 nm is however atersibly increased to 107
compared to 33 at the wavelength of 760 nm. Thireause the surface plasmon
resonance linewidth is significantly narrower ae ttvavelength of 1550 nm.
Therefore, the reduction in resonance linewidtkeaively outweighs the decrease
in angular sensitivity. In addition, the field pém¢ion depth can also be
determined to be around 25 nm in the gold fiim d2%0 nm in the sensed
dielectric medium. The field penetration depthhe tnetal is practically unaltered
when the operating wavelength is varied from 760 tonl550 nm. The field
penetration depth in the dielectric is however ipli#d by approximately five-
fold. This means that the surface plasmons are @blerobe deeper into the
sensed dielectric medium.

Based on the preceding discussion, the influenceloofger operating
wavelength on the relevant characteristics of SRRemsors for a given prism
material, choice of metal, and sensed dielectridiome can now be summed up
as follows. Firstly, the longer the operating wawgjth, the narrower the surface
plasmon resonance linewidth becomes. Secondly, efleetromagnetic field
enhancement of surface plasmons is stronger fayelooperating wavelength.
Thirdly, the field penetration depth in the metabpractically unchanged whereas
the field penetration depth in the sensed dielectnedium is significantly
increased, allowing a much deeper probe depth.ll¥iinas far as angular
interrogation is concerned, although the angulasiseity to refractive index
variation of the sensed dielectric is decrease@, figure-of-merit of SPR
biosensors is actually significantly increased kying into longer operating
wavelength. Therefore, whether angular interrogatio intensity interrogation
method is employed, the performance of SPR biossrtsm be greatly improved
by using longer operating wavelength [57].

4.3.4. Comparison of Angular and Wavelength Interrgation

As mentioned in Chapter 3, three interrogation mesh i.e., angular,
wavelength, and intensity interrogation are the tmamsmmonly used detection
mechanisms in SPR-based biosensors. The discussifar has been focused on
SPR biosensors using angular interrogation. Wag#heninterrogation is
investigated in this section along with a comparigo angular interrogation
previously discussed.
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To evaluate the influence of using wavelength notgation, a model system
consisting of BK7 prism, gold thin film, and wai&s the sensed dielectric, similar
to the one considered in the preceding sectiorthd@sen. The center operating
wavelength of this SPR biosensor can be tuned sttty the thickness of the
gold film as well as the angle of incidence.

Consider first the SPR biosensor whose centeredabpg wavelength is
chosen to be 760 nm. In this system, the optimuokrnless of the gold thin film
is 50 nm as discussed previously. By evaluating¢ésenance dip in the spectral
reflectivity spectrum for different values of angikincidence, the optimum angle
of incidence is found to be 68°. The resulting S®RRve at the fixed angle of
incidence of 68° is plotted in Figure 4.17 from wlnthe resonance linewidth can
be seen to be approximately 120 nm.

Figure 4.17. SPR curves of water showing the resonance shift
corresponding to a refractive index change of 0.B03. The system

is BK7 prism, 50 nm of gold, and water as the séndelectric
medium. The angle of incidence is fixed at 68° sat tthe center
operating wavelength is around 760 nm.
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Figure 4.17 also shows the resonance shift correbpg to a refractive index
change offn = 0.005 RIU. From Figure 4.17, the spectral sentitto refractive
index variation of the dielectric medium is founa be 4400 nm/RIU. With
surface plasmon resonance linewidth of about 120thenfigure-of-merit of this
SPR biosensor can easily be calculated to be 33%.fifjare-of-merit is very close
to 33, which is the figure-of-merit of the same SBiRsensor obtained using
angular interrogation at the wavelength of 760 snsteown in Figure 4.10.

Consider now the SPR biosensor whose centeredtopeveavelength is tuned
to be 1550 nm. In this system, the optimum thicknafsthe gold thin film is 35
nm as discussed previously. By evaluating the m@som dip in the spectral
reflectivity spectrum for different values of angieincidence, the optimum angle
of incidence is found to be 62.4°. The resultindqRSRirve at the fixed angle of
incidence of 62.4° is plotted in Figure 4.18 frorhigh the resonance linewidth
can be seen to be approximately 260 nm.

Figure 4.18. SPR curves of water showing the resonance shift
corresponding to a refractive index change of 0.B02. The system

iIs BK7 prism, 35 nm of gold, and water as the séndelectric
medium. The angle of incidence is fixed at 62.4°tlsat the center
operating wavelength is around 1550 nm.
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Figure 4.18 also shows the resonance shift correbpg to a refractive index
change offn = 0.002 RIU. From Figure 4.18, the spectral sentitto refractive
index variation of the dielectric medium is fourml bhe 30500 nm/RIU. With
surface plasmon resonance linewidth of about 260thenfigure-of-merit of this
SPR biosensor can easily be calculated to be 1hi8. figure-of-merit is very
close to 107, which is the figure-of-merit of thenmsee SPR biosensor obtained
using angular interrogation at the wavelength dd.Hm as shown in Figure
4.16.

Comparing Figures 4.17 and 4.18, it can be notited in SPR biosensors
using wavelength interrogation, the surface plasmesonance linewidth is
actually broader for the one whose center operatiamgelength is 1550 nm. This
Is so because the dispersion of the optical prgsedf the metal is significantly
increased by going from the visible to the infraredion.

Finally, based on the evaluated figures-of metitan be concluded that the
performance of SPR biosensors using wavelengtiragation is very similar to
those using angular interrogation.

4.3.5. Effects of Adhesion Layer

In practice, the adhesion of thin film of noble aletsuch as gold or silver to
common optical glasses is not sufficiently stroig. overcome this problem, a
thin metallic adhesion layer is deposited onto gfess substrate prior to the
deposition of the noble metals. This adhesion ldyeds strongly to the glass
substrate and the subsequently deposited thindfimoble metals also adheres
well to the adhesion layer. In this work, titanidmn film (typical thickness of
around 2 nm) is chosen as the adhesion layer. Ganorthin film can also be
used as an alternative to titanium adhesion layer.

To evaluate the effects of the adhesion layer an gbkrformance of the
resulting SPR biosensors, consider a model systasisting of BK7 prism, 2 nm
titanium adhesion layer, 50 nm gold thin film, andter as the sensed dielectric
medium at the wavelength of 760 nm. The calculé®&R curves of water
showing the resonance shift corresponding to aactfre index change of
4An = 0.005 are plotted in Figure 4.19. The associakttromagnetic field
enhancement factor of the surface plasmons iseplatt Figure 4.20.

It can be readily seen from Figure 4.19 that thdase plasmon resonance
linewidth is approximately 3.5°. This value is idieal to the resonance linewidth
obtained from the same SPR system without theathesion layer as shown in
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Figure 4.10. In addition, the angle of resonanaeaiao be seen to be practically
unaltered. The refractive index sensitivity of tB#R system with the thin
adhesion layer is found to be 116.6 °/RIU. Forghme SPR system without the
thin adhesion layer, the refractive index sengititias been previously calculated
in Section 4.3.2 to be 116.3 °/RIU. The refractindex sensitivity is therefore
practically identical with or without the thin adiien layer. With identical
resonance linewidth and refractive index sensyivihe figure-of-merit is thus
unchanged by the inclusion of the thin adhesiorrday

Figure 4.20 shows, by comparison with Figure 4h@t tthe electromagnetic
field enhancement of surface plasmons is not @ifeeted either by the inclusion
of the thin adhesion layer.

Figure 4.19. SPR curves of water showing the resonance shift
corresponding to a refractive index change of 0.B03. The system

is BK7 prism, 2 nm titanium adhesion layer, 50 ningald thin film,

and water at the wavelength of 760 nm.
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In conclusion, the inclusion of a thin titanium adlon layer (typical thickness
of 2 nm) has quite negligible effects on the perfance of the resulting SPR
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biosensors. This is so provided the thickness efttin adhesion layer is kept
below 5 nm.

As a note in passing, in contrast to silica-bagatetal glasses such as BK7 and
H-ZF1, no adhesion layer is required on 2S2G satestrThe much better
adhesion of gold thin film on 2S2G substrate iglikdue to the creation of gold-
sulfur bonds between the sulfur atoms present en282G glass and the gold
atoms in the thin film.

Figure 4.20. Electric field intensity enhancement factor asseca

with the SPR curve of water with BK7 prism, 2 ntaium adhesion
layer, and 50 nm of gold thin film at the waveldngt 760 nm.
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Chapter 5

Enhancement of Optical Sensitivity

This chapter deals with the enhancement of thecalpsiensitivity components
of SPR biosensors using conventional Kretschmaomggy. The key advantage
of the methods detailed in this chapter is the that the existing SPR sensor
instrumentation either only needs minute adjustsienno modification at all.

5.1. Use of Bimetallic Structure

It has been briefly mentioned in Chapter 4 thatlfst metals for SPR-based
biosensing applications are silver and gold. Algifothe resonance linewidth of
silver is narrower than that of gold leading toHag figure-of-merit, silver is not
commonly used in SPR biosensors because of itekalility to oxidation. Gold,
which is much more chemically resistant to oxidatiban silver, is therefore the
chosen one.

There is in fact a very simple trick to make use@ aombination of both silver
for its narrow resonance linewidth and gold for @geemical resistance to
oxidation. The idea developed here consists inguaithin layer of gold film on
top of a thicker silver film. The thin layer of gblfilm serves mainly as a
protection barrier to oxidation for the silver filamderneath. It also plays the role
of metallic interface to the sensed medium on whweéll-known surface
functionalization can be applied (Chapter 6). Thepprties of the surface
plasmons of this bimetallic structure are determhinstly by the much thicker
silver layer [58]. This way, one can simultaneouslye advantage of the narrow
resonance linewidth of silver and the chemicalistglof gold.

Figure 5.1 shows the calculated SPR curves of watesilver (50 nm thick),
bimetallic silver/gold (45 nm silver and 5 nm gald top), and gold (50 nm thick)
films. The prism material here is BK7 glass andwla&elength is 680 nm. As can
be seen from Figure 5.1, the theoretical surfaesrpbn resonance linewidth is
2.0° for the simple silver film, 2.5° for the binadlic silver/gold film, and 6.0° for
the simple gold film. The resonance linewidth ohégl from the bimetallic
silver/gold structure is quite close to that of gwaple silver film which is three
times narrower than that of the simple gold film.
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Figure 5.1. Theoretical comparison of resonance linewidth betwe
silver, bimetallic silver/gold, and gold SPR sensorfaces at the
wavelength of 680 nm.
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Figure 5.2.Experimental comparison of resonance linewidth leetw
silver, bimetallic silver/gold, and gold SPR sensorfaces at the
wavelength of 680 nm.
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Figure 5.2 shows the experimental SPR curves otwanh silver (50 nm
thick), bimetallic silver/gold (45 nm silver andrn gold on top), and gold (50
nm thick) films measured with Autolab SPR instrumdrne prism material here
is BK7 glass and the wavelength is 680 nm. Compgdfigures 5.1 and 5.2, it can
be seen that the obtained experimental resonanewitiths are quite consistent
with the theoretical calculation.

In Chapter 4, it has been mentioned that shifthe dperating wavelength of
SPR biosensors towards longer wavelength resultsarmower resonance. The
case that is made in Chapter 4 is a comparisondegtw60 nm and 1550 nm as
operating wavelengths where it is theoretically vemathat by approximately
doubling the operating wavelength from 760 nm t6QLBm, the surface plasmon
resonance linewidth can be made about four timaswar. In fact, such an effect
depends on the specific wavelength. For examplereasing the operating
wavelength by only 80 nm from 680 nm to 760 nm bawxe quite a significant
impact on the resulting resonance linewidth.

Figure 5.3 shows the calculated SPR curves of watesilver (50 nm thick),
bimetallic silver/gold (45 nm silver and 5 nm gald top), and gold (50 nm thick)
films. The prism material here is BK7 glass andwla&elength is 760 nm. As can
be seen from Figure 5.1, the theoretical surfaesrpbn resonance linewidth is
1.8° for the simple silver film, 2.0° for the binadlic silver/gold film, and 3.5° for
the simple gold film. Comparing Figures 5.3 and 8.tan be seen that increasing
the operating wavelength from 680 nm to 760 nmItesn narrower resonance
linewidths for all three structures. The reductianresonance linewidth for the
simple silver film and consequently, the bimetalfitm is not really that
remarkable. The decrease in resonance linewidthtier simple gold film is
however very significant by a factor of almost tvilw.addition, the difference in
resonance linewidth between silver and gold attheelength of 760 nm is not as
dramatic as it is at 680 nm.

Figure 5.4 shows the experimental SPR curves oferwan bimetallic
silver/gold (45 nm silver and 5 nm gold on top)dayold (50 nm thick) films on
BK7 glass substrate measured with the in-house S&Rp operating at the
wavelength of 760 nm. From Figure 5.4, the expeniialéy obtained resonance
linewidth is 3.27° for the simple gold film. Forettioimetallic silver/gold structure,
it is 1.87°. Comparing Figures 5.3 and 5.4, it d@n seen that the obtained
experimental resonance linewidths are quite cassiswith the theoretical
calculation.
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Figure 5.3. Theoretical comparison of resonance linewidth betwe
silver, bimetallic silver/gold, and gold SPR sensorfaces at the
wavelength of 760 nm.
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Figure 5.4.Experimental comparison of resonance linewidth leetw
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The effects of the narrower resonance linewidththan optical sensitivity are
discussed in more detail in the following section.

5.2. SPR in the Near-Infrared

The concept of bimetallic film introduced in theepeding section for
operating wavelengths in the visible is now extehtbethe near-infrared region at
the wavelength of 1550 nm. This choice of the djiegavavelength is motivated
by two reasons. The first one is the narrower SR&8width in the near-infrared
region compared to that in the visible. Specifleéemmunications wavelength at
1550 nm is patrticularly attractive as the requioptical technology (laser source,
camera system, etc) is already well-developed.sHwtend one is the longer field
penetration in the near-infrared. As a matter of,fthe field penetration depth is
about 1300 nm at the wavelength of 1550 nm whiig @nly about 250-300 nm in
the visible. Longer field penetration is especiatlgsirable for biosensing
applications involving large biomolecular objeat€ls as bacteria and viruses.

Figure 5.5.Theoretical SPR curves of water showing a comparigo
resonance linewidth between silver, bimetallic esilgold, and gold
SPR surfaces at the wavelength of 1550 nm.
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At the wavelength of 1550 nm, the resonance dith@fSPR curve of water is
sharpest when the total thickness of the goldleersfilm is 35 nm. Based on this
optimum thickness, the bimetallic thin film congieé this time consists of 30 nm
of silver and 5 nm of gold on top. Figure 5.5 shdles calculated SPR curves of
water on silver (35 nm thick), bimetallic silverigd30 nm silver and 5 nm gold
on top), and gold (35 nm thick) films at the wawgjth of 1550 nm. The prism
material here is H-ZF1 glass whose refractive index.6192 at this chosen
wavelength. It can be seen from Figure 5.5 thatréds®nance linewidth of the
bimetallic silver/gold film is very close to that simple silver film. The SPR
linewidth is therefore mainly dominated by the sil¥ilm chemically protected by
the thin gold overlayer.

To clearly showcase the narrower resonance offdrgdthe bimetallic
silver/gold film, the detection of the SPR sensothis time based on intensity
interrogation method. In this technique, the vasratof the intensity of the
reflected light normalized to that of the inciddight, i.e., the reflectance at a
fixed angle of incidence is monitored. The refleityi variation following a
change in the refractive index of the sensed dmteamedium can be
mathematically expressed as

R _0R08 -
an_ 96 on (5-1)
whereR is the reflectance] is the angle of incidence at resonance, ramsl the
refractive index of the sensed dielectric medium.

The second factor on the right-hand side of Equafl), namelyod/on is
simply the angular sensitivity to refractive indeariation. It quantifies the shift
of the SPR angle when the refractive index of thased dielectric medium
changes. As will be shown below, the angular seiitgiof the simple gold film is
in fact very similar to that of the bimetallic séivgold structure.

The first factor on the right-hand side of Equat{dil), namelypR/d6 is the
slope of the SPR curve near resonance. The stdep&8PR curve near resonance,
the higher thi©R/0f factor. As can be seen from Figure 5.5, betweenrsiimple
gold film and the bimetallic silver/gold structurde slope of the SPR curve is
steeper for the bimetallic film. As the angular s@ity is very similar between
the two types of sensor chip, the difference ihectivity variation following a
change in the refractive index of the sensed diétemediumoR/on is mainly
determined by the steepness of the SPR in thectieity profile.
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Figure 5.6. Theoretical SPR curves of water showing the resoman
shift corresponding to a refractive index changeD®01 RIU. The
system is H-ZF1 prism, 35 nm of gold, and watehatwavelength of

1550 nm.
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Figure 5.7.Electric field intensity enhancement factor asseciavith
the SPR curve of water with H-ZF1 prism at the wength of 1550
nm and gold film thickness of 35 nm.
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Figure 5.6 shows the calculated resonance shitteSPR curves of water on
the simple gold SPR film following a refractive &d variation of 0.001 RIU.
Figure 5.7 shows the associated electric fieldnsity enhancement factor from
which the maximum electric field intensity enhanesmfactor for this simple
gold SPR structure can be seen to be about 60.p&hetration depth into the
dielectric can also be calculated to be around 1260

From Figure 5.6, the angular sensitivity to refraetindex variation can be
evaluated to be 64.3 °/RIU. The resonance linewsl#round 0.5° which results
in a figure-of-merit of 130. The reflectivity vatian monitored at a fixed angle of
incidence of 55.15° following a change in the refinee index of the sensed
medium is calculated to be 1.7 xX*2G/RIU.

Figure 5.8. Theoretical SPR curves of water showing the resoman
shift corresponding to a refractive index variatmn0.001 RIU. The
system is H-ZF1 prism, 30 nm of silver, 5 nm ofdy@nd water at the
wavelength of 1550 nm.
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Figure 5.8 shows the calculated resonance shittefSPR curves of water on
the bimetallic silver/gold SPR structure followiagrefractive index variation of
0.001 RIU. Figure 5.9 shows the associated elefigid intensity enhancement
factor from which the maximum electric field intégsenhancement factor for
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this bimetallic silver/gold SPR chip can be seetécalmost 90. This maximum
field enhancement factor is 1.5 times stronger tiat of the simple gold SPR
film. The penetration depth into the dielectriai@w~ found to be around 1300 nm
which is very close to that of the simple gold Sffcture.

Figure 5.9.Electric field intensity enhancement factor asseciavith
the SPR curve of water with H-ZF1 prism and thedatflic (30 nm
of silver and 5 nm of gold) film at the wavelengthl550 nm.
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From Figure 5.8, the angular sensitivity to refraetindex variation can be
evaluated to be 64.0 °/RIU. This is practically Hzne as that obtained from the
simple gold SPR structure. The resonance linewatttund 0.4° is however
narrower which results in a slightly higher figuwemerit of 160. The reflectivity
variation monitored at a fixed angle of inciden¢é5.15° following a change in
the refractive index of the sensed medium is catedl to be 2.5 x f0%/RIU.
This is higher by a factor of about 1.5 than thtueaobtained from the simple
gold SPR structure. Therefore, while the sensjtivit the bimetallic silver/gold
SPR structure is quite comparable to that of thepk gold film when angular
interrogation method is used, it is expected to Hbgher when intensity
interrogation method is employed for the detectibrefractive index variation.

Figure 5.10 (a) shows the sensorgram correspontingexperimentally
measured reflectivity variation from the bimetallgilver/gold SPR surface
following the injection of sucrose solution withfférent concentrations (0.025 %,
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0.05 %, 0.1 %, 0.2 %, 0.4 %, 0.6 %, 0.8 % and If&bxhree to five minutes
each. Demonized water is injected between two ssoge injections of these

sucrose solutions. Based
average noise level in the
Figure 5.10 (b), the meas

on the standard deviafi@ach obtained plateau, the
reflectivity measurenertvaluated to be 0.047 %. In
ured reflectivity variatis normalized to the average

noise level showing the signal-to-noise ratio.

Figure 5.10. (a)Measured reflectivity variation from the bimetalli
silver/gold SPR surface due to the injection ofrese solution with
different concentrations (0.025 %, 0.05 %, 0.1 %2, %, 0.4 %, 0.6

%, 0.8 % and 1 %).

The inset shows the noise ctarsiic in the

measured reflectivity. Based on the standard dewiathe average
noise level is 0.047 %b) The measured reflectivity normalized to the
average noise level showing the signal-to-noige.rat
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For comparison, the same experiment with variousentrations of sucrose

solution is also performe

d with the simple gold SéHp. Figure 5.11 shows the

measured reflectivity variation from the simple @y @PR surface following the
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injection of the same sucrose solutions. The aweragse level in this case is
0.048 % and the measured reflectivity variatioals normalized to the average
noise level showing the signal-to-noise ratio.

Figure 5.11.The measured reflectivity variation from the simgtdd
SPR surface due to the injection of sucrose saluiuith different
concentrations normalized to the average noisel Isliewing the
signal-to-noise ratio.
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A change of 0.5 % in sucrose concentration modthesrefractive index of the
solution by 7 x 19 RIU. An increment of 0.025 % in sucrose conceitratvill
thus increase the refractive index by a linearatam of 3.5 x 10 RIU. The
signal-to-noise ratio corresponding to 1 % sucnss&142 for the simple gold
SPR chip and 1550 for the bimetallic silver/goldusture. The refractive index
sensitivity of the bimetallic silver/gold structure therefore around 1.36 times
higher than that of the simple gold SPR chip. Base conservative signal-to-
noise ratio of 3, the best limit of detection isiresited to be 3.6 x 1DRIU for the
simple gold sensor chip. With its higher refractindex sensitivity, the bimetallic
silver/gold SPR structure is capable of detectirgightly lower refractive index
variation of 2.7 x 1§ RIU.

5.3. Long-Range Surface Plasmons

The essential physical concept of long-range sarfplasmons has been
discussed in Chapter 2. In this section, the thmaleaspects of long-range
surface plasmons for biosensing are first explofBae sensor fabrication is
subsequently detailed. Finally the obtained expenitall results are presented.
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5.3.1. Theoretical Analysis

Commonly used SPR structure consists simply of dgbld film on glass
substrate as schematically illustrated in Figurg25(a). In this chapter, such
simple gold SPR film on glass substrate is refetoeds the classical SPR. Figure
5.12 (b) shows a schematic illustration of the loagge surface plasmons sensor
chip. As discussed in Chapter 2, long-range suniégasmons require that the gold
thin film is sandwiched between two media havingikir refractive index. For
biosensing applications in aqueous environmentayerl of material whose
refractive index is very close to that of watefereed to as the buffer layer which
is typically a polymer with low refractive index,ust be deposited between the
gold thin film and the glass substrate. Togethehwhe sensed aqueous solution
as superstrate, this buffer layer creates the mapgssymmetric dielectric
environment around the sandwiched gold layer ireotd support the long-range
surface plasmons mode.

Figure 5.12. (a)Schematic illustration of the simple gold SPR sens
chip (classical SPR)(b) Schematic illustration of the long-range
surface plasmons sensor chip.

gold

(@)

glass substrate

gold polymer

N L

glass substrate

Consider a long-range surface plasmons sensor opgrating at the
wavelength of 760 nm in aqueous environment. T@actve index of water at
this wavelength is 1.3288 which is to be approxatyamatched by the buffer
layer. This low refractive index requirement in theinity of 1.32-1.33 around
the red end of the visible electromagnetic spectdoes not leave one with many
choices for the buffer layer. In fact, the refraetiindex of commonly used

93

© 2013 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Edy Wijaya, Lille 1, 2012

dielectric materials in optics is higher than 1.4®bwever, a certain class of
optically transparent amorphous fluoropolymer Has sought-after property. In
this work, the chosen material for the buffer lajgean amorphous fluoropolymer
known by its commercial name MY-133MC. As detailedhe next section, the
refractive index of the buffer layer obtained fréims polymer is determined to be
1.320 at the wavelength of 760 nm.

For a given refractive index, there is an optiminmckness of the buffer layer
that yields the sharpest plasmonic resonance. dfy fiathe buffer layer is too
thick, the evanescent field from the total internefraction at the prism base
cannot reach the gold interface to excite surfaasnpons. At the other extreme, if
the buffer layer is too thin, the surface plasmadosiot quite sense the presence of
the buffer layer. In the limit of zero thicknessieosimply recovers the classical
SPR structure.

Figure 5.13.Theoretical SPR curves of water on classical SRRm@e

chip (solid red curve) and long-range surface ptasnstructure

(dotted blue curve) at the wavelength of 760 nmre fiéfractive index

of the buffer layer is taken as 1.320 and its thess is 1285 nm. The
gold layer is 20 nm thick and the substrate is Bj&&s.
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The special interest in long-range surface plasni@nbkiosensing applications
is sparked, among others, by its extremely narréasrponic resonance. The
dotted blue curve in Figure 5.13 shows the thecak®PR curve of water on a
long-range surface plasmons sensor chip at the lermyh of 760 nm. The
thickness of the gold layer is 20 nm and the sabesis BK7 glass. The refractive
index of the buffer layer is taken as 1.320 andopgimum thickness can be
evaluated to be around 1250-1300 nm. The very waplasmonic resonance
linewidth obtained from this structure is aroun@83. For comparison, the solid
red curve in Figure 5.13 shows the theoretical $BRe of water on a classical
SPR sensor chip (50 nm gold layer on BK7 glasstsaiie$ at the wavelength of
760 nm. The significantly wider resonance linewidth this classical SPR
structure is about 3.5°. The two curves in FigurE3xlearly show the dramatic
reduction by a factor of approximately 40 in thagphonic resonance linewidth by
using long-range surface plasmons structure insieakhssical SPR.

Figure 5.14.Theoretical SPR curves of water on long-range sarfa
plasmons structure showing the shift of plasmoe®onance at the
wavelength of 760 nm when the refractive index asied by 0.003
RIU. The refractive index of the buffer layer ikeéa as 1.320 and its
thickness is 1285 nm. The gold layer is 20 nm tlziok the substrate
is BK7 glass.
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Figure 5.14 shows the theoretical shift of the mlasic resonance of this
particular long-range surface plasmons structurenathe refractive index of the
sensed dielectric medium is increased by 0.003 BH3$ed on the angular shift of
the reflectivity minimum, the refractive index s#émngty of this long-range
surface plasmons structure can be evaluated t®F¢R3U. With an extremely
narrow resonance linewidth of only 0.08°, the tletioal figure-of-merit of this
sensor chip is easily calculated to be as highb@s Bhis figure-of-merit is about
20 times that obtained from the classical SPR &irac

Figure 5.15 shows the electric field intensity emtenent factor associated
with the SPR curve of water on the long-range serfalasmons structure at the
wavelength of 760 nm. The maximum field enhancenfactor in this case is
almost 140. This is about seven times stronger thah of the classical SPR
structure. Lastly, the field penetration depth itite dielectric of this long-range
surface plasmons structure can be calculated aydaend 1100 nm. This is about
four times that obtained from the classical SPRo.cfihe long-range surface
plasmons structure can therefore probe the senséztttic medium four times
deeper.

Figure 5.15. Electric field intensity enhancement factor asseca
with the SPR curve of water on the long-range sarfalasmons
structure at the wavelength of 760 nm.
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5.3.2. Sensor Fabrication

In this work, microscope glass slides cleaned witranha solution (2:1
mixture of sulfuric acid and hydrogen peroxide) aiged as substrates. Spin
coating method is then used to deposit the requucdgimeric buffer layer on the
pre-cleaned BK7 glass substrate. For the spin regpgbrocess, the sample is
initially spun at 500 rpm for 10 seconds with arcederation of 300 rpm/s
immediately followed by spinning at 1200 rpm for 88conds with the same
acceleration of 300 rpm/s. The initial spinnindaat speed is especially useful to
better spread high-viscosity liquid on the substrbefore the desired final
spinning speed is applied. This is expected tolr@sa more uniform film. After
spin coating, the sample is placed on a hot plaaéntained at 90 °C for 30
minutes to evaporate the solvent. The temperatutteedhot plate is then raised to
120 °C and the sample is baked at this temperdturan hour. The obtained
polymeric film is subsequently characterized bypricoupling measurements. In
this work, Metricon prism coupler system is useditoultaneously measure the
refractive index and the thickness of the polymiém fby prism coupling
technique.

Prism coupling measurement, schematically illusttain Figure 5.16, is a
well-adapted method for the determination of refv@cindex and thickness of a
dielectric thin film [59, 60]. In this method, tH#ém to be measured forms the
core of a waveguide and the angle of incidence lafsar beam onto the prism
base is varied until phase matching condition betwibe incident laser beam and
the guided modes is satisfied so that strong cogpif light into the waveguide
occurs. From the measured angles of strongestioguphe modal indices of the
waveguide are experimentally determined from whioh refractive index and
thickness of the film can then be derived.

Figure 5.16.lllustration of prism coupling measurement [59].
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The modal index of the waveguideis experimentally determined from the
angle of strongest couplirffrom

. . . 1| sina
N =n siné=n, S|n|:£+ sml(n—ﬂ (5.2)
p
wheren, is the refractive index of the prism, couplifigs the angle of incidence
onto the prism base,is the angle of the prism base, ani$ the exterior angle of

incidence on the entrance face of the prism.

In a typical prism coupling measurement, thereiargeneral several guided
modes. The observed modal indiddg of the film, identified by their mode
numbersm = 0, 1, 2, ..., are related to the unknown refractindex n and
thickness W of the film by the dispersion equation of a plargielectric
waveguide which can be written as

kW (n* - Nmz)% =w_(n,N,) (5.3)

wherek, is the wave number in free space and

W, (nN,)=mz+g(n,N,)+@(nN,) (5.4)

2 %
()" (N2-n?
@(n,N,,) =tan [(F] [W]] (5.5)

1 m

with the subscripi taking on the values 0 or 2. The valugpdh Equation (5.5)
depends on the polarization where= O for TE polarization and = 1 for TM
polarization.

The physical meaning of Equations (5.3)-(5.5) canelasily understood by
considering a guided light propagating in a plaiiar of refractive indexn and
thicknessW on a substrate of refractive index with a cladding layer of
refractive indexn, as illustrated in Figure 5.17. According to rayicg approach,
the guided ray propagates following a zigzag p&hathe waveguide where it
undergoes total internal reflection at each int&faFor a guided mode to be
supported, the total phase shift experienced byralgein one complete zigzag
cycle (e.g., from point “a” to point “b”) must be antegral multiple of 2. This
total phase shift comes from three sources: theghbhift acquired by the ray as it

98

© 2013 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Edy Wijaya, Lille 1, 2012

traverses the film twice (once in the upward digctand once in the downward
direction) given by the quantity’zkow(n2 - Nmz)%, the phase shift due to total
internal reflection at the lower film-substratearface given by-2¢, and the

phase shift due to total internal reflection at thgper film-cladding interface
given by -2¢ .

Figure 5.17.lllustration of ray tracing in a planar slab wavietgu

n,

b
n W HW
ng

From any two modes of the same polarization indekgd: and o, the
experimentally obtained modal indicég, and N, can be inserted into Equations

(5.3)-(5.5) to yield two equations from whi&k can be eliminated. The resulting
single equation fon can be expressed in the form

n*=F () (5.6)
where the functiorF (nz) is given by

N ZqJVZ_NVZLP 2
F(n?)= TR (5.7)
v H

Equation (5.6) can be numerically solved to give téfractive indexn of the
film. Once the refractive indexis known, the thicknes#/ of the film can then be
easily obtained from Equation (5.3).

The key advantage of the prism coupler methodhior film characterization is
its ability to simultaneously determine the refraetindex and the thickness of the
film. It is important that for the thickness andragtive index of the film to be
completely determined, at least two guided modesraquired. If the film is
sufficiently thick to allow the observation of maitean two modes, the method is
self-consistent because the two unknowmsarid W) are then determined from
more than two independent measurements. This ireprdalie accuracy and
greatly increases the confidence in the method.ebl@r, the prism coupler
measurement is relatively simple and fast. In aaldjtthe precision and accuracy
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of the prism coupler technique has been shown teifdar to other common

methods for measuring the thickness and refraatistex of dielectric films such

as reflectance spectroscopy, ellipsometry, and ar@chl measurement of step
height [61].

The most important limitation of the prism couplitgghnique is the restriction
on the film thickness that can be measured. Fikas than about Oidn thick are
generally too thin to support guided modes andhpgsupling measurements are
thus not possible. For film thicknesses betweemamately 0.2um and 0.5um,
only one guided mode exists. In this case, theactfre index can be determined
only if the thickness is known and vice versa. Efene, either the refractive
index or the film thickness must be known from adependent measurement
before the other can be calculated. For films #ndkan 0.5um, two or more
guided modes are usually supported and both thretifiickness and the refractive
index can be completely determined from prism cogpineasurements.

Prism coupling method is also restricted to sinfpte structure. Hence it is
not suitable for complex multilayer films. In addit, prism coupler measurement
is usually performed only at several discrete wawvgihs of the available laser
sources. However, the obtained values of refradgtidex at these wavelengths
can be fitted to known dispersion model such asc@a dispersion equation to
allow an interpolation of the results to other wiangths.

Table 5.1 shows the thickness and refractive indexthree different
wavelengths (450 nm, 532 nm, and 633 nm) of thgrpetic film obtained from
1.6 dilution of MY-133MC polymer in methoxyperflugbutane (also known by
commercial name HFE-7100) solvent measured by pecumpler method.

Table 5.1. Thickness and refractive index at three different
wavelengths of MY-133MC polymer film obtained froh6 dilution
measured by prism coupling method.

© 2013 Tous droits réservés.

Wavelength TE mode TM mode
(nm) Refractive | Thickness | Refractive | Thickness
index (um) index (um)
450 1.331 2.61 1.331 2.65
532 1.329 2.58 1.328 2.63
633 1.326 2.47 1.326 2.54

The measured refractive indices in Table 5.1 arg senilar for both TE and
TM polarizations and therefore are independentabdnzation. These values can
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then be easily fitted into Cauchy’s dispersion ¢iquaexpressed by Equation
(4.38) to obtain the Cauchy’s coefficients as A.3017, B = 0.0132um)? , and
C =-0.0014 gm)*.

From this fitted dispersion model, the refractimdex of the polymeric film is
estimated to be 1.320 at the wavelength of 760 Asnit is not too far from the
range of wavelengths used for the fitting, the apttation in this case is
reasonably valid. With a refractive index of 1.38@ optimum thickness of the
polymer layer for sharp plasmonic resonance is ratoi250-1300 nm. The
thickness of the polymeric film obtained from 1:@ution of MY-133MC
polymer in HFE-7100 solvent as shown in Table 5.hApproximately twice this
optimum value. To get the desired film thicknesgshwihe same fabrication
procedures, further dilution by a factor of twe, j.1:13 dilution is required.

Table 5.2 shows the thickness and refractive indkxhe polymeric film
obtained from 1:13 dilution of MY-133MC polymer iHFE-7100 solvent
measured by prism coupler method. The refractivices are quite consistent
with the previous results shown in Table 5.1. Thies of the film thickness are
more or less half of those obtained from twice moomcentrated polymeric
solution shown in Table 5.1 as expected. The aeefdig thickness obtained
from 1:13 dilution of MY-133MC polymer in HFE-7108olvent as shown in
Table 5.2 is 1285 nm which is well in the rangel@50-1300 nm for optimum
thickness.

Table 5.2. Thickness and refractive index at three different
wavelengths of MY-133MC polymer film obtained frdlril3 dilution
measured by prism coupling method.

Wavelength TE mode TM mode
(nm) Refractive | Thickness | Refractive | Thickness
index (um) index (um)
450 1.332 1.30 1.333 1.29
532 1.330 1.25 1.331 1.28
633 1.327 1.26 1.326 1.32

To complete the fabrication of the long-range stefplasmons sensor chip, 20

nm of gold is deposited on top of the polymericelapbtained from the spin
coating of 1:13 dilution of MY-133MC polymer in HFELOO solvent as
described in the beginning of this section.
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5.3.3. Experimental Results

Figure 5.18 shows the experimental SPR curves témnam the classical SPR
(50 nm gold on BK7 substrate) and long-range serfalasmons sensor chips
measured with the in-house SPR setup operatirigeavavelength of 760 nm.

Figure 5.18. Experimental comparison of resonance linewidth
between the classical SPR and long-range surfasenoins structures
at the wavelength of 760 nm.
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From Figure 5.18, the experimentally obtained rasoe linewidth is 3.3° for
the classical SPR sensor chip. This is quite cterdiswith the theoretical
prediction of 3.5° as shown in Figure 5.13. HowevYer the long-range surface
plasmons structure, the experimentally obtainednasce linewidth from Figure
5.18 is 0.4° which is five times wider than the &.(redicted theoretically as
shown in Figure 5.13. However, this resonance liddwis still significantly
narrower by almost an order of magnitude compavetidt of classical SPR. The
resonance linewidth broadening of the long-rangéasa plasmons structure here
is due to uneven morphology of the interface betwte gold film and the
polymer layer. In fact, because of the high colesenergy of metals and
relatively weak metal-polymer interaction, metatpdsited on a polymer layer
tend to aggregate on the surface [62].
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Figure 5.19.Experimental sensorgram showing resonance shilfteat
wavelength of 760 nm when HBS buffer solution wilkfferent
dilutions are successively put into contact with surface of the long-
range surface plasmons sensor chip.
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Figure 5.19 shows the obtained experimental sermorgt the wavelength of
760 nm when HEPES buffer solution (HBS) with diéfiet concentrations (25 %,
50 %, 75 %, and 100% of HBS) in water are succeBsjwt into contact with the
surface of the long-range surface plasmons serigpr €he refractive index of
undiluted HBS buffer solution (HBS 1X) is 0.003 RHigher than that of water.
Further dilution of HBS buffer solution in water.28X, 0.5X, and 0.75X) scales
this refractive index difference proportionally. &hesult is a series of linear
regular steps in the observed experimental sermorgrhen HBS buffer solution
with either increasing or decreasing dilution is@ssively injected.

From Figure 5.19, the refractive index sensitiwaty the long-range surface
plasmons sensor chip can be evaluated to be 80 .°ARith resonance linewidth
of 0.4°, the figure-of-merit of this structure iasdly calculated to be 200. For
comparison, the experimental refractive index gefityi of classical SPR
structure at the same operating wavelength is BWU°lith resonance linewidth
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of 3.3° thus yielding a figure-of-merit of 20. Tle&perimental figure-of-merit of
the long-range surface plasmons sensor chip igftrer an order of magnitude
higher than that of classical SPR structure.

5.3.4. Extension to Near-Infrared

The concept of long-range surface plasmons develagb®ve for operating
wavelength in the visible can be extended to trer-drared region particularly
for the wavelength of 1550 nm. At this wavelendtig refractive index of water
can be calculated as 1.3149 which is to be claseiched by the buffer layer of
the long-range surface plasmons structure. Consglgold thickness of 20 nm,
Table 5.3 summarizes the optimum thickness oflibif$er layer as a function of
its refractive index.

Table 5.3. Optimum thickness of buffer layer as a functionitsf
refractive index for long-range surface plasmongcstire operating at
the wavelength of 1550 nm.

Refractive index Optimum thickness (nm)
1.3110 4200
1.3120 4800
1.3130 5400
1.3140 5900
1.3150 6100
1.3160 6300
1.3170 6500
1.3180 6700
1.3190 6900
1.3200 7100

Figure 5.20 shows the theoretical SPR curves oém@ long-range surface
plasmons structure with 20 nm thick gold layer gmme different refractive
indices of the buffer layer at the wavelength ob@5m. The corresponding
optimum thickness of the buffer layer given itsraetive index is taken from
Table 5.3.

As can be seen from Figure 5.20, the angle of @sm decreases when the
refractive index of the buffer layer is reducedisTis due to the fact that for any
given superstrate, the effective refractive indei tioe long-range surface
plasmons mode decreases with decreasing refraictilex of the buffer layer.
Figure 5.20 suggests that the refractive indexhef luffer layer should not be
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lower than 1.3110. Beyond this limiting value, ghl@smonic resonance occurs
too close to the critical angle of the total in@rmeflection which makes its
identification difficult.

Figure 5.20.Theoretical SPR curves of water on long-range sarfa
plasmons structure for different refractive indiogshe buffer layer at
the wavelength of 1550 nm. Table 5.3 is used tceerdehe the
optimum thickness of the buffer layer given itsraetive index. The
gold layer is 20 nm thick.
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Consider a long-range surface plasmons structurel-@fr1l glass (refractive
index = 1.6192 at the wavelength of 1550 nm). Téfeactive index of the buffer
layer is taken as 1.3120 and its optimum thickrfem® Table 5.3 is 4800 nm.
The gold layer on top is 20 nm thick. This struetus now compared to the
bimetallic silver/gold SPR sensor chip discussefiantion 5.2. Figure 5.21 shows
the theoretical SPR curves of water on the bimetallver/gold and long-range
surface plasmons structures at the wavelength B® 1. The extremely narrow
plasmonic resonance linewidth of the long-rangdaser plasmons structure is
found to be 0.008°. This is 50 times narrower thhat of the bimetallic
silver/gold SPR structure.
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Figure 5.21. Theoretical

plasmons structures at the wavelength of 1550 nm.
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Figure 5.22. Electric field intensity enhancement factor asseca
with the SPR curve of water on the long-range serfalasmons
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Figure 5.22 shows the electric field intensity emtement factor associated
with the SPR curve of water on the long-range serfplasmons structure in
Figure 5.21. The maximum field enhancement fagtdhis case is as high as 450.
This is more than an order of magnitude higher tian obtained from classical
SPR operating in the visible.

Figure 5.23.Theoretical SPR curves of water on long-range sarfa
plasmons structure showing the shift of plasmoe®onance at the
wavelength of 1550 nm when the refractive indexaged by 0.0005
RIU. The refractive index of the buffer layer ikeéa as 1.3120 and its
thickness is 4800 nm. The gold layer is 20 nm tlziok the substrate
Is H-ZF1 glass.
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Figure 5.23 shows the theoretical shift of the mlasic resonance of this
particular long-range surface plasmons structurenathe refractive index of the
sensed dielectric medium is increased by 0.0005 BHhs$ed on the angular shift
of the reflectivity minimum, the refractive indexerssitivity of this long-range
surface plasmons structure can be evaluated totFéRIU. With an extremely
narrow resonance linewidth of only 0.008°, the tiedoal figure-of-merit of this
sensor chip is easily calculated to be as highb@6 5This figure-of-merit is more
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than two orders of magnitude higher compared to dhalassical SPR operating
at the wavelength of 760 nm as used in most comal&SPR instruments.

The field penetration depth into the sensed digechedium can also be
calculated to be 7500 nm. With such significantbgraepth, this long-range
surface plasmons structure has promising potefaiabiosensing applications
involving cells whose size is a few microns.
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Chapter 6

Novel Graphene-Based Surface
Functionalization Strategy

This chapter treats the subject of novel surfacetfanalization strategy based
on graphene proposed and developed in this worle ddnventional surface
functionalization scheme widely used in SPR biosens first briefly introduced
followed by an overview of the novel surface fuontlization strategy. The
fabrication and characterization of sensor chipiporating the novel surface
functionalization strategy are then discussed tail$e Finally, some experimental
results indicating sensitivity enhancement due the tnovel surface
functionalization strategy are presented.

6.1. Surface Functionalization in Conventional SPR

In the functionalization of SPR biosensors, the tmadely used approach for
the introduction of functional groups onto gold S8Rface is based on thiolated
organic compounds, typically alkanethiols. Theselecues are known to
spontaneously form self-assembled monolayers (SAMsyold surface [63]. In
this chapter, SPR biosensors using this surfacetibmalization approach will be
referred to as conventional SPR biosensors.

A simple alkanethiol molecule is illustrated imgkre 6.1. An alkanethiol can
be thought of as containing 3 parts: a sulfur ligdgroup for attachment to a
noble metal surface, a spacer chain which is tylgicaade up of methylene
groups, (CH),, and a functional head group. The terminal sujftrup links the
thiol molecule to the gold surface through goldisubonds. This sulfur group
together with the carbon atoms in the methyleneeapgroup act as the main
driving forces for the self-assembly of the alk&n@s. The spacer group also
provides well-defined thickness (typically 1-3 nar)d acts as a physical barrier.
The head group then provides a platform where &syred group can be used to
produce surfaces of effectively any type of desaleemistry. By simply changing
the head group, a surface can be created thatieplyobic (methyl head group),
hydrophilic (hydroxyl or carboxyl head group), gt resistant (ethlylene glycol
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head group), or allowing chemical binding (NTA (ikdtriacetic acid), azide,
carboxyl, amine head groups).

Figure 6.1.Schematic diagram of a thiol molecule.
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Thiol SAMs on gold, silver, palladium, and otherterals are typically made
by immersing freshly prepared or clean metal-coagatistrate into a dilute
solution (around 1 mM) of the desired alkanethiolethanol for at least 12-18
hours at room temperature followed by thoroughimgavith ethanol and water.
Initial monolayer formation is very fast with moager coverage being achieved
within seconds to minutes. This initially formed matayer is however not well
ordered and contains many defects within the chaner time, a very slow
reorganization process takes place so that thesldygcome more ordered and
well packed. Reported assembly times vary througtiauliterature, but typically
are in the range of 12 hours up to 2 days. Figwzalleistrates these various steps
in thiol self-assembly on gold surface.

As an example of common surface functionalizaticimesnes in conventional
SPR, consider the 11-mercaptoundecanoic acid (MWIAEh is the alkanethiol
used in most cases. It is an alkanethiol with l1dbaa atoms in total and a
carboxyl head group. Its chemical formula is usguallvritten as
HSCH,(CH,)sCH,COOH. Self-assembly of MUA on gold SPR surface is
achieved by immersing the gold-coated sensor chip & 1 mM ethanolic
solution of MUA for at least 18 h followed by thaigh rinsing with ethanol and
water.
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Figure 6.2. (a)Various steps in thiol self-assembly on gold stefa
Gold-coated glass slide is dipped in an ethanalict®n of thiol. The
initial chemical adsorption process is very fagtisTis followed by a
very slow step of reorganizatigh) Reorganized monolayer.
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After the self-assembly of the MUA is complete, a®sired functional group,
biomolecule or bioreceptor referred to simply gautid can be covalently attached
to the sensor surface. Regardless of the chemused to attach the ligand to the
sensor surface, the first step in almost all covail@mobilization procedures is
the activation of the carboxyl head groups of teH#-assembled MUA with a
mixture of 1-ethyl-3-(3-dimethylaminopropyl)-carbodide (EDC, typically 0.2
M) and N-hydroxysuccinimide (NHS, typically 0.05 Mp give reactive
succinimide esters (Figure 6.3). The succinimiderssreact spontaneously with
amine and other nucleophilic groups, allowing diiteamobilization of molecules
containing such groups, e.g., biotin and amine-teaed DNA. As an example,
the covalent attachment of amine-terminated DNAgohd surface mediated by
self-assembled MUA is illustrated in Figure 6.4.

Figure 6.3.Activation of head carboxyl group with EDC/NHS.
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Figure 6.4. Formation of 11-mercaptoundecanoic acid (MUA) SAM
on gold surface followed by covalent linking of a@iterminated

DNA.
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6.2. Novel Approach to Surface Functionalization

Despite its widespread use, there are actuallymabeu of concerns with the
use of thiol SAMs on gold surface for SPR-basedsdmging. One of the
limitations of this approach resides in the kindfurictional thiolated molecules
which can be synthesized and the follow-up reactionbind the receptor.
Furthermore, the susceptibility of the gold—sulfbond to oxidation and
photodecomposition is a real hurdle to overcomehial chemistry. The rapid
degradation of alkanethiol-based SAMs on gold serfander ambient laboratory
conditions has been systematically investigated §%}. In particular, the thiol
bond susceptibility to oxidation in air and watesnmpromises its long-term
stability [66]. Upon exposure to ultraviolet lightthiol SAMs on gold are also
prone to photooxidation [67].

Currently, the new primary research focus usingléted SAMs in connection
with SPR is also oriented towards decreasing timelbeu of surface reaction steps
involved in bioreceptors linking. At the same tintliegre is a growing interest in
the applications of carbon nanomaterials, notaBip@n nanotubes and graphene,
for biosensing.

6.2.1. Motivations for Graphene-Based SPR Surface

Graphene, a single sheet of carbon atoms arramgachexagonal lattice, has
attracted great interest in various fields [68,. @¢cent advances in large-area
growth and isolation of graphene established itaagromising candidate for
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several potential applications [70, 71, 72]. Intjgaitar, graphene is an extremely
attractive material for biosensing applicationsdarumber of reasons.

Firstly, the unique surface physicochemical charstics of graphene enable
it to directly interact with biomolecules. Throudhe pi-stacking interactions
between its two-dimensional hexagonal cells andcdrbon-based ring structures
widely present in biomolecules, graphene can styorand stably adsorb
biomolecules [73]. Hence the incorporation of gepd into SPR biosensors
structure can substantially simplify the biorecepimking to the sensor surface.

Secondly, the surface of graphene is very staldbust, and chemically
resistant. Therefore, unlike thiol SAMs on goldfaoe, graphene is not plagued
with photodecomposition and photooxidation concerns

Thirdly, graphene has a large scalability and it ba readily integrated into
any existing SPR technology. Gold-graphene SPR gwatibn can be quite easily
realized thanks to the similarity of graphene’scilmic and surface properties to
carbon nanotubes and the strong adhesion betweboncaanotubes and gold
[74]. However, well-ordered assembly of carbon iabes on gold surface has
not yet been reported. On the other hand, the iwiuisional feature of graphene
makes it much easier to coat gold SPR surfacegvégphene.

Finally, it is also expected that the constrairdgréad on bioreceptors upon their
immobilization on the graphene surface can helpgarenon-specific binding of
biomolecules. In fact, it has been experimentalyven that functionalized
graphene improves the biostability and specifioitgingle-stranded DNA [75].

6.2.2. Overview of Graphene Synthesis

Any eventual applications of graphene-based deviegdsding biosensors will
certainly depend on methods for the reproducibleri¢ation of high-quality
graphene in large volumes and its incorporatiol itdévices on an industrial
scale. This “graphene engineering” is still an extely active and rapidly moving
field of research. Currently, there are four magpraaches to producing graphene
that will be briefly discussed below. The first tvawe based on a top-down
approach while the last two are bottom-up approgache

The first, also the simplest and the least expensigchnique to produce
graphene is micromechanical cleavage or exfoliatibgraphite also known as
the “Scotch tape” method. In this approach, regeateling of fragments from
high-quality graphite (e.g., highly-oriented pyridty graphite) with pieces of
adhesive tape eventually leaves some single layegraphene. Although this
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method tends to produce the best quality, leastideddorms of graphene, it can
only produce small area films of the order of a tews of micrometers and it is
not scalable [76]. Moreover, as single layers @pbene are distributed among
many other carbonaceous fragments that can havethree, dozens, or even
hundreds of layers, the other challenge in thisr@ggh is to identify the
fragments of graphene that have the desired numbdéayers and size. With
patience, this method can eventually produce highlty graphene for
laboratory-scale scientific research, but it isdhtr see how it will ever form a
high throughput, large-volume method for the indaktabrication of graphene.

The second graphene production method is the claén@duction of solution-
processed graphene oxide. In this approach, graphenfirst chemically
exfoliated by converting it into graphene oxide @ndtrongly acidic conditions
[77]. This oxidation process creates a large numbkeroxygen-containing
functional groups, such as carboxyl, epoxides, hAgdroxyl groups, on the
graphene surfaces. These polar groups make graphieateehydrophilic and thus
easily dispersed into single sheets in water capaiganic solvents. The colloidal
suspension of graphene oxide produced by this rdettlearly opens up
possibilities for simple deposition methods sucls@is or dip coating. However,
the physical and chemical properties of graphendeoare radically different
from those of graphene. For instance, graphenderieally conductive while
graphene oxide, due to a large proportion GfGfC bonds in its distorted layer
structure, is an electrical insulator. Therefoilge graphene oxide is typically
reduced by chemical agents such as hydrazine ohdaing in a reducing
atmosphere in an effort to recover the structuck @operties of graphene. While
this process does return much of the electricadaotivity and flatness to the
reduced graphene oxide, the final product is ndieqhhe same as graphene and
still contains a significant amount of carbon—oxydmnds [78, 79, 80, 81]. The
main limitation of this method is that the yieldssll very low and the graphene
films made from such colloidal dispersion of graphexide are not continuous
[82].

The third approach to fabricating graphene is lottgp chemical synthesis, a
process in which precursor compounds are combigextdanic reactions to form
molecular fragments of graphene that are subselguesed to grow larger
graphene flakes. The main limitation of such chaingynthesis approach is that
the “graphene fragments” quickly become insolulsieheir size increases. As a
result, the final products are currently limitedpi@ces of graphene smaller than
about 5 nm [83].
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The fourth method to growing graphene is based l@rnmal procedures.
Although more costly than wet chemical methodsse¢happroaches avoid any
chemical modification of graphene. There are irt &ayveral thermal approaches
to grow graphene. One approach is the epitaxialr@f graphene layers on the
basal faces of single-crystal silicon carbide heateabove 1200 °C in ultrahigh
vacuum [84]. In this approach, the graphene laggmv as the silicon atoms
evaporate from the heated crystal. However, theltteg graphene layers tend to
show various defects such as substrate-inducedgairons, rotational disorder
between the layers, and scattering centers [85¢s&heffects mean that the
electronic band structures and properties of egitgxaphene differ from those of
mechanically exfoliated graphene, so that it is@fiely a different material [86].
Another thermal approach to graphene growth isctiemical vapor deposition
(CVD) technique. Compared to the former approacilDGs a better thermal
method for graphene growth because it offers mameilas properties to
mechanically exfoliated graphene. The main chakenf this method lies in
achieving a monodisperse graphene film with weflitoaled number of layers.
Recent efforts have focused on growing really lesgge (e.g., centimeter-sized)
films of graphene by passing hydrocarbon vapors metallic substrates such as
nickel [87] or copper [88] heated to approximat&fp0 °C. Yet another thermal
approach is the ion implantation method for gragheynthesis with potential
layer-by-layer thickness control [89]. In this medh ion implantation is used to
introduce a precise dose of carbon atoms into pgdyalline nickel films.
Subsequent graphene growth on the surface of tklniilm occurs upon heat
treatment. Gradual increase in average grapherokng#ss is obtained with
increasing implantation dose. However, further mptation of substrate surface
homogeneity is still required for the productionlafge homogeneous films with
a precisely controlled number of layers.

6.2.3. Overview of Sensor Chip Fabrication

The structure of the novel graphene-based SPRceudaveloped in this work
is schematically shown in Figure 6.5. The sensap consists of a BK7 glass
substrate (microscope cover slide is chosen forptiegluction low-cost sensor
chips) onto which 2 nm titanium adhesion layer &}nm gold thin film are
deposited and an additional layer of graphene gn db the gold film. As
illustrated in Figure 6.5, the structure of thepirane-based SPR surface is almost
identical to that of conventional SPR with the onli§ference in the use of
graphene instead of thiol SAM. The key step inftirectionalization of the SPR
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surface is therefore shifted from the formationtlmbl SAM to the coating of
graphene on the gold surface.

The use of graphene for various sensing applicati@s actually been recently
reported in the literature. However, the graphemennal in these reports is still
limited to graphene made from solution-processedplygne oxide and its
subsequent chemical reduction [90, 91, 92, 93]mfentioned in the preceding
section, the yield of this production method iswéw and more importantly,
graphene films deposited from such colloidal disfmer of graphene oxide are not
continuous. This graphene deposition method, despdt attractive low-cost
feature, is therefore not suitable for the fabrarabf graphene-based SPR surface
that requires large-area and continuous graphestengoon the gold film.

Figure 6.5. (a) Schematic illustration of conventional SPR sensor
chip. (b) Schematic illustration of graphene-based SPR s&hso.
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As briefly mentioned in the preceding section, thest appropriate technique
for the production of high-quality large-area grapé is CVD growth. The
synthesis of graphene on gold foil by a CVD prodessrecently been reported in
the literature [94]. This growth process of graphem gold surface is however
not as well-studied as the CVD growth of graphenenakel or copper film.
Therefore there is a substantial lack of informatm the optimum conditions for
the direct CVD growth of high-quality, large-areeapghene on gold. For this
technical reason, it is not directly applied h@reere is also a secondary practical
cost consideration. In fact, direct CVD growth asidysurface necessitates high
temperature of around 800-900 °C while the micrpscoover slide used as the
glass substrate undergoes glass phase transitiaroaid 500 °C. Special glass
substrate such as fused silica would be neceseadyrectly grow graphene by
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CVD on top of the glass/gold stack. This requiretrima special glass substrate
would lead to a significant increase in the proguctost of the resulting sensor
chip, which is clearly not suitable for low-costnser chips. A solution to get
around this limitation is to transfer CVD graphegrewn on other substrates such
as nickel or copper onto the glass/gold SPR sestspr In this work, the chosen
graphene material is commercial CVD-grown grapheme nickel thin film
deposited on silicon substrate (Figure 6.6) cut aitnvenient 1 cm x 1 cm wafers
(purchased from Graphene Supermarket, USA).

Figure 6.6.Layer structure of commercial CVD-grown graphenedus
in this work.
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6.2.4. Graphene Transfer

To transfer CVD-grown graphene on metal foils oottoer substrates, there are
two types of commonly used graphene transfer mstha@imely wet transfer and
dry transfer.

The principle of wet transfer is basically to etalhiay the metallic substrate on
which the CVD graphene was grown and use a polymasdle as a support
material to "catch" the graphene layer. The fre@dihg polymer/graphene stack
is then placed on the desired target substratepligree facing the surface).
Finally, the polymer support material is removedyield a graphene film on the
desired substrate. As a specific example, Figuresbows the flowchart of a
typical wet transfer process of CVD graphene granncopper foil [95]. In this
process, the as-grown graphene film on copper ®ildrop-coated with
poly(methyl methacrylate)(PMMA) dissolved in chlbemzene. Since graphene
grows on both sides of the copper foil, after onke ©f the copper/graphene is
coated with PMMA and cured, the opposite side isished to remove the
graphene layer. The copper substrate is then etagl by an aqueous solution
of ferric nitrate (0.05 g/mL) over a period of amou 12 hours. The
PMMA/graphene stack is subsequently washed witbraeed water and placed
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on the target substrate. After drying, a small amai liquid PMMA solution is
dropped onto the PMMA/graphene. The newly formed®Milm is then slowly
cured at room temperature and finally dissolveadgtone.

Figure 6.7. Flowchart of a typical wet transfer process of CVD
graphene grown on copper foil. The top-right anttdro-left insets
are optical images of graphene transferred onta/SiQvafers (285
nm thick SiQ layer). The bottom-right inset is a photograph of
graphene transferred onto quartz substrate [91].

As-grown Gr on Cu

g Bad Transfer

‘ Depaosit PMMA and cure l

"
Etch away Cu |

[ Wash PMMA/Gr in DI water |

Cracks

200um

- d od

< Place PMMA/Gr on mbelr::i@::} E’ | Remove PMMA with acetone |

——

ﬂ New

.?led-eposlt PMMA and ;.we ‘ ’_ _i

"

[ Remove PMMA with acetone | 3

8
Good Transfer

Graphene

Quartz

7w|||r.w|\||| (L

L] L= i

The main problem with such wet transfer methoch&t the PMMA resist is
not completely removed from the graphene surfacadeyone [96]. By annealing
at 300 °C in ultra-high vacuum for 3 hours, mostied PMMA residues can be
removed from the graphene surface but post-anneahyXphotoelectron
spectroscopy (XPS) indicates that some trace of RM&/still present [97]. To
improve the removal of PMMA residue, thermal treatmat higher temperature
of around 500 °C to decompose the remaining PMM4 leen suggested [98].
The need for such high temperature treatment isaalthck of the wet transfer
method as it prevents the transfer technique tappdied to substrates that cannot
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withstand excessive heat, e.g., flexible organitymer. The relatively long

processing time also makes the wet transfer methtiter inconvenient: the
etching of the metal substrate alone takes 12 ha@ufew additional hours is
required for the high temperature treatment. Moeepthe wet transfer method is
clearly not amenable to highly chemically resistaobstrates such as silicon
carbide.

An alternative to the wet transfer method is the tdansfer technique adopted
in this work [99]. Figure 6.8 illustrates the basteps involved in the dry transfer
method. The main idea of this technique is to hsenbal release tape to peel the
graphene layer off its original substrate and plheetape/graphene stack on the
new substrate. The thermal release tape can themipdy removed by heating to
moderately low temperature.

Figure 6.8.lllustration of the basic steps in dry transfettaque.
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Thermal release tape is a unique adhesive tapeattiares tightly at room
temperature and can easily be peeled off just lajirig to a certain temperature
referred to as the thermal release temperature. nWhe thermal release
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temperature is reached, specific active partiakethe thermal release adhesive
layer expand. As a result of this expansion, foarescreated in the adhesive layer
and the adhesion is significantly reduced duedeaease in contact area between
the adhesive layer and the substrate (Figure BI#).tape is then released and can
be easily removed from the substrate.

The specific thermal release tape used in this ierhe Revalpha thermal
release tape (Part No.3195MS, 3.7 N/20mm) whogendileelease temperature is
120 °C. It is important to note that there are mber of precautions to be aware
of when using the Revalpha thermal release tapee€swe heating and extended
exposure to high temperature may cause rebondiny asn such should be
avoided. It should also be noted that Revalphanthkrelease tape may not
separate depending on the material and surfac@eokuibstrate to which it is
applied. Concerning the particular Revalpha thermetdase tape used in this
work, such is indeed the case for freshly prepasettogenated silicon surface.

Figure 6.9. Decrease in contact area between the thermal ecleas
adhesive layer and the substrate when the theetedse temperature
IS reached.
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There are several distinctive advantages of dmstea technique compared to
wet transfer method.

Firstly, in dry transfer technique, there is nordel etching of the substrate
as in wet transfer method. Likely chemical contaation to the materials is
therefore minimized and it makes dry transfer tegqie compatible with a wider
range of materials, e.g., organic polymer for lowgtcsubstrates, that do not resist
etching chemicals. On the other extreme of chemesastance, highly chemically
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resistant substrates that are difficult to treahgisvet transfer are also perfectly
compatible with dry transfer method.

Secondly, dry transfer technique only requires \&rgrt thermal treatment at a
moderately low temperature of 120 °C to removethieemal release tape. There
is actually an annealing process at 250 °C to renamy remaining tape residues
which will be described later in detail but thisnigerature is considerably lower
than the required annealing temperature of 500 riGnet transfer method.
Compared to wet transfer strategy, a wider rangaib$trate materials that do not
withstand high temperature can therefore be accatated by dry transfer
technique.

Thirdly, dry transfer technique is much faster thaet transfer method.
Whereas wet transfer requires 12 hours just foretiching of the substrate, the
total time needed including a long final annealingdry transfer is at most 6
hours.

Finally, dry transfer has the potential to be usedefficient manufacture. With
a long thermal release tape, a roll-to-roll convimsi manufacturing process can be
envisaged. When the release temperature is reathedhermal release tape
separates instantaneously from the substrate witheed of applied force and
therefore contributes to better yield and labor irgavin a continuous
manufacturing process.

For the above reasons, dry transfer techniqueesptbferred method for the
transfer of CVD graphene to the gold-coated gladsstsate in this work. The
details of the transfer process are now descrideguitably cut piece of the
Revalpha thermal release tape is first placed enstirface of the commercial
CVD graphene to be transferred. To ensure stroniguaform adhesion of the
tape to the graphene layer, the tape/graphenefatédstack is inserted into a
substrate bonding apparatus where a pressureiplptaced on top of the stack.
The bonding chamber is then pumped to approximaiety10* Torr before a
uniform force of 5 bars is applied to the pressuisge for 5 minutes. After this
process, the sample stack is removed from the bamtkthe tape is peeled from
the substrate. Due to very strong adhesion betwleergraphene layer and the
tape, the graphene layer sticks to the tape bigt #eparated from its original
substrate. The tape/graphene stack is now placetieotarget substrate, namely
the gold-coated glass sensor chip (graphene fdbgurface). This new stack is
subsequently inserted into the bonding apparatdgtesame procedure with the
pressure plate is repeated to enhance the adhssteren the graphene layer and
the target substrate. After its removal from thedw®, the new stack is placed on
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a hot plate stabilized at a temperature of 1-2 tOva the 120 °C release
temperature of the tape. This thermal treatmentieites the adhesion strength of
the tape in less than a minute. The tape is theroved, leaving behind the
transferred graphene layer on the target substvhieh will be called the as-
transferred graphene in the discussion that follolwe as-transferred graphene
surface on the gold-coated sensor chip is finallgad with acetone to dissolve
tape residue. To evaluate the effectiveness ofoaeetinsing in removing tape
residue, X-ray photoelectron spectroscopy (XPS)p&formed on the as-
transferred graphene after washing by acetone.

XPS is a surface chemical characterization teclnithat can be used to
analyze the surface chemistry of a material, ¢ogidentify the chemical species
present on the sample surface. XPS spectra armeththy irradiating a material
with an X-ray beam while simultaneously measurihg kinetic energy and
number of photoelectrons that escape from the tép 10 nm of the material
being analyzed. A typical XPS spectrum is a plotthe# intensity of detected
photoelectrons versus their binding energy. Eackemeht produces a
characteristic set of XPS peaks that correspornle®lectron configuration of the
electrons within the atoms of that element, e.g,, 4s, 2p, etc and different
chemical bonds of a particular element have theim anique binding energy. For
example, Table 6.1 lists the characteristig liinding energy of several relevant
carbon-carbon and carbon-oxygen bonds [100, 1011.0/8.

Table 6.1. Characteristic & core level binding energy of several
important carbon-carbon and carbon-oxygen bonds.

Bonds Binding energy (eV)
C-C sp 284.5
C-C sp 285.1
C-O 285.3
C=0 286.5
O-C=0 289.0
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Ideally, only the peak with binding energy at 2849 corresponding to
carbon-carbon $pbonds should be present in the Eore level XPS spectrum of
clean, pristine graphene. This is shown in Figul &y the solid blue curve for
the original graphene before transfer. The red esturve in Figure 6.10 is the
Cis spectrum of as-transferred graphene after sinipéeng with acetone. For this
particular graphene surface, in addition to theeetgd characteristic carbon-
carbon sp peak, there are several other peaks that corrdsggonarbon-carbon
sp® and various carbon-oxygen bonds listed in Table Bhese other bonds are

attributed to the presence of foreign organic sgefriom the tape residues.

Figure 6.10.High resolution Gs core level XPS spectrum of original
graphene before transfer (solid blue curve) contpaoethat of as-
transferred graphene washed with acetone only deesdhed curve).

Signature of carbon-carbon °sps well as various carbon-oxygen
bonds is clearly visible in the latter.
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Figure 6.10 clearly shows that a simple rinsindhveitetone is not sufficient to
clean the surface of the as-transferred graphenpladsible hypothesis is that
some non-polar chemical species from the tape uesicgre not dissolved by
acetone which is a polar solvent. To test this kiygsis, a mixture of polar
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(acetone, methanol) and non-polar (toluene) sadventised to rinse the surface.
The mixture of solvents consists of acetone, methamnd toluene in a 1:1:1

proportion. The red dashed curve in Figure 6.11wshdhe resulting XPS

spectrum of the surface washed with this mixturesaivents after 3 hours of
solvents bath. A comparison with the XPS spectrdirthe surface washed with

only acetone shown by the solid blue curve in Fegbull reveals that there is no
appreciable improvement in the removal of tapedresiby using a mixture of

solvents (and solvents bath) instead of a simpitoae rinse.

Figure 6.11. High resolution G core level XPS spectrum of as-
transferred graphene washed with acetone onlyd(dalie curve)
compared to that of as-transferred graphene wasitach mixture of
solvents (1:1:1 mixture of acetone: toluene: methaafter 3 hours of
solvents bath (red dashed curve).
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Figure 6.11 indicates that there is actually nodneeuse a mixture of polar
solvents (acetone, methanol) and non-polar solvgohsene). From the point of
view of materials safety and cost, using only agetés quite advantageous.
Acetone is a widely used and very good solvent dsssolves almost all organic
compounds. Acetone is also a relatively safer smlvé has a much higher
flashpoint than alcoholic solvents such as methanathanol, and so it is less
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likely to catch fire. Methanol is much more hazarsldo use, it is considerably
more toxic to the body than acetone, having extheinad effects on the eyes and
the liver. Moreover, acetone is a relatively inexgiee solvent.

Figure 6.11 suggests that in addition to solvesdtment, further processing is
required to completely remove tape residue. To ioonthis, the as-transferred
graphene is annealed after a simple rinse withoaeetThe annealing is done at
250 °C under nitrogen flow environment for an hoAfter an hour, the nitrogen
flow is stopped but the sample is left in the afingaoven maintained at 250 °C
for five more hours.

Figure 6.12. High resolution Gs core level XPS spectra of as-
transferred graphene washed with acetone only @éefsolid blue
curve) and after annealing (6 hours at 250°C) édbtted curve).
Various carbon-oxygen as well as carbon-carboh kspnds are
effectively removed by annealing.
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The post-annealing XPS spectrum shown by the rétédi@urve in Figure
6.12 indicates that after the thermal treatme68t°C, various carbon-oxygen as
well as carbon-carbon $pspecies present before annealing are effectively
removed by the annealing process. Further compaon$dhe XPS spectrum of
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the sample after the annealing process to thatiginal graphene as shown in
Figure 6.13 confirms that the original chemicaltestaf the graphene surface is
recovered after the complete post-transfer prongssiamely a simple rinse with
acetone followed by 6 hours of annealing at 250a8Chas just been described.
This suggests that some chemical species fromathe tesidue are so strongly
adsorbed, either physically or chemically, on thepbene surface that the attempt
to remove these species by solvent treatment asonet effective. These species
are only released from the graphene surface wheir #inetic energy is
sufficiently increased by the ensuing thermal tresatt.

Figure 6.13. High resolution Gs core level XPS spectra of as-
transferred graphene before (solid red curve) diedl @omplete post-
transfer processing (dashed blue curve).
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In the microelectronics industry, the UV and ozdh®/O) cleaning is an
effective method of removing organic contaminantenf silicon, gallium
arsenide, quartz, sapphire, glass, mica, ceranaied, metals. It is therefore
tempting to see if the UVO cleaning method can ddsoused to remove tape
residue from the surface of the transferred graphen
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The UVO method is a photo-sensitized oxidation esscin which the
contaminant molecules of photo resists, resingnihg solvent residues, and oils
are excited and/or dissociated by the absorptionskdrt-wavelength UV
radiation. The products of this excitation of contaant molecules react with
atomic oxygen generated when molecular oxygen awhe are dissociated by
short-wavelength UV radiation to form simpler, wd&amolecules which desorbs
from the surface.

Figure 6.14 shows the XPS spectra of as-transfegraghene rinsed with
acetone before and after 10 minutes of UVO treatnidre XPS spectra shown in
Figure 6.14 indicate that UVO treatment to remay@etresidue from the surface
of the transferred graphene should be avoidedagutlly increases the oxidation
level of the surface and thus adds to the surfacdgamination. However, if
graphene oxide is the desired final product, UVéatment of the transferred
graphene might be a potential alternative to chahmmutes for the production of
uniform and continuous graphene oxide film [103].

Figure 6.14. (a)XPS spectra of as-transferred graphene rinsed with
acetone before UVO treatment gl after UVO treatment.
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Whereas X-ray photoelectron spectroscopy is usedrabe the surface
chemical state of the transferred graphene, itsiphlystate can be characterized
by Raman spectroscopy. It is based on inelastitest®y, or Raman scattering, of
monochromatic light from a laser. The laser lighteracts with molecular
vibrations, phonons or other excitations in thetexys resulting in the energy of
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the laser photons being shifted up or down. Th& shenergy gives information
about the vibrational modes in the system.

Figure 6.15 shows the Raman spectra (532 nm |laxs@aton) of the original
graphene and transferred graphene. There arefloeenent characteristic peaks
in the Raman spectra of graphene arfdcspbons systems. These are the G, D,
and 2D peaks [104, 105].

Figure 6.15.Raman spectra of the original graphene (red cuame)
transferred graphene (blue curve).
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The G peak is the Raman signature df cgrbons, and is observed at around
1585 cni* for all s carbons.

The D peak, observed in the range of 1250-1408, ésrthe dominant Raman
signature of disorder in $garbons. Its relative signal strength comparetth¢oG
peak is an indication of the amount of disordethia s material. The scattering
process responsible for this peak is only activatedllowed in the presence of
disorder.

The 2D peak, also referred to as the G’ peak,assdtond harmonic of the D
peak. It is however independent of the D peak2ihepeak is always observed in
spf material even when there is no material disortesingle-layer graphene, the
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intensity ratio of the 2D to G peaks is relatedct@rge carrier concentration
[106].

Table 6.2 summarizes the characteristics (positwimth, and integrated
intensity) of the D, G, and 2D Raman peaks of thigimal and transferred
graphene.

Table 6.2.Position, width, and integrated intensity (areajhef D, G,
and 2D peaks in the Raman spectra of original aadsterred

graphene.
original transferred

position (cnt) 1319.2 1331.3

D peak | width (cmi) 78.6 29.0
area (x 1000 ci) | 27.0 41.7
position (cnt) 1582.3 1588.3

G peak | width (cm?) 29.2 46.3
area (x 1000 ci) | 54.4 63.3
position (cnt) 2666.6 2658.6

2D peak | width (cmi?) 86.0 61.5
area (x 1000 ci) | 54.0 66.6
area(D)/area(G) 0.50 0.66
area(G)/area(2D) 1.01 0.95

A comparison of the integrated intensity ratio loé D to the G peaks before
and after transfer seems to indicate that some amécdl defects are introduced
by the transfer process. However, the XPS specésepted earlier (Figure 6.13)
confirm that the transfer process does not altercttemical state of the graphene
surface which is of the most importance for bioganapplications.

The determination of the number of graphene layersn the integrated
intensity ratio of the G to 2D peaks has been sstggen the literature [107]. The
relation between the number of graphene layerstlamdntegrated intensity ratio
of the G to 2D peaks taken from reference [10&hiswn in Figure 6.16 (a) (the
2D peak is referred to as the D' peak in the aiegdrence). This ratio increases
systematically with the number of graphene layeosnfapproximately 0.25 for
single-layer graphene up to around 0.85 for highignted pyrolytic graphite
(HOPG). The integrated intensity ratio of the G2 peaks presented in Table
6.2 is however 1.01 for the original graphene whgkery close to 0.95 for the
transferred graphene. This value is outside thga@n25-0.85 in Figure 6.16 (a)
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so that it cannot be used to determine the numb&yers. The reason for this
discrepancy is the strong influence of the diffénemderlying substrates. In fact,
the substrate used in the study leading to Figuté €a) taken from reference
[107] is silicon dioxide whereas in this work, tilseibstrate for the original
graphene is nickel and that for the transferreglgeae is gold.

Figure 6.16. (a)Plot of the ratio of the integrated intensitieslod G
and 2D peaks vs. number of stacked lay@}.G line frequency vs.
number of stacked layer¢c) G peak for highly-oriented pyrolytic
graphite (HOPG) (upper peak), double- (middle peak)d single-
layer (lower peak) graphene. The vertical dashed indicates the
value for bulk graphite. The presented graphsaiert from reference
[107] in which the 2D peak is referred to as thep&ak.
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Likewise, the results based on the position of@hpeak presented in Figure
6.16 (b), cannot be reliably used to determinerthmber of layers. In fact, the
number of layers determined from Figure 6.16 (b@ven ambiguous when the
number of layers is more than 2.

The determination of the number of layers from Ranspectra therefore
requires preliminary results from a systematic gtodlRaman characterization of
graphene with different number of layers on varicubstrates. In addition,
Raman spectroscopy measurement is quite time-cangurRor these reasons,
Raman spectroscopy is impractical for the detertiunaof the number of
graphene layers. On the contrary, as explainechenfollowing section, SPR
measurement is a simple, fast, and convenient rddthbe used to determine the
number of layers of the transferred graphene od-goated glass substrate.
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6.2.5. Optical Influence of Graphene Layers

The influence of the addition of graphene layergt@optical characteristics
of the resulting SPR biosensors is easily evaluasedg the calculation methods
described in Chapter 4. To do this, two parameateed to be known. The first
one is the thickness of the layers. As the thickr#sa single graphene layer is
0.34 nm, this is easily worked out to be the nundidayers times 0.34 nm. The
second parameter is the relative electric perntigtivor equivalently its square
root, i.e., the refractive index of the grapheneia.

The complex refractive inder, of graphene as a function of wavelength

in the visible region can be characterized by
. C,
n, =3.0+ M?g (6.1)

where the constan€, has the numerical value of 5.446 BnThis seemingly

simple model can however accurately describe theadehavior of graphene
stacks from the two-dimensional limit which corresgs to single-layer graphene
all the way to the bulk limit, i.e., graphite [108]

Equipped with such information, one can now evauaeveral optical
characteristics of the novel graphene-coated SRiRosechip. To start with,
Figure 6.17 shows the calculated difference in SR§le of water on graphene-
coated and bare gold sensor surface at the wavbleh@80 nm as a function of
the number of graphene layers. The addition of lggap layers therefore slightly
shifts the initial operating point of the sensor.

The difference in SPR angle of water on graphera¢ecband bare gold sensor
surface as a function of the number of grapheneréags shown in Figure 6.17
can be conveniently used to determine the numbgragdhene layers. Compared
to Raman spectroscopy, SPR measurement is muchlesimpd less time-
consuming for this purpose. The interpretationhe tesults is also much more
obvious. Moreover, such SPR measurement is notndsdu as SPR biosensing
experiments require initial SPR curve for referemddch is usually obtained
from the SPR curve of water or buffer solution wdasfractive index is very
close to that of water.

Figure 6.18 shows the experimental SPR curves ¢énan graphene-coated
sensor surface and bare gold SPR surface measitreduwtolab SPR instrument
operating at the wavelength of 680 nm. The andl@simimum reflection, i.e., the
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SPR angles here differ by approximately 0.8°. Friv correlation shown in
Figure 6.17, the graphene in this case can berdeted to be a bilayer.

Figure 6.17. Calculated difference in SPR angle of water on
graphene-coated and bare gold sensor surface awatwelength of
680 nm as a function of the number of graphenetaye
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Figure 6.18. Experimental SPR curve of water on graphene-coated
sensor surface (solid blue) compared to that ore lganld sensor
surface (dotted red).
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A very important point to note from Figure 6.18hsat although the addition of
graphene does shift the initial operating pointha& sensor, it does not modify the
resonance linewidth. In fact, if the number of l@yes less than four, no
significant resonance broadening is expected. Hewefor thicker graphene
layers, the resonance linewidth is considerablyreiased. It can be easily
calculated that the resonance linewidth is appratety tripled when the number
of layers increases to 10. Such a situation is nieskess rarely encountered in
practice as most graphene has only between 1-3rslagepending on its
production method.

Theoretical evaluation of the influence of graphdagers on the optical
sensitivity of the graphene-coated gold SPR surfasa® been proposed in the
literature [109]. Figure 6.19 shows the resultsetalkfrom reference [109]
suggesting that the percentage increase in ogeragitivity of graphene-coated
sensor surface compared to bare gold SPR surfaoe aémost linear function of
the number of graphene layers. This percentageaserin optical sensitivity is
calculated to be 2.5 % per each graphene layeis, Math 10 layers of graphene,
the optical sensitivity is expected to be increabgd25 %. It is important,
however, to keep in mind that adding beyond foyeta or so of graphene has a
side effect of resonance broadening. As has jush lmeentioned, the resonance
linewidth is about tripled for ten layers of grapkeIn this case, the small gain in
optical sensitivity is clearly outweighed by theger loss in resonance linewidth.
For optimum performance, the number of graphenertays therefore to be
reasonably kept between 1-3 layers.

Figure 6.19. Percentage increase in optical sensitivity of gesmeh
coated surface compared to bare gold SPR surfaaduation of the
number of graphene layers. Graph is taken fronteate [109].
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6.2.6. Experimental Results of SPR Biosensing

The model system chosen for SPR biosensing tedtssirwork is the biotin-
streptavidin couple. 1t is a well-known system coomhy used in typical
biosensing experiments. The very high binding dffirbetween biotin and
streptavidin makes this system suitable for biogetesting.

Figure 6.20 shows the obtained sensorgram of bsteptavidin binding
response on conventional SPR surface, i.e., galtkdo glass substrate
functionalized with thiol SAM, measured with Autbl&PR instrument.

Figure 6.20.Sensorgram of the biotin-streptavidin binding rewseo
on conventional SPR surface.
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The detailed experimental sequence is as follovedd-Goated glass substrate
used as SPR sensor chip is first functionalizedh wself-assembled 11-
mercaptoundecanoic acid (MUA) on gold surface sgyisetly activated by
EDC/NHS chemistry as described in Section 6.1.imh&al SPR reference is then
established by the injection of PBS (phosphatedratf saline) buffer solution.
Solution of biotinylated BSA (bovine serum albumwith a concentration of 0.1
mg/L, which is equivalent to 1.pM, is then injected until the saturation of the
measured response. This is then followed by ringiitly PBS buffer to wash off
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biotin molecules not adsorbed or immobilized on ¢kasor surface. Solution of
streptavidin with a concentration of 0.01 mg/L, @his equivalent to 0.1pM is
subsequently injected until the saturation of theasured response. This is finally
followed by another rinsing with PBS buffer to wasff excess streptavidin
molecules.

Figure 6.21 shows the SPR curves correspondinbetonitial SPR reference,
the steady-state immobilization of biotinylated BS#ad the final streptavidin
binding on the conventional SPR surface from whioé angular shifts can be
clearly seen.

Figure 6.21.Experimental SPR curves on conventional SPR surface
Initial SPR reference is shown by the solid blackve. SPR curve
following biotin binding is shown by the dashed redrve. Final
streptavidin binding is shown by the dotted greerve.
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Similar biotin-streptavidin binding experiment @&so conducted on the
graphene-based SPR surface. It follows the samgeseq directly starting from
the injection of biotinylated BSA. Figure 6.22 steothe obtained sensorgram of
biotin-streptavidin binding response on graphemedaSPR surface measured
with Autolab SPR instrument. Figure 6.23 shows #ssociated SPR curves
corresponding to the initial SPR reference, thedtestate immobilization of
biotinylated BSA, and the final streptavidin bingin
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Figure 6.22. Sensorgram of the biotin-streptavidin binding rewseo
on graphene-based SPR surface.
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Figure 6.23. Experimental SPR curves on graphene-based SPR
surface. Initial SPR reference is shown by thedsblack curve. SPR
curve following biotin binding is shown by the dashred curve.
Final streptavidin binding is shown by the dottedem curve.
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To analyze the obtained sensorgrams to comparehgmnagbased and
conventional SPR surfaces, two cases can be dissimed: primary binding of
biotinylated BSA and secondary binding of strepdavi In the first case, the
measured response upon primary steady-state HetiayBSA immobilization on
the graphene-based SPR surface is 896 RU. In sbntree measured response
following steady-state immobilization of biotinygat BSA on the conventional
SPR surface is only 264 RU. The measured responsthe graphene-based
surface in this case is therefore amplified by@diaof 3.40 compared to that on
the conventional SPR surface. For the second taseneasured response upon
streptavidin binding is 5000-896 = 4104 RU for tiraphene-based surface. For
the conventional SPR surface, the response follpwhe binding of streptavidin
is only measured to be 2780-264 = 2516 RU. Thiswsoto a sensitivity
amplification factor of 1.63, about half the amighition factor for the binding of
biotinylated BSA.

To further understand the sensitivity enhancemame, should always keep in
mind that the overall sensitivity of an SPR biosenas expressed by Equation
(3.1) is in fact determined by both the intrinsiptioal sensitivity of the SPR
sensor and the characteristics of the surface ibmadtzation. Considering the
optical sensitivity contribution, it has been thetarally predicted that the
incorporation of graphene only adds 2.5 % per ldgethe optical sensitivity of
SPR sensors. For bilayer graphene in this expetintee expected increase in
optical sensitivity is therefore 5 %. The measungelcentage increase in
sensitivity, 240 % for biotin and 63 % for strepthm, clearly exceeds by a
significant amount this 5% increase theoreticatigdicted considering the optical
contribution alone. Therefore, the extra factor Imosensing sensitivity
enhancement of the graphene-based surface catribatat to the increase of its
surface functionalization efficiency. This showsittlthe sensitivity amplification
is mainly dominated by the unique surface physieaulal properties of the
graphene layer.

It is also to be noted that apart from an initieference shift of about 0.8°
shown in Figure 6.18, the form of the SPR curvesfairly identical in terms of
resonance linewidth for both the graphene-based thedconventional SPR
surfaces, i.e., no SPR linewidth broadening is oiesk due to the graphene
overlayer. Together with higher sensitivity as d¢aneasily seen by comparing
Figures 6.21 and 6.23, it makes the figure-of-mefrithe graphene-based surface
more significant compared to that of conventionBRS In addition, the same
experimental setup was used for both surfaces anthstrumental adjustment

137

© 2013 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Edy Wijaya, Lille 1, 2012

was necessary when changing the sensor chips.shbiss that the graphene-
based SPR surface can easily be used in place mfestional SPR surface

without any modification to the measurement systéhe graphene-based SPR
surface can thus be readily integrated into thetiej SPR technology. Moreover,
the signal generated upon immobilization and bigds much stronger on the
graphene-based surface compared to conventional SRRture. Since the

instrumental setup is identical in the two cashs, gignal-to-noise ratio of the

graphene-based sensor surface is clearly enhahbeckefore, this novel structure
potentially allows a considerably lower limit oftdetion to be achieved.

Another distinctive advantage of graphene-based S#RBcture is that
sophisticated or susceptible surface functionabmatis not required as in
conventional SPR. Nevertheless, if necessary, ada@modification of graphene
to introduce additional functional groups coulddaesily performed [110, 111]. In
particular, the introduction of functional polymeratrices to extend the two-
dimensional surface into a three-dimensional sgnsiolume can potentially
boost the already observed sensitivity enhancemest further [112]. This is in
fact the kind of strategy used in Biacore CM5 sendup that uses dextran
matrices attached to thiol SAM to functionalize$#8R gold surface.

Lastly, since the sensitivity enhancement mecharo$rthe graphene-based
SPR surface is mainly dominated by its surface igbghemical rather than
optical properties, the biosensing characterisbsthe graphene-based SPR
surface are likely to depend on the specific bia@uolar sytems. For this reason,
further study of the interaction between graphereethe biomolecular systems of
interest is still needed before mature applicatiohgraphene-based SPR surface
can be materialized.
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Chapter 7

Novel Optical Geometry
In the Design of SPR Biosensors

In this chapter, the focus is shifted from ATR lstmann configuration to
some more integrated geometry in the design of BRRensors. The novel
designs considered here are integrated optical guite structures and some
relatively simple arrays of micro/nanostructures.

7.1. Integrated Optical Waveguides

The first part of this chapter is devoted to theigie of SPR biosensors based
on integrated optical waveguides. Two types ofagbtivaveguides are considered
here. Simple waveguide structure is investigatest fio serve as the basis of
further elaboration. Building on the results depeld for the simple waveguide
structure, the long-period waveguide grating strrects subsequently discussed.

7.1.1. Simple Waveguide Structure

Integrated optical waveguide SPR sensors are phktig promising
candidates for the development of miniaturized railannel sensing devices on
a single chip. The excitation of surface plasmensuch devices is accomplished
through waveguide coupling method briefly touchg@dmin Chapter 2. Surface
plasmon resonance in an optical waveguide occurenwthe wavelength-
dependent propagation constant of the guided maatehm@s that of the surface
plasmons. The result of this coupling is the transff electromagnetic energy
from the guided mode to the surface plasmons. Thsegjuent dissipation of the
electromagnetic energy in the metal causes a dipartransmitted spectrum of
the waveguide.

To illustrate this principle with an example, calesi a simple slab waveguide
structure schematically illustrated in Figure 7The slab is assumed to have an
infinite extension in the x-direction with the geatwave propagation in the z-
direction. An attractive choice for the substrat@enial is soda-lime silicate glass
from which the waveguide core can be easily fabeatdy ion-exchange process.
lon-exchanged glass waveguides are particularlyxpeesive, compatible with
optical fibers, and both mechanically and chemycatibust. For the cladding
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layer, magnesium fluoride, a commonly used opticedterial for multilayer
interference filters, is a convenient choice. Thetahis chosen to be gold and the
superstrate in contact with the metal, i.e., thesed dielectric medium is water.

Figure 7.1.Schematic illustration of simple slab waveguideicire.
Guided-wave propagation is in the z-direction. $lab is assumed to
have an infinite extension in the x-direction.
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The thickness of the different layers of the wavegus as follows: 2 um for
the core, 400 nm for the cladding, and 40 nm ferrttetal. The wavelength range
considered here is from 650 nm to 850 nm. The cé&fm@ indices are taken as
1.512 for the substrate, 1.521 for the core, aB8Q for the superstrate. For the
cladding, as magnesium fluoride is only weakly foingent, an average value of
1.378 is taken for its refractive index. To gailbstantial computational time for
the numerical evaluation presented below, the cetra indices for the substrate,
waveguide core, waveguide cladding, and supersteate assumed to be
approximately constant throughout the wavelengtigeaconsidered here. This
assumption is justified by the fact that the digiecdispersion of insulators is
negligible over the relatively narrow wavelengtimga under consideration. The
dielectric dispersion of metals, however, is noghggble and it must be properly
accounted for as discussed in Chapter 4.

Relevant characteristics of the modes supportedhbywaveguide such as
effective refractive index, modal attenuation, afield distribution can be
conveniently evaluated using a numerical mode soladhis work, a commercial
mode solver (Lumerical MODE Solutions) was usedtfmse purposes. Figures
7.2 and 7.3 show the calculated magnetic fieldnsitg distributions at the
wavelength of 730 nm for the waveguide with theapsaters mentioned above.
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Figure 7.2.Distribution of magnetic field intensity of the fdamental
core mode (TN at the wavelength of 730 nm. The color scale show
refractive index distribution.
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Figure 7.3. Magnetic field intensity distribution of the suréac
plasmons mode at the wavelength of 730 nm. Ther salale shows

refractive index distribution.
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In an optical waveguide, the effective refractimdex (modal refractive index)
of a guided moden,, at the wavelengti is derived from the real part of the

propagation constant of the mogkeaccording to
21
Re{ A} == N (7.1)

The calculated dispersion of the effective refractindices of these modes as a
function of wavelength is shown in Figure 7.4. Besma surface plasmons mode
only exists in TM polarization, only the fundamdnid, mode is considered for
the guided mode.

Figure 7.4. The effective refractive index (modal index) of the
fundamental TM mode of the waveguide is shown by dashed
curve. That of the surface plasmons mode is showthésolid curve.
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Figure 7.4 shows that the surface plasmons moduauish more dispersive
compared to the fundamental guided mode. At apprately 730 nm, the
effective index of the surface plasmon mode becoegesl to the effective index
of the fundamental TM mode. At this point, thedamental TM mode will have
the highest coupling efficiency to the surface plas mode. As a result, the TM
waveguide mode suffers from high loss at this waivgih because energy from
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the waveguide mode will couple into the high loasface plasmon mode. It is
also interesting to notice the drastic change enslope of the surface plasmons
mode at 736 nm. At this point, its modal refragtimdex is 1.512 which is the
value of the refractive index of the substrate. aAsesult, the surface plasmons
mode is no longer confined to the metal layer aegirs radiating power into the
substrate.

Figure 7.5 shows the transmission spectrum of theeguide as a function of
wavelength based on the calculated modal attemuafilhen the refractive index
of the dielectric superstrate is 1.330, thereriesmnance dip at the wavelength of
730 nm. This resonance dip shifts to 736 nm whenréiractive index of the
dielectric superstrate is increased to 1.340.

Figure 7.5. Waveguide transmission spectra when the refractive
index of the dielectric superstrate is 1.330 (sblice curve) and 1.340
(dashed red curve).
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650 700 750 800 850
Wavelength (nm)

The refractive index sensitivity of this waveguideherefore easily evaluated
to be 600 nm/RIU. It is a few times lower than tbhathe most basic SPR design
in Kretschmann configuration with an operating wamgth of 760 nm which is
4400 nm/RIU as discussed in Chapter 4. Howevendgbenance linewidth of this
slab waveguide structure is only around 30 nm. Tésslilts in a figure-of-merit of
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approximately 20, roughly half the figure-of-meoit the most basic SPR design
in Kretschmann configuration which is 37. Hencefas as the sensitivity is

concerned, this simple slab waveguide structures du# offer any significant

advantage over the most basic SPR design in Kmagsch configuration. The

field penetration depth into the sensed dieleatniedium of this simple slab

waveguide, as can be seen from Figure 7.3, is hemawund 500 nm, which is
almost twice the field penetration depth of the tmbasic SPR design in
Kretschmann configuration.

7.1.2. Long-Period Waveguide Grating

In this section, the simple slab waveguide consdgreviously is modified to
significantly increase its refractive index sengiyi. The basic idea here is to
employ long-range surface plasmons mode. To do ttiesrefractive index of the
cladding layer has to be very similar to that & superstrate. The refractive index
of the core layer should not be too different «itte this case, the modal index of
the guided mode will be very close to the effectigfactive index of the long-
range surface plasmons mode over a large range avelength. If direct
waveguide coupling method is used to excite thg-d@mge surface plasmons,
broadband attenuation instead of a sharp resondipcwill be observed in the
resulting transmission spectrum of the waveguide cifcumvent this issue, the
excitation of the long-range surface plasmons lyided mode can be mediated
by a corrugated grating at the core-cladding iatsf along the propagation
direction of the guided mode. For a given desiregsonance wavelength, the
required period of the grating is considerably mualger compared to the
wavelength. For this reason, the resulting strectis called long-period
waveguide grating (Figure 7.6).

The resonance wavelengil), of a long-period waveguide grating, i.e., the
wavelength at which the coupling between the furetaal core mode and the

cladding mode (in this case the long-range sunfd@emons mode) is strongest, is
obtained from the phase-matching condition

Re{ﬁco _/Bd} =277T(Nco - Ncl) :2_/7-

(7.2)

evaluated atA=A4, where S, and S, are the wavelength-dependent

propagation constants of the fundamental core &amttinmg modes, respectively,
and A is the grating period. Equation (7.1) has also besed to replace the
wavelength-dependent propagation constants in Eguét.2) by the wavelength-
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dependent modal indiceBl , and N, for the fundamental core and cladding

modes, respectively. Hence in terms of modal irgicte phase-matching
condition takes the form

A

A A
=4+ NJ= = NI= (7.3)

AFBS H H H
where N;:r* and NCO are the modal indices of the cladding and coreespd

respectively, evaluated at the wavelendt,@. Once the resonance wavelength is

chosen, the required grating period is then detezthfrom

A

—_ res

“INE )

(7.4)

It is easy to see from Equation (7.4) that whenntioelal indices of the core and
cladding modes are very similar, the grating pefegomes significantly long
compared to the resonance wavelength.

Figure 7.6. Structure of an SPR long-period waveguide grating.
Propagation direction is in the z-directignis the grating period and
h is the corrugation depth.
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Based on coupled-mode theory [113, 114], the traissan T of a long-period
waveguide grating of length. as a function of wavelength is given by the
following equation

2

T :1—2K—£25inz(L\/K2+52) (7.5)

K™+

where k is the grating coupling coefficient and is a detuning or phase
mismatch parameter given by

E=""(Ngy =Ny )-=— (7.6)

The grating coupling coefficienk is determined by the spatial overlap of the
electromagnetic field$V , and W, of the core and cladding modes, respectively

in the guiding film region
g (nco2 - nclz)j chqucl (77)

where n, and n, are the refractive indices of the core and clagidmyers,
respectively.

For a given set of waveguide parameters, i.e.ktigiss and refractive index of
the various layers, the grating coupling coeffitielepends on the specific
geometry of the grating, e.g., the corrugation klephd its form (sinusoidal,
square, triangular, etc). For cladding layer theds between 1-3im and
corrugation height in the range of 50-100 nm, thaical value of the grating

coupling coefficient is around 2 x T0to 2 x 10° um™ [115]. Equation (7.6)
shows that at resonancé,=0 so that the waveguide transmissidn from

Equation (7.5) is minimum wherL =77/2. This is the condition for maximum
contrast. Given the above range of values for tla¢irgg coupling coefficient, to
satisfy the condition for maximum contrast, theerattion length of the gratirig
is typically between 1-10 mm.

Consider now a design example of an SPR long-penadeguide grating
structure with a center operating wavelength ara®2@ nm. The thickness of the
different layers of the waveguide is as followspu for the core, 2 um for the
cladding, and 15 nm for the metal. The wavelengtige considered here is from
700 nm to 900 nm. The refractive indices are taken .29 for the substrate, 1.35
for the core, and 1.330 for both the cladding ahd superstrate. To gain
substantial computational time for the numericaleation, the refractive indices
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for the substrate, waveguide core, waveguide cdind superstrate are again
assumed to be approximately constant throughout ulevelength range
considered here. The dielectric dispersion of geldowever properly accounted
for by the procedure discussed in Chapter 4.

Figure 7.7.Distribution of magnetic field intensity of the fdamental
core mode (TN at the wavelength of 820 nm.
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Figure 7.8. Magnetic field intensity distribution of the longfrge
surface plasmons mode at the wavelength of 820 nm.
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Figures 7.7 and 7.8 show the calculated magnetid iintensity distributions of
the fundamental core mode (fMand the long-range surface plasmons mode of
this waveguide at the wavelength of 820 nm. Theselen are calculated for
smooth interfaces ignoring the presence of theirgraiThe perturbation of the
grating on the electromagnetic field distributidntlmese modes is assumed to be
negligible. Considering a maximum corrugation deptl100 nm, which is only
0.5 % of the dimension of the core and claddin@isaythis assumption is readily
justified.

Figure 7.9.Modal indices of the fundamental core mode (daskdd
curve) and the long-range surface plasmons model (sloie curve)
as a function of wavelength. Refractive indices ar29 for the
substrate, 1.35 for the waveguide core, and 1.83h® waveguide
cladding and superstrate. The grating period is95 and the
interaction length is 6 mm. The thickness is 2 jonkfoth the core
and cladding regions. The gold layer is 15 nm thick
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Figure 7.9 shows the calculated wavelength-depenahedlal indices of the
fundamental guided TMand the long-range surface plasmons modes as a
function of wavelength. Using this result and chngs320 nm as the resonance
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wavelength, the required grating period calculdtech Equation (7.4) is 95 pum.
To complete the design, the grating interactiorgtlerL. is chosen to be 6 mm.

The necessary grating coupling coefficientis then obtained from the maximum
contrast condition ag = 77/(2L) .

The solid red curve in Figure 7.10 shows the trassion of the long-period
waveguide grating calculated using the results gmiesl in Figure 7.9 and
Equations (7.5)-(7.6). Similar calculations canpegformed for different values
of the refractive index of the superstrate. Theiltesare also presented in Figure
7.10 as the dashed blue curve for superstratectefaindex of 1.3305 and the
dotted black curve for superstrate refractive inde%.3295.

Figure 7.10. Long-period waveguide grating transmission as a
function of the refractive index of the externagldctric mediumng.
Refractive indices are 1.29, 1.35, and 1.33 for #hbstrate,
waveguide core, and waveguide cladding, respegtivihe grating
period is 95 um and the interaction length is 6 nihe thickness is 2
pm for both the core and cladding regions. The d@jer is 15 nm
thick.
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Figure 7.10 shows that increasing the refractigexnof the external dielectric
medium shifts the resonance towards shorter wagtiermhe refractive index
sensitivity is 60000 nm/RIU. Together with a vearmow resonance linewidth of
10 nm, this results in a very high figure-of-mesit 6000. Considering typical
spectrometers with wavelength noise resolution df50pm [116, 117], the
corresponding refractive index resolution in thestscase scenario can reach 2.5 x
10° RIU. In addition, as can be seen from Figure 8, field penetration depth
into the sensed dielectric medium for this SPRcstme is around 3 pum. Despite
the very high sensitivity and figure-of-merit, thgnamical measurement range of
this particular SPR structure is however quite tédi In fact, the maximum
change of refractive index that can be effectivdicerned by this SPR construct
Is estimated to be approximately 0.005 RIU. Beytinsl limiting value, interband
transitions in metals are bound to get in the wHyere is therefore a quite
common tradeoff between high sensitivity and nardywamical range.

Figure 7.11. Long-period waveguide grating transmission as a
function of the refractive index of the externagldctric mediumng.
Refractive indices are 1.29, 1.36, and 1.33 forsthiestrate, core, and
cladding regions, respectively. The grating pen®d0 um and the
interaction length is 6 mm. The thickness is 1.5fanthe core and 3
pum for the cladding regions. The gold layer is ibthick.
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Figure 7.11 shows the transmission of a modifiedgiperiod waveguide
grating. In this modified version, only the refigetindex of the waveguide core
is changed from 1.35 to 1.36, the refractive ingliogé the other layers are left
unaltered. The thickness of the waveguide coreois 6.5 pm and that of the
cladding region is 3 um. The gold layer is 15 nmkland the grating length is 6
mm. Following the same approach presented eafd@sed on the calculated
wavelength-dependent modal indices of this modifieaveguide, the grating
period can be determined to be 50 um for a ceemnance wavelength of 700
nm corresponding to superstrate refractive inde%.8800. With this design, the
refractive index sensitivity is now 30000 nm/RIUhieh is half the refractive
index sensitivity of the previous structure. Theamance linewidth with the new
design is however only 5 nm, which is narrower acior of 2 compared to the
previous structure. As a result, the very high fegaf-merit of 6000 is identical
for both design examples.

Despite the very narrow resonance linewidth togethith very high refractive
index sensitivity and figure-of-merit allowing thaetection of extremely small
refractive index variation, there are several drasids associated with long-period
waveguide grating SPR structures. The limited dynahrange has already been
previously mentioned. The long interaction lengtiuld be a potential handicap
for miniaturization. Lastly, broadband optical gation is necessary and optimum
coupling conditions to the waveguide may vary dyefatr different wavelengths
spanning such a broad excitation spectrum.

7.2. Micro/nanostructures

The second part of this chapter is devoted to #sgh of SPR biosensors
based on some relatively simple arrays of micradsamctures. Two types of
arrays of micro/nanostructures are considered h&nays of sub-wavelength
holes on a metallic film are investigated first.eTtomplementary “negative (or
positive?) image” structures, namely arrays of wabelength metallic islands,
are subsequently discussed.

7.2.1. Arrays of Sub-wavelength Holes

The presence of sub-wavelength holes in an opacgetal film leads to a
variety of unexpected optical properties [118]. fdrticular interest is the
enhanced transmission of light through the holeghvis dubbed extraordinary
optical transmission. This enhanced transmissiattréouted to initial scattering
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of the incident light into surface plasmons thatgieate the sub-wavelength holes
and are again scattered as transmitted light owttier side of the film. The light
transmission through sub-wavelength holes is ddfe extraordinary when it is
so enhanced that the transmission efficiency ofhibles is larger than unity, in
other words, when the flux of photons per unit age@erging from the holes is
larger than the incident flux per unit area. Ndtattthe transmitted intensity in
this definition is normalized to the area of théglsownhile the incident light covers
not only the holes but the whole sample area. Thithe reason why the
transmission efficiency can be larger than unity.

The extraordinary transmission mediated by surfalesmons as described
above depends on the combination of wavelength leolds geometry (shape,
orientation, and periodicity) as well as the digiecconstants of the involved
media. The latter has motivated the use of sub-leagéh holes arrays for
biosensing applications. This has several uniqueardges. Firstly, the
instrumentation is much simpler compared to otheR Structures. In fact, its
transmission mode operation at normal incidenceattyresimplifies the optical
setup. Secondly, the relatively small footprintaof array of sub-wavelength holes
is particularly attractive for sensor miniaturizati Thirdly, arrays of sub-
wavelength holes can be easily realized by focusadbeam (FIB) milling or
electron beam lithography. Such fabrication proazss however be much more
time-consuming compared to the metal thin film dgfon process for classical
SPR sensor chips. Finally, the optical responssubfwavelength holes arrays
can be tuned by simply changing the holes geometry.

Consider as an example an array of sub-wavelengthlar holes arranged
periodically in a square lattice. These holes aeslenin gold film supported on
glass substrate and the diameter of the holesdsnfrk For gold thickness of 40
nm and array period of 520 nm, the experimentaliyaimed refractive index
sensitivity is only 20 nm/RIU [119]. Changing theld thickness to 100 nm and
the array period to 450 nm, the experimentally ioleh refractive index
sensitivity increases to around 300 nm/RIU [120].

The enhanced transmission from an array of sub-enagth holes is quite
influenced by the shape of the holes. In fact,as been shown in the literature
that the extraordinary transmission obtained frauotangular holes is stronger
compared to that from circular holes [121]. Thislilely due to the strong
electromagnetic field concentration around the ghaorners present in
rectangular holes. The shape of the sub-waveldmgds analyzed in this work is
therefore chosen to be square which is a rectamigiheall four sides equal. This
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convenient choice makes the response of the sublarayth holes array
symmetrical with respect to the polarization of theident light which is directed
along either side of the rectangle.

Figure 7.12 illustrates an array of sub-wavelerggibare holes arranged in a
periodical square lattice on gold film. As a specé#xample, consider square
holes whose side is 200 nm arranged in a squdreelathose period is 1000 nm.
The thickness of the gold film is 100 nm and thieactive index of the substrate
is taken as 1.33 which is identical to that of shiperstrate. This deliberate choice
of refractive index is made so as to investigatetiver there is any significant
long-range surface plasmons effects on this strecthough the gold film here
is much thicker than the field penetration deptio ithhe metal, coupling between
surface plasmons from the substrate and superstrayestill occur around the
edges of the holes where the effective separatistartte between the two
dielectric media by a metallic material is lessnthize thickness of the gold film.

Figure 7.12. Array of sub-wavelength square holes arranged in a
periodical square lattice on gold film. Heeeis the side of the square
holes,p is the array period, artds the thickness of the gold film. The
metallic film is in the x-y plane and the lightisamission is along the
z-direction.

In this work, the transmission of sub-wavelengtiebarray is simulated by
using a commercial finite-difference time-domairD{D) software (Optiwave
OptiFDTD). The solid red curve in Figure 7.13 shdis calculated transmittance
from this specific array of sub-wavelength holesewhhe refractive index of the
superstrate is 1.33. It is essential to note thatttansmittance shown in Figure
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7.13 is not normalized to the holes area, it iswlated with respect to the whole
surface area instead. The transmission normalizéldet holes area can be easily
calculated by multiplying the values displayed iigufe 7.13 by a factor of
(1000/2003 = 25 which is the ratio of the whole surface a@ahe holes area.
The extraordinary transmission of this array of-stdvelength holes is therefore
25 times the values shown in Figure 7.13.

The position of the transmission peak of an arfagub-wavelength holes can
be estimated by using phase-matching principlendkinal incidence, the required
wave vector component to match that of the sunfd@emons is obtained from the
two-dimensional light wave scattering by the arcdysub-wavelength holes. A
scattering event of order (u,v) modifies the waeetor of the incident light by
u(27/p) in the x-direction and/(277/ p) in the y-direction.

Figure 7.13. Calculated transmission for two different values of
superstrate refractive index (iL.33 for solid red curve and 1.43 for
dotted blue curve) from an array of sub-wavelersgibare holes on
gold film arranged in a periodical square lattidere, a = 200 nm, p =
1000 nm, and t = 100 nm. The refractive index a& Hubstrate is
taken as 1.33.
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For a square array, the phase-matching conditiorombal incidence takes the

form
A 2 2%
_ 21 Enfa || [ 2] o[y
%75 (fme [(u pj +(V DH 7o

where £, and &, are respectively the dielectric constants of thetanand
dielectric superstrate. The wavelength which cquess to the transmission peak

is therefore given by
%
A — P gmgd (7 9)
max \/uz + V2 E +& '
m d

It is important to keep in mind that Equation (7i8) only a first order
approximation because it does not take into accthnpresence of the holes with
the associated scattering losses and it negleetmtérference that gives rise to a
resonance shift [122]. As a consequence, it oftesdipts peak positions at
wavelengths shorter than those obtained by rigorauserical simulation. For
example, Equation (7.9) suggests that there igrsnission peak of order (1,1) at
700 nm for the array of sub-wavelength holes bealsgussed. However, the
transmission peak shown by the solid red curveigurié 7.13 obtained by more
rigorous FDTD simulation is located at around 8@ n

The calculated transmittance given by the same FDi@&hod from this
specific array of sub-wavelength holes when theaotifve index of the superstrate
is increased to 1.43 is shown by the dotted blugecin Figure 7.13. From the
wavelength shift of the transmission peak, theative index sensitivity can be
evaluated to be 500 nm/RIU. Although it is muchh@igcompared to 20 nm/RIU
reported in reference [119], it is only slightlyttee than the reported value of 300
nm/RIU in reference [120] and 400 nm/RIU in referen[123] using glass
substrate.

Consider now a geometric modification of the arohysub-wavelength holes
that has just been analyzed. In the modified vardite side of the square holes is
400 nm, the period of the square lattice is 1000 aumd the thickness of the gold
film is 20 nm. The refractive indices are left usa¢d. Figure 7.14 shows the
calculated transmittance from this modified arréysab-wavelength holes when
the refractive index of the superstrate is 1.33ids@d curve) and 1.43 (dotted
blue curve). As in Figure 7.13, the transmittant®ven in Figure 7.14 is
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normalized to the whole surface area and not tHesharea. Equation (7.9)
suggests that there is a transmission peak at @rbds0 nm which corresponds to
the (1,0) or (0,1) scattering order.

Figure 7.14. Calculated transmission for two different values of
superstrate refractive index (iL.33 for solid red curve and 1.43 for
dotted blue curve) from an array of sub-wavelersgibare holes on
gold film arranged in a periodical square lattiekere, a = 400 nm,
and p = 1000 nm, t = 20 nm. The refractive indexhef substrate is
taken as 1.33.
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The transmission shown in Figure 7.14 is much higt@mmpared to that
presented in Figure 7.13. This is because for thectsire evaluated in Figure
7.14, the thickness of the gold film is only 20 nfie gold film in this case is
semitransparent and no longer opaque giving righdchigh transmittance. The
transmission peak at 1300 nm in Figure 7.14 isefloee a local one. From the
wavelength shift of this transmission peak at 1300, the refractive index
sensitivity can be evaluated to be 400 nm/RIU.

Another interesting feature from Figure 7.14 is themr-zero transmittance
around 1550 nm. The physical origin of this trarssm@n minimum is not yet
clear but it is likely due to destructive interfiece of surface plasmons modes in
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the sub-wavelength holes. The wavelength correspgnib this transmittance
minimum also changes when the refractive indexhef superstrate is varied.
From the wavelength shift of this transmission miam, the refractive index
sensitivity can be evaluated to be around 500 noV/RI

Figure 7.15. Electric field intensity distribution around one tife
holes from Figure 7.14 at the wavelength of 130Q fire incident
electric field is linearly polarized in the y-ditean. The hole is in the
center of the x-y plane delineated by the whitehdddines.
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Figure 7.16. Electric field intensity distribution around one tife
holes from Figure 7.14 at the wavelength of 155Q fire incident
electric field is linearly polarized in the y-ditean. The hole is in the
center of the x-y plane delineated by the whitehdddines.
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Figures 7.15 and 7.16 depict the electric fiel@msity distribution around one
of the holes from the array whose transmittancehswn in Figure 7.14 at the
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wavelengths of 1300 nm and 1550 nm, respectivdig dlice here is parallel to
the plane of the lattice (x-y plane) and passesutyin the middle of the gold film.
These plots show that the electric field is stratgeound the edges of the holes
parallel to the electric field polarization diremti of the incident light. For best
biosensing sensitivity, the regions with the hidredsctric field intensity, i.e., the
hot spots, on the sensor surface should ideallycte with the locations where
biomolecular interactions occur. Biomolecular reoep are usually attached on
the functionalized metal SPR surface. The hot spoés therefore preferably
located near the metal-dielectric interface whioh dn array of sub-wavelength
holes is around the edges of the holes. Figures &l 7.16 suggest that this is
the case.

7.2.2. Arrays of Sub-wavelength Islands

Whereas there is quite an abundance of publishecdture on arrays of sub-
wavelength holes, the complementary “image” stmgstunamely arrays of sub-
wavelength metallic islands have not been given hmattention. Figure 7.17
shows a schematic illustration of an array of swwelength square islands of
gold arranged in a periodical square lattice.

Figure 7.17.Array of sub-wavelength square islands of goldrayeal

in a periodical square lattice. Heeeis the side of the square holes,
is the array period, andis the thickness of the gold film. The two-
dimensional square lattice is in the x-y plane at@ light
transmission is along the z-direction.
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Consider an array of square sub-wavelength godohds whose side is 400 nm
arranged in a periodic square lattice whose pasdD00 nm. The thickness of
the gold islands is 100 nm and the refractive indethe substrate is 1.33. In this
work, the transmission of sub-wavelength metafllands arrays is also simulated
by using a commercial finite-difference time-dom@tTD) software (Optiwave
OptiFDTD).

The solid blue curve in Figure 7.18 shows the dated transmittance from
this specific array of sub-wavelength holes whea thfractive index of the
superstrate is 1.31. Equation (7.9) predicts astrassion peak of order (1,0) or
(0,1) at around 1300 nm as well as another trarssomispeak of higher order,
namely the (1,1) transmission peak at around 900 Timse two transmission
peaks are indicated in Figure 7.18. The transnaétaat all neighboring points is
however in general quite high. This is becauselitjlg wave can easily pass
through the relatively wide space between the gsldnds and therefore be
transmitted.

Figure 7.18. Calculated transmission for two different values of
superstrate refractive index (1L.31 for solid blue curve and 1.33 for
dashed red curve) from an array of sub-wavelengill gslands
arranged in a periodical square lattice. Here48@-nm, and p = 1000
nm, t = 100 nm. The refractive index of the sulistrataken as 1.33.

Transmittance

0.8 1 1.2 14 1.6 1.8
Wavelength (um)
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The dashed red curve in Figure 7.18 shows the ledzlitransmittance when
the refractive index of the superstrate is incrédasel.33. From the wavelength
shift of the (1,1) transmission peak at 950 nm,rdfeactive index sensitivity can
be evaluated to be 700 nm/RIU. The (1,0) or (Odndmission peak at 1300 nm
gives rise to a similar refractive index sensigivaf 750 nm/RIU.

At around 1550 nm, there is an interesting featifreear-zero transmittance.
The physical origin of this transmission minimumnist yet clear but it is very
likely due to the combined absorption by scattey@dace plasmons modes of the
periodic array of sub-wavelength gold islands. Waelength corresponding to
this transmittance minimum also changes when thHeateve index of the
superstrate is varied. From the wavelength shithisftransmission minimum, the
refractive index sensitivity can be evaluated tdigger at around 900 nm/RIU.

Figure 7.19. Electric field intensity distribution around one tife
gold islands from Figure 7.18 at the wavelength960 nm. The
incident electric field is linearly polarized inghy-direction and the
island is in the center of the x-y plane delinedigdhe white dashed
lines.
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Figures 7.19, 7.20, and 7.21 depict the electmtdfiintensity distribution
around one of the islands from the array whosesirgitance is shown in Figure
7.18 at the wavelengths of 950 nm, 1320 nm, an@ D55, respectively. The slice
here is parallel to the plane of the lattice (xlang) and passes through the top of
the gold islands in contact with the superstrateest plots show that the electric
field is strongest around the corners and edgdbeofjold islands. In this case,
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more hot spots are therefore located near the rditigctric interface where

biomolecular receptors can be attached once th& gofface is functionalized.
This suggests that compared to arrays of sub-wagtieholes on metallic film,

arrays of sub-wavelength metallic islands are betteuctures for SPR-based
biosensing applications.

Figure 7.20. Electric field intensity distribution around one tife
gold islands from Figure 7.18 at the wavelengthl820 nm. The
incident electric field is linearly polarized inghy-direction and the
island is in the center of the x-y plane delinedigdhe white dashed
lines.
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Figure 7.21. Electric field intensity distribution around one tife
gold islands from Figure 7.18 at the wavelengthl660 nm. The
incident electric field is linearly polarized ingty-direction and the
island is in the center of the x-y plane delinedigdhe white dashed
lines.
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Figures 7.19 and 7.20 show that at the wavelengftl¥0 nm and 1320 nm,
some of the electric field is spread out in thecepaetween the gold islands. This
space is filled by the sensed dielectric mediumctviias negligible losses. As a
result, the electromagnetic excitation can easlyspthrough this space so that the
transmission at these wavelengths is very high. tn other hand, at the
wavelength of 1550 nm, the electric field is eryireoncentrated around the
corners and edges of the gold islands as shownidwrd=7.21. Due to the high
metallic losses, the field is rapidly attenuatedhi@ gold layer so that the intensity
of the transmitted light at this wavelength is nearo. The strong concentration
of the entire electric field around the edges ef gold islands in contact with the
sensed dielectric medium is however desirable fmsensing applications.

As a side note, Figure 7.18 shows completely dfier behavior in
transmittance at 1300 nm and 1550 nm which are lagths of important
significance in optical fiber telecommunicationfieThigh near-unity transmission
at 1300 nm and the low near-zero transmission B 1¥n of this particular array
of sub-wavelength gold islands could have potenis¢ for other applications
such as selective filtering in optical telecommatimns systems.
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Chapter 8

Conclusions and Perspectives

In terms of performance, the ideal biosensor shdwddde exceedingly high
sensitivity and low limits of detection as well@dremely short analysis time. As
mentioned in the introduction, label-free SPR hisees naturally offer the
shortest analysis time compared to other types iokelsors. Given their
extremely short analysis time, SPR biosensorstanefore excellent candidates
for the ideal biosensor. On the other hand, thetdiraf detection of unlabeled
SPR biosensors are not the most impressive. Thusote closely approach the
ideal biosensor, the inherent sensitivity of lalstee SPR biosensors needs to be
significantly improved so that lower limits of det®n can be achieved. The
objective of this work is to contribute to this gudy investigating some novel
ideas for the design and optimization of SPR stmectto boost the intrinsic
sensitivity of label-free SPR biosensors.

In the spirit of applied research, particular engihas given to SPR structures
in ATR Kretschmann configuration for their compdttl with most instrumental
SPR setups. The enhancement of the optical satsiivSPR biosensors in such
“traditional” configuration has been explored ina@ter 5 and briefly summarized
in Table 8.1.

The use of bimetallic silver/gold SPR structuraeasl of simple gold or silver
thin films allows one to obtain a narrower resormalmeewidth while retaining the
chemical stability of the resulting SPR surface.aing the operating
wavelength from the red end of the visible electagnetic spectrum of around
680-760 nm towards the near-infrared at 1550 nmultsesn even narrower
resonance by a factor of at least five. In the 1efaared at the wavelength of
1550 nm, the field penetration depth into the sgénsedium reaches 1250 nm
which is approximately five times that obtainedtire visible. The maximum
electric field intensity enhancement factor is alsreased by at least three folds.
More importantly, the figure-of-merit of SPR biosens is approximately
quadrupled when the operating the wavelength isgd from 760 nm to 1550
nm.
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Table 8.1.Brief summary of optical sensitivity enhancementSéfR
structures in ATR Kretschmann configuration.

Sensitivity | Linewidth | Figure-of-merit
(°/RIV) ©) (RIUY
Classical SPR 67.0 3.3 20
(760 nm, experimental)
Bimetallic SPR - 1.87 -
(760 nm, experimental)
Classical SPR 64.3 0.5 130
(1550 nm, theoretical)
Bimetallic SPR 64.0 0.4 160
(1550 nm, theoretical)
Long-range SPR 52.0 0.08 650
(760 nm, theoretical)
Long-range SPR 80.0 0.4 200
(760 nm, experimental)
Long-range SPR 44.0 0.008 5500
(1550 nm, theoretical)

SPR biosensors based on long-range surface plasmodes operating at the
wavelength of 760 nm have been characterized. €enance linewidth of the
long-range surface plasmons structure is theotltipaedicted to be 40 times
narrower compared to that of classical SPR at #mesoperating wavelength.
However it is experimentally found to be only abeight times narrower. This
discrepancy can be attributed to the formationnbbmogeneous metal-polymer
interface. Therefore an improvement of the quatityhis metal-polymer interface
needs to be worked out in the future. Nevertheltdss,obtained experimental
figure-of-merit of the long-range surface plasmstiacture is more significant by
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an order of magnitude compared to that of classs¢3R at the same operating
wavelength. The electric field intensity enhancementhe long-range surface
plasmons structure is seven folds stronger thandhalassical SPR. The field

penetration depth into the sensed medium of thig-tange surface plasmons
structure is around 1300 nm which is practicallyikr to that obtained from

classical SPR structure operating at the longeeleangth of 1550 nm.

The concept of long-range surface plasmons at tneelength of 760 nm can
certainly be extended to longer operating wavelengt particular, the long-range
surface plasmons structure at the wavelength oD 1% yields a theoretical
resonance linewidth that is 400 times narrower tliaat of classical SPR
operating at the wavelength of 760 nm. Althoughilsimbroadening to that
observed in the long-range surface plasmons steicperating at the wavelength
of 760 nm is very likely to take place, the expesital resonance linewidth can
still be expected to be close to two orders of ntage narrower than that of
classical SPR. The theoretical figure-of-merittugtiong-range surface plasmons
structure is as high as 5500 which is two ordersiafjnitude higher than that of
classical SPR. The maximum electric field intensiypancement factor is as high
as 450 which is an order of magnitude stronger thah obtained from classical
SPR. This stronger field enhancement is espeaahlyantageous for the coupling
of SPR method with fluorescence-based biosensimgh Sombination is expected
to be able to push the limits of detection into #tiemolar range. Moreover, the
field penetration depth into the sensed medium ho$ tong-range surface
plasmons structure is as large as 7500 nm whiclmsneat quite large analytes
such as bacteria and certain cells can be effégiprebed.

Novel graphene-based surface functionalizatiortexifsahas been investigated
in Chapter 6. With such method, the biorecognigensitivity of SPR biosensors
has been experimentally shown to be enhanced ceshparthat obtained using
conventional surface functionalization scheme. Emnbancement can potentially
be amplified even further by introducing a receptoatrix attached to the
graphene surface and extending into the sensingumei increase the binding
capacity per unit area. Moreover, this novel graghleased surface
functionalization strategy can be applied to villjusany SPR structure. In
particular, it can be immediately integrated intonenercial SPR surfaces such as
Biacore Au sensor chips. As a side note, a whdferdnt set of surface chemistry
based on titanium thin adlayer is also worth inigaging for future work [124].

Some "non-traditional” optical designs for SPR bm®rs have also been
theoretically analyzed in Chapter 7. The long-peém@aveguide grating structures
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have been predicted to offer a figure-of-merit 8freggh as 6000. Under the best-
case scenario, the refractive index resolution umhsstructure is estimated to
reach the 18 RIU range. Some simple arrays of micro/nanostrestinave also
been theoretically considered. Despite their qoitalest sensitivity, such arrays
have significant potential for integrated biosendevices. Such devices can find
applications where small instrument size and spHednalysis are crucial but
cutting-edge accuracy and detection limits are not.

Finally, it is important to keep in mind that thigrk is only a brick in the
attempt to construct the ideal SPR biosensor. Aghale, in addition to the
aforementioned criteria for analytical performantlee ideal SPR biosensor
should also be low-cost, portable, integrated, @al to miniaturize. It is clearly
a daunting task to design a single SPR biosenabnibets each and every one of
these specifications. In fact, SPR biosensors relsegroups worldwide focus
their effort to tackle different segments of theballenges. Use of white light-
emitting diodes [125], [126] and polymer-based shjfp27] for low-cost SPR
biosensors has been proposed. The refractive ine{ution is however quite
modest on the order of PORIU. SPR biosensors based on fiber optic are
excellent candidates for miniaturized systems dbsasgen-vivo applications. The
initially poor refractive index resolution on theder of 10° RIU [126], [128] can
potentially be further improved to 2@RIU by incorporating Bragg grating [129].
Recent development of the instrumentation of SPésdrisors has eventually
allowed the construction of hand-held portable Sfe&sensor devices [130],
[131]. Although the setup used in the reported Haeld instruments is still based
on Kretschmann ATR configuration with classical S®tRicture, the refractive
index resolution is quite promising on the orderl6f RIU. Combining such
superior instrumentation in terms of size and caipalvith the optimized SPR
sensor chips developed in this work is thereforpeeted to eventually bring
label-free SPR biosensors even closer to the laleaénsor.
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Appendices

A.1l. Field Enhancement due to Surface Plasmons

The word “transmission” mentioned in Sections 44dn2 4.1.3 is used freely
to treat the general case whether or not thene &ctual transmitted wave.

When the angle of incidence is smaller than thtecal angle of total internal
reflection, there is an actual transmitted wave ttearies optical energy away
from the metal-dielectric interface. The opticakrgy (proportional to the field
intensity) contained in the transmitted wave isafsvless than or equal to that of
the incident wave. As a result of this conservatibrenergy, the transmission
coefficient in this case is always less than unity.

In the case of surface plasmons, the use of thé ¥itcansmission” is rather
abusive for lack of appropriate terminology. Instibase, the angle of incidence is
always larger than the critical angle of total it reflection. As a result, the
“transmitted” wave is in fact evanescent. Aroune t8PR angle, the field
enhancement due to surface plasmons makes thesitirsgion” coefficient as
defined in Equations (4.28) and (4.32) larger tliaity. This is in no way a
violation of the principle of conservation of engrgince there is no actual
transmitted wave that carries optical energy awapmf the metal-dielectric
interface. Indeed, the optical energy of the inctderave is transformed into
surface plasmons and later dissipated in the metal.

A useful analogy concerning the phase velocity #rel group velocity in a
waveguide (e.g., a hollow waveguide as the simpasimple) can be used to
illustrate this point. While the group velocity @f guided wave in such a
waveguide is always less than(i.e., the speed of light in vacuum), its phase
velocity can be larger thaw. It even approaches infinity near the cut-off
frequency of the waveguide. However, this does cwitradict the theory of
special relativity which placesas an upper limit of velocity of “material” bodies
The reason is that the speed with which energpformation (i.e., the “material”
bodies in a wave) travels is associated with tloeigrvelocity and not the phase
velocity.
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The Fresnel equations as well as the materials im@digborated in Chapter 4
are implemented in Matlab to generate the thealetiesults presented in
Chapters 4 and 5. As an example, Matlab codeshéocalculation of SPR curve
of water from bimetallic silver/gold structure onKB glass substrate at the

wavelength of 760 nm are shown below.

Ibd0 = 760;
% free-space wavelength expressed in nm

theta = linspace(60,75,100000);
% angle of incidence ranging from 60° to 75° with 1

el = sqrt(Sellmeier(lbdo, '‘BK7" ));

% relative electric permittivity of the prism

e2 = LD_model(lbdO, '‘Ag' );

% relative electric permittivity of the first metal

e3 = LD_model(lbdO, ‘Au' ),

% relative electric permittivity of the second meta
nd = nwater(lbd0);

% refractive index of the sensed medium

e4 =nd."2;

% relative electric permittivity of the sensed medi

d2 = 30;

% thickness of the first metallic layer (nm)

d3 =5;

% thickness of the second metallic layer (nm)

kO = 2*pi./IbdO;

kx = k0.*np.*sind(theta);

kzl = sqgrt(k0.”2.*el - kx."2);
kz2 = sqgrt(k0.”2.*e2 - kx."2);
kz3 = sqrt(k0.”2.*e3 - kx."2);
kz4 = sqrt(k0.”2.*e4 - kx."2);

r12 = (e2.*kz1 - el.*kz2)./(e2.*kz1 + el1.*kz2);
r23 = (e3.*kz2 - e2.*kz3)./(e3.*kz2 + e2.*kz3);
r34 = (e4.*kz3 - €3.*kz4)./(e4.*kz3 + e3.*kz4);

r24=(r23+r34.*exp(1i*2*d3.*kz3))./(1+r23.*r34.*exp(
rl4=(r12+r24.*exp(1i*2*d2.*kz2))./(1+r12.*r24.*exp(

t12=1+rl12;
t23 =1 +r23;
t34 = 1 + r34;

t24 = t23.*t34.*exp(1i*d3.*kz3)./(1 + 23.*r34.*exp(
t14 = t12.*t24.*exp(li*d2.*kz2)./(1 + 12.*r24.*exp(
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% plot of SPR curve
R4 = (abs(r14)).”2;

plot(theta,R4)
xlabel(  'Angle of incidence (deg)' )
ylabel( 'Reflectance’ )

% magnetic field enhancement factor
T4 = (abs(t14)).”2;

% electric field enhancement factor

figure

plot(theta,el.*T4./e4)

xlabel(  'Angle of incidence (deg)' )

ylabel( 'Electric field intensity enhancement factor' )
[Y,1] = min(R4);

tmin = theta(l);

% angle of resonance

fpdepth = 1./abs(kz4(1))

% field penetration depth (nm) into the sensed diel ectric

The subroutine for the evaluation of the relatidectic permittivity of
dielectric media based on Sellmeier equation isvshioelow

function [ eg] = Sellmeier( Ibd0, glass)

%Sellmeier series equation describing glass dispers ion
% This function calculates the dispersion of

% selected glasses based on Sellmeier equation.

%

% Input parameters are:

% IbdO : the wavelength of interest in nm

% glass: the glass of interest (data type: st ring)

% '‘BK7' = BK7 glass

% 'FS' = Fused silica glass

% ‘CaF2' = Calcium fluoride

% 'MgF20' = Magnesium fluoride, ordinary ray

% '‘MgF2e' = Magnesium fluoride, extraordi nary ray

%

% Output eg is the dielectric constant = n"2
%

Ibdu = Ibd0/1000;

switch glass
case ('BK7' )
A=1,;
B =[1.03961212 2.31792344e-1 1.01046945];
C =[6.00069867e-3 2.00179144e-2 1.03560653 e2];
case ('FS' )
A=1,;
B =[0.6961663 0.4079426 0.8974794];
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C =[0.0046791 0.0135121 97.9340025];

case ('CaF2' )

A=1,

B =[5.675888e-1 4.710914e-1 3.8484723];

C =[2.52642999¢e-3 1.00783328e-2 1.20055597

case ('MgF20' )

A=1,

B =[4.8755108e-1 3.9875031e-1 2.3120353];

C =[1.882178e-3 8.95188847e-3 5.66135591e2

case ('MgFz2e' )

A=1,

B =[4.1344023e-1 5.0497499e-1 2.4904862];

C =[1.35737865e-3 8.23767167e-3 5.65107755
end

s_term =0;
for m=1:3
s_term = s_term + B(m)*lbdu.”2./(Ibdu.”2 - C(m
end
eg = A+ s_term;

end
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ed];

e2];

)

The subroutine for the evaluation of the relatilectic permittivity of metals

based on the Lorentz-Drude model is shown below

function [ er]=LD_model( Ibd0, metal)
%Lorentz-Drude model fit of relative dielectric per
%

% Input parameters are:

%  IbdO : the wavelength in nm

%  metal: the chemical symbol of the metal (dat

C = 2.99792458¢€8;
w = 2*pi*c./(1e-9*Ibd0);

switch metal

case ('Au' )

wp = 0.137188E+17;

Gm =[0.76 0.024 0.01 0.071 0.601 4.384];

wm = [0 0.630488E+15 0.126098E+16 0.451065E
0.653885E+16 0.202364E+17];

Dm =[0.805202E+14 0.366139E+15 0.524141E+1
0.378901E+16 0.336362E+16];

case ('Ag' )

wp = 0.136884E+17;

Gm =[0.8450 0.0650 0.1240 0.0110 0.8400 5.

wm = [0 0.123971E+16 0.680775E+16 0.124351E
0.137993E+17 0.308256E+17];

Dm =[0.729239E+14 0.590380E+16 0.686701E+1
0.139163E+16 0.367506E+16];
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case ('Cu' )

wp = 0.164535E+17;

Gm =[0.5750 0.0610 0.1040 0.7230 0.6380 0]

wm = [0 0.442101E+15 0.449242E+16 0.805202E
0.169852E+17 0];

Dm =[0.455775E+14 0.574276E+15 0.160433E+1
0.654037E+16 0];

case ('Al' )

wp = 0.227583E+17;

Gm =[0.5230 0.2270 0.0500 0.1660 0.0300 0]

wm = [0 0.246118E+15 0.234572E+16 0.274680E
0.527635E+16 0];

Dm = [0.714047E+14 0.505910E+15 0.474006E+1
0.513810E+16 0];

case ('Be' )

wp = 0.281213E+17;

Gm =[0.0840 0.0310 0.1400 0.5300 0.1300 0]

wm = [0 0.151925E+15 0.156786E+16 0.483577E
0.699462E+16 0];

Dm =[0.531737E+14 0.100878E+16 0.515785E+1
0.273769E+16 0];

case ('Cr' )

wp = 0.163319E+17;

Gm =[0.1680 0.1510 0.1500 1.1490 0.8250 0]

wm = [0 0.183829E+15 0.824952E+15 0.299292E
0.133314E+17 0];

Dm =[0.714047E+14 0.482362E+16 0.198262E+1
0.202820E+16 0];

case ('Ni' )

wp = 0.241864E+17;

Gm =[0.0960 0.1000 0.1350 0.1060 0.7290 0]

wm = [0 0.264349E+15 0.884203E+15 0.242624E
0.925071E+16 0];

Dm = [0.729239E+14 0.685333E+16 0.202668E+1
0.955911E+16 0];

case ('Pd' )

wp = 0.147671E+17;

Gm =[0.3300 0.6490 0.1210 0.6380 0.4530 0]

wm = [0 0.510468E+15 0.761144E+15 0.252043E
0.868251E+16 0];

Dm =[0.121540E+14 0.448178E+16 0.843183E+1
0.491629E+16 0];

case ('Pt" )

wp = 0.145696E+17;

Gm =[0.3300 0.1910 0.6590 0.5470 3.5760 0]

wm = [0 0.118501E+16 0.199629E+16 0.477196E
0.140515E+17 0];

Dm = [0.121540E+15 0.785452E+15 0.279238E+1
0.129394E+17 0];

case ('Ti" )

wp = 0.110753E+17;

Gm =[0.1480 0.8990 0.3930 0.1870 0.0010 0]

wm = [0 0.118046E+16 0.234724E+16 0.381180E
0.295190E+17 0];

Dm = [0.124578E+15 0.345781E+16 0.382547E+1
0.267692E+16 0];

case ('W'")

wp = 0.200845E+17;
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Gm =[0.2060 0.0540 0.1660 0.7060 2.5900 0] ;
wm = [0 0.152533E+16 0.291240E+16 0.543891E +16

0.113913E+17 0];
Dm = [0.972319E+14 0.805202E+15 0.194616E+1 6 0.506214E+16

0.886634E+16 0];
end
Id_term = 0;

for m=1:6

Id_term =Id_term + Gm(m)./(wm(m)"2 - w."2 + 1j *w*Dm(m));

end
er = real(1 + wp”2*ld_term) - 1j*imag(1 + wp”2*Id_t erm);
end

The subroutine for the evaluation of the refractindex of water at room
temperature (298 K) is shown below

function [ n]=nwater(Ibd0)
% temperature is 298 K

p = 0.997;

T =298/273.15;

w = [bd0./589;

a0 = 0.244257733;
al = 9.74634476e-3;
a2 = -3.73234996e-3;
a3 = 2.68678472e-4;
uv = 0.229202;

a4 = 1.58920570e-3;
ab = 2.45934259e-3;
a6 = 0.900704920;
a7 =-1.66626219e-2;
ir =5.432937;

tmp = a0+al*p+a2*T+a3*T.*w."2+a4d./w.*2+a5./(w."2-uv n2)+ab./(w.N2-
ir2)+a7*p"2;
n = sqrt((1+2*p*tmp)./(1-p*tmp));

end
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A.3. Simulation Details (Lumerical MODE and OptiFDTD)

In the presence of very thin metallic layers (15r20), non-uniform meshing
is used for the numerical simulations. Around thim imetallic layer, the mesh
size is set to 1 nm (minimum mesh size) which i9atimy expanded to 10 nm
(maximum mesh size) in the dielectric layers. Theximum mesh increase rate
corresponding to this metal/dielectric transitisrsét at 0.08 which means that the
mesh size grows progressively at the rate of at 8ipgrcent.

In most simulations, the device substrate and o#hwerounding materials
extend far beyond the edge of the simulation regibherefore, the most obvious
choice of boundary conditions is the perfectly rhatt layer (PML), which will
absorb fields at the simulation boundary. Howetlex,more numerically efficient
metallic (perfect electrical conductor, PEC) bouydaonditions can frequently be
used even though the real device is not surroubgiedmetal box. As a matter of
fact, if the modal fields are negligible at the edyf the simulation region, then
the choice of boundary conditions is basicallyl@vant. In such cases, the most
numerically efficient rather than the most phydicabrrect boundary conditions
can be used for faster simulation. Based on thésaming, metal boundary
conditions are chosen for the simulations of waigstructures using Lumerical
MODE Solutions.

For the simulations of the periodic arrays of sublength structures with
OptiFDTD, the most judicious choice of the appraf@iboundary conditions is
dictated by the symmetry of the problem. In thesmukations, periodic boundary
conditions (PBC) are used in the x-y plane so tmy one unit cell needs to be
considered. In the direction of propagation (z axamisotropic PML boundary
conditions are called for as the field intensitg&nherally non-negligible.

187

© 2013 Tous droits réservés. http://doc.univ-lille1 fr



	Title
	Table of Contents
	Résumé - Abstract
	Preface
	Chapter 1 : Introduction
	Chapter 2 : Electromagnetic Theory of Surface Plasmons
	Chapter 3 : Basic Concepts of Surface Plasmon Resonance (SPR) Biosensors
	Chapter 4 : Calculation Methods, Materials Modeling, and Consideration of Design Parameters
	Chapter 5 : Enhancement of Optical Sensitivity
	Chapter 6 : Novel Graphene-Based Surface Functionalization Strategy
	Chapter 7 : Novel Optical Geometry in the Design of SPR Biosensors
	Chapter 8 : Conclusions and Perspectives
	References
	List of Publications and Conferences
	Appendices

	source: Thèse de Edy Wijaya, Lille 1, 2012
	d: © 2013 Tous droits réservés.
	lien: http://doc.univ-lille1.fr


